I*l National Library
of Canada du Canada

Bibliothéque nationale

Canadian Theses Service  Service des thases canadiennes

Ottawa, Canada
K1A ON4

NOTICE

The quality of this microform is heavily dependent upon the
guality of the original thesis submitted for microfilming.

very effort has been made to ensure the highest quality ol
reproduction possible.

i{ pages are missing, contact the university which granted
the degree.

Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
it the university sent us an inferior photocopy.

Reproductionin full or in pant of this microform is governed
by the Canadian Copyright Act, R.S.C. 1979, c. C-30, and
subsequent amendments.

NL-329 (. 88/04) ¢

AVIS

La qualité de cette microforme dépend grandement de la
qualité de 1a thése soumise au microfiimage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc-
tion.

Sl manque des pages, veuillez communiquer avec
l'université qui a contéré le grade.

La qualité d'impression de certaines pages peut laisser a
désirer, surtout si les pages originales ont été dactylogra-
phiées a l'aide d'un ruban usé ou si l'université nous a fait
parvenir une photocopie de qualité inférieure.

La reproduction, méme partielle, de cette microforme est

soumise 3 la Loi canadienne sur le droit d'auteur, SRC
1970, c. C-30, et ses amendements subséquents.

Canadi



vl

Bibliothéque nationale

National Library
du Canada

of Canada

Canadian Theses Service

Qttawa, Canada
K1A ON4

The author has granted an irrevocable non-
exclusive licence allowing the National Library
of Canada to reproduce, loan, distribute or sell
copies of his/her thesis by any means and in
any form or format, making this thesis available
to interested persons.

The author retains ownership of the copyright
in his/her thesis. Neither the thesis nor
substantial extracts from it may be printed or
otherwise reproduced without his/her per-
mission.

Service des théses canadiennes

L’auteur a accordé une licence irrévocable et
non exclusive permettant a ia Bibliotheque
nationale du Canada de reproduire, préter,
distribuer ou vendre des copies de sa thése
de quelque maniére et sous quelque forme
que ce soit pour mettre des exemplaires de
cette thése a la disposition des personnes
intéressées.

L'auteur conserve la propriété du droit d’auteur
qui protége sa thése. Nila thése ni des extraits
substantiels de celle-ci ne doivent étre
imprimés ou autrement reproduits sans son
autorisation.

ISBN 0-315-55435-§

Canadi



THE UNIVEKSITY OF ALBERTA

CHARACTERISTICS OF SEMICONDUCTOR LASERS

WITH OPTICAL FEEDBACK

by

JANY OLUF BINDER (:Ei:)

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF ELECTRICAL ENGINEERING

EDMONTON, ALBERTA

FALL 1989



THE UNIVERSITY OF ALBERTA

RELEASE FORM
NAME OF AUTHOR: JANN OLUF BINDER
TITLE OF THESIS: CHARACTERISTICS OF SEMICONDUCTOR LASERS

WITH GPTICAL FEEDBACK
DEGREE: DOCTOR OF PHILOSOPHY

YEAR THIS DEGREE GRANTED: FALL 1989

Permission is hereby granted to THE UNIVERSITY OF ALBERTA LIBRARY
to reproduce single copies of this thesis and to lend or sell such
copies for private, scholarly or scientific purposes only.

The author reserves other publication rights, and neither the
thesis nor extensive extracts from it may be printed or otherwise

reproduced without the author's written permission.

(SIGNED) .. .ﬁ?????...44é%2??¥3(71 ..............

PERMANENT ADDRESS:
Eschelbachstr. 29
D-7038 Holzgerlingen

West Germany

DATE: 29%B June 1989



THE UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDTES AND RESEARCH

The undersigned certify that they have read, and recommend
to the Faculty of Graduate Studies and Research for acceptance, a thesis
entitled CHARACTERISTICS OF SEMICONDUCTOR LASERS WITH OPTICAL FEEDBACK
submitted by JANN OLUF BINDER in partial fulfilment of the requirements

for the degree of DOCTOR OF PHILOSOPHY




ABSTRACT

This thesis is concerned with the improvement of the spectral
characteristics of semiconductor laser diodes as a result of optical
feedback. Discrete optical and fiber optic components were used
together with the semiconductor diode to create both Fabry-Perot and
ring type external cavity lasers.

In the domain of weak optical feedback, with feedback power ratios
of less than -40 dB in a fiber-ring feedback assembly, the number of
external cavity modes and the distribution of power in these modes is
studied. Oscillation in the external cavity mode with minimum linewidth
is experimentally observed and shown to agree with a frequency
fluctuation model. The upper limit for stable operation in the weak
feedback domain and the trade-off between minimum linewidth and minimum
number of external cavity modes is discussed. A fiber-ring feedback
assembly with optimized feedback-parameter values, was observed to
reduce the linewidth from ~ 100 MHz to ~ 2 MHz, to provide a greater
than 20 dB suppression of side modes of the external cavity, and a
tuning range of ~ 1 GHz.

In the domain of strong optical feedback, with one or two anti-
reflection (AR) coated facets on the semiconductor cavity, large changes
of the carrier-density and in turn changes of gain and resonance
frequency of the semiconductor cavity occur due to the injection of
light. Those changes are analyzed and a model is presented for
(1) the experimentally observed bistability and tuning range of an
external grating laser, i.e. a one-side AR-coated laser exposed to
strong frequency selective optical feedback from an optical grating,

(2) the effect of the residual reflectivity of the laser on the tuning
characteristics of the external grating laser, and (3) the change of the
threshold current with resonator loss for a laser. Estimating parameter
values by comparing experimentally observed light versus current (LI)-
characteristics with the calculated LI-characteristic for different
values of resonator loss is shown to allow prediction of the gain versus
current characteristic of individual laser amplifiers. Finally, the LI-
characteristic and spectral properties of a unidirectional semiconductor

optical-fiber ring laser are investigated.
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1. INTRODUCTION

The analysis of optical feedback effects in semiconductor lasers can
be considered to have two objectives. The first is to obtain an
understanding of the adverse effects of optical feedback in a system
where optical feedback is not desired and the second is to develop
methods to improve the spectral characteristics of lasers by using a
controlled amount of optical feedback. In this work a general
description of optical feedback effects is given that provides
guidelines to understand the severity of the problems associated with
optical feedback as well as possible benefits. Our focus will be to
identify the domains of optical feedback that can be most effectively
utilized to improve the spectral characteristics of laser diodes and to
study the effects of changing the parameters that characterize the
optical feedback arrangement so that we are better able to optimize the
performance of a laser with optical feedback.

A multitude of effeéts have been observed, studied and reported on
in the literature concerning semiconductor lasers with optical feedback.
Initially, increased intensity noise was observed in lasers under the
influence of relatively high feedback levels of -30 to -10 dB [1]1,[2)].
In intensity modulation/direct detection communication systems, delayed
optical feedback from optical connectors leads to pattern dependent
mode-hopping and frequency-chirp of the laser diode and as a consequence
to errors in high speed transmission systems [3]. The higher the
spectral purity of the laser, characterized by the number of longi-
tudinal modes and the linewidth of each mode, the more severe are the
effects of optical feedback. One way to prevent these errors from
occurring is to protect the laser diode from reflections by adding an
optical isolator between the laser and the fiber [4). The growing
emphasis on coherent optical communication systems, with their
requirement for frequency-tunable, stable narrow-linewidth sources, has
renewed interest in optical feedback effects. A thorough understanding
of these effects for long and short external cavities having both

wavelength dependent and wavelength independent optical feedback has



assisted in the design of compact frequency-tunable, narrow-linewidth
sources, the latest development being integrated two-section DFB lasers
[5] and three-section DBR lasers [6].

Feedback effects are normally studied in a controlled fashion by
exposing a semiconductor laser diode to optical feedback from an
external reflector. The reflector is placed at a fixed distance, Lax
from the laser facet. A large number of researchers (e.g. [7)-[21))
have investigated different aspects of the behavior of the laser in this
arrangement, A first attempt to classify a large number of the observed
feedback effects was by Tkach et. al. [17] who described 5 regimes of
feedback effects. Tkach et. al. obtained their experimental data with a
single device, a 1.5 uym DFB-laser, over a range of feedback levels from
Rgx = -80 dB to -8 dB and found well-defined boundaries between the
regimes as a function of feedback level. These values of R.x are lower
than the modal reflectivity (Ry = Ry = 35% [22]) of the cleaved facet of
a semiconductor laser. With an anti-reflection (AR) coating on a laser
facet, the reflectivity of this facet can be reduced to a fraction of
one percent and therefore made lower than the reflectivity provided by
the external reflector.

Regime I to III of [17) are the domains of weak optical feedback
with R,, << Ry. We enter Regime IV of [17] as Rox 1s increased above
~ -40dB. A large increase of frequency noise, a phenomenon which
Lenstra et, al. [13] describe with the term "coherence collapse"”, marks
the transition from Regime III into Regime IV. In the domain of weak
feedback the semiconductor cavity is dominant, i.e. the resonance
frequencies of the coupled cavity arrangement, and therefore the power
in the optical power spectrum, are centered around the resonance
frequency of the solitary laser. It is normally necessary to AR-coat
the facet closest to the external reflector to be able to enter the
domain of strong optical feedback Regime V of [17], where Rox > Ry, In
this domain, stable laser operation is observed with the external cavity
being dominant.

Feedback effects in both weak and strong optical feedback regimes
are investigated in this thesis. The focus is on the improvement of the
spectral characteristics and frequency-tunability of semiconductor laser

diodes. The domain of "coherence collapse" has been of interest to us



with respect to only the feedback level that leads to the transition
into this domain of unstable operation.

Chapter 2 provides a review of the basic principles of laser opera-
tion as well as the dynamic and spectral characteristics of semiconduc-
tor lasers. The representation of the semiconductor laser by ﬁhe noise
driven Langevin-rate equations and the derivation of the dynamic and
spectral characteristics from these equations will be discussed. This
derivation allows us to link macroscopically observed characteristics of
the laser to the physical mechanisms that are responsible for these
characteristics. The physical mechanisms involved are in particular the
interaction between photons and carriers in the population inversion of
the laser, the dependance of the refractive index on the carrier density
and the spontaneous emission. We become familiar with the approxima-
tions made in the derivation and the simplifications in the theoretical
description of the laser characteristics that result from those
approximations,

In Chapter 3 the theory for a laser with optical feedback from an
external cavity will be reviewed. We stress the assumptions required in
order to obtain a basic set of equations that is adequate for the
majority of our investigations. These equations can be graphically
displayed such that the solutions to the oscillation condition of the
compound cavity laser and tuning characteristics are evident. The
tuning characteristics provide the change of oscillation frequency and
stability of oscillation as parameters of the compound cavity
arrangement are changed. From the same graph the effect of optical
feedback on the linewidth of the laser, i.e. the spectral spread of the
power spectrum around the resonance frequency of the compound cavity,
can be seen. Finally, in Chapter 3, we glve an overview of the spectral
and stability effects observed in the different regimes of optical
feedback defined by [17]. We then compare these effects with the
predictions of the oscillatvion condition graph. The latter sections,
3.6 and 3.7, are extensions of the present introductory chapter, as they
review optical feedback effects based on the background knowledge
provided in Chapters 2 and 3. Also, in these sections, the author's

contributions are placed in the framework of previously published work.



In Chapter &4 the case of weak optical feedback is discussed. We
provide experimental proof for the prediction made by [21], based on
their numerical simulations, that in the presence of multiple solutions
to the oscillation condition, the external cavity mode with minimum
linewidth carries most of the power. A frequency fluctuation model is
introduced that is verified by predicting mode hopping frequencies
experimentally observed by [17]. This same model is suitable to explain
why the oscillation of the laser in the mode with narrowest linewidth is
favored [23]. Finally, a domain of operation within the regime of weak
optical feedback is identified that leads to optimized spectral
performance of the laser [24].

Narrow linewidth operation of ~ 10 kHz and tunability over tens of
nanometers of a semiconductor laser that was AR-coated and exposed to
optical feedback from a diffraction grating, has been reported by
Fleming et.al. [25] and Wyatt et.al. [26]. Since those first reports,
the external grating laser has proven to be a versatile optical source
for laboratory use, employable as an externally modulated transmitter
[27]) or a local oscillator [28] for coherent communications systems as
well as a tool to characterize passive integrated-optics components
[(29], semiconductor lasers [30] and semiconductor laser amplifiers [31].
Despite its‘frequent use, only a few additional reports [18],[32],[33]
have appeared on the characterization of the external grating laser,
Although the external grating laser shows many interesting features and
dependencies, not all of them are desirable in practical applications of
the device. A detailed characterization of the external grating laser
is therefore of practical use.

The dependence of the tuning characteristic on the residual
reflectivity of the AR-coated laser facet was pointed out by [18].

Also, [18] observed bistability in the tuning characteristic for high
values of residual reflectivity. Experimentally, [34] and [35] noted
improved stability of oscillation of the external grating laser, if a
desired frequency of oscillation is reached by tuning towards lower
frequencies. A theoretical explanation for these observations is
provided in Chapter 5 of this thesis. The tuning characteristic of

lasers with different values of residual reflectivity, Ry, of the



AR-coated facet, and optical feedback from an external grating are
investigated, both experimentally and theoretically [36].

We were fortunate to be able to obtain experimental data for a laser
with strong frequency selective optical feedback using a setup that had
been developed in an independent study [37]. This independent study
solved the problems of AR-coating semiconductor lasers [38], choosing
suitable optical elements and a suitable geometry for the optical setup
and provided the initial characterization of the working external
grating laser.

A comparison of the experimental and theoretical results in Chapter
5 relies on an accurate estimate of the level of optical feedback
applied to the laser. Estimating the optical feedback from the change
in the threshold current of the laser requires accurate modelling of the
gain versus current characteristic of the particular laser used in the
experiment. We introduce in Chapter 6 a model that allows us to
calculate gain and light versus current characteristics for lasers with
uncoated and AR-coated facets. Parameter values necessary for this
model and specific to the laser used in the experiment are determined
from data obtained before and after AR-coating of this laser. We
consider the proposed method not only to be useful to determine the
optical feedback provided to a laser but also to determine the gain
versus current characteristic of individual laser amplifiers [39].

In Chapter 7 we ask what are the spectral properties of an extended
cavity semiconductor laser when spatial hole-burning is prevented by not
allowing the presence of standing waves in the semiconductor gain
medium. For this purpose, a semiconductor laser with two AR-coated
facets, i.e. a travelling wave amplifier, was placed together with an
optical isolator in a 17-cm long fiber ring. The spectral properties of
this unidirectional semiconductor fiber ring laser are compared in
Chapter 7 to the properties of the semiconductor fiber ring laser

without optical isolator.



2. THEORY FOR THE SOLITARY LASER

2.1. INTRODUCTION

In this chapter the basic mechanisms that are responsible for the
characteristics of a semiconductor laser are reviewed. We then consider
the rate equation model and outline the procedure used to obtain laser
characteristics from the rate equations, in particular the output power,
frequency noise and linewidth of a laser.

2.2. BASIC PRINCIPLES OF LASER OPERATION

Gain and feedback are necessary attributes of an oscillator. An
optical oscillator, or laser, shows absorption, spontaneous emission and
stimulated emission of radiation. Gain or amplification of light is
possible through the stimulated emission process, and the in-phase
feedback required is achieved by embedding the gain medium in an optical

resonator configuration. The conditions for resonance are then [40,41)

1. the roundtrip phase shift, ¢pr, within the cavity is a multiple of 2x

¢RT = m' 2% m= 1,2,3, . e (2.1)
2w_L

a m~in (2.2)
VPh

where Lin is the length of the semiconductor laser cavity, VPh is the
phase velocity in the active region of the semiconductor laser and wy is
the frequency in radians/second of the mth longitudinal mode of the

solitary laser,

2. the accumulated gain for one roundtrip is equal to unity

2-(g(w,n)-a.)-L;,
GRT = R1R2 e = 1 (2 . 3)



where Ry and R, are the reflectivities of the cavity end faces. a  is
the material loss per unit length in the active region. The gain per
unit length, g(w,n), when plotted for a given carrier density, n, versus
the frequency is called the gain profile. Temperature and carrier
density influence the shape and the center frequency of the gain profile
of a semiconductor laser.

Assuming that the loss due to the laser facets can be distributed
over the active region, (2.3) can be written in the form

a; + ap - glw,n) = 0 (2.4)

where ap = -(1/2Lin)-1n(R1R2) (2.5)

is the facet loss per unit length.

The maximum of the gain profile and the periodic resonances of the
Fabry-Perot resonator determine the frequency of laser oscillation
(Fig. 2.1). Index guided 1.3 um and 1.55 uin lasers oscillate in 4 to 6
strong longitudinal modes, where individual modes are competing for the
available gain (homogeneous broadening [42],[43]) and hence do not
oscillate simultaneously. The experimental work reported on in this
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Fig. 2.1: Sketch of the gain profile and optical power spectrum of a
semiconductor laser.



thesis has been carried out using semiconductor lasers emitting at

1.3 pum wavelength. The conversion from a change in optical frequency df
to a change in wavelength dA is described by the equivalence d\/df =
-A/£, which means that 17.8 GHz is equal to .lmm @ 1.3 um. Defining the
linewidth and longitudinal mode spacing in the optical frequency domain
with the symbol Av, approximate values for the parameters indicated in
Fig. 2.1 are Avy = 500 MHz for the linewidth of the individual modes in
the case of multi-mode operation and Avy = 100 MHz in the case of single
mode operation [44]. Also, Av;, = 150 GHz or .84 nm for the separation
of longitudinal modes. The FWHM (full width at half maximum) of the
gain profile is ~ 10.7 THz or 60 nm.

The spontaneous emission of light is responsible for the noise
properties of the laser. Five quantum noise properties can be specified
[45]: the probability density function for the total number of photons,
prob(S), and for the instantaneous frequency, prob(w), also the three
frequency-domain representations for these probabilities, the AM-noise
spectrum, Ws(w), FM-noise spectrum, wAw(w), and optical power spectrum,
WE(w).

The cavity of a semiconductor laser is short (=.3mm) and the
reflectivity of the endfaces relatively low (Rw.35). This accounts for
the short photon lifetime within the cavity and hence for the low
quality of the resonator of a semiconductor laser compared to that of a
gas laser [40],[41]. Due to the low quality of the semiconductor
cavity, frequgncy fluctuations caused by spontaneously emitted photons
of random phase are not suppressed effectively. This is in contrast to
fluctuations in the amplitude of the oscillation, which are reduced
significantly by the gain saturation process. With the instantaneous
gain of the laser reacting to photon-number fluctuations due to
spontaneous emission, the phase-fluctuations of a semiconductor laser
are enhanced due to the coupling between gain and index of refraction
[45],[46],[47].

The characteristics of lasers will be treated in the following
saction using the rate equations for the two independent variables
carrier.number, N, and photon number, S, in the active region of the
laser. The noise properties that are observed macroscopically are the

response of the laser to stimuli provided by the spontaneous emission



process resulting in photon number and carrier number fluctuations.
These stimuli are represented in a semiclassical treatment of the lager
by adding Langevin noise terms [48] to the rate equations., These noise
terms represent the effect of quantum fluctuations of the independent
variables of carrier number and photon number and thus allow us to
describe the laser adequately without using a more complicated quantum

mechanical treatment.

2.3, LANGEVIN RATE EQUATIONS
2.3.1. Introduction

Following the normalization chosen by Lax [49], we describe the
electric field of the laser as

E(t) = Eg(t) el¥t £I6(t) (2.6)

with Eg(t) = Spt/% + é&(t) (2.7)

where Eo(t) is the amplitude of the electric field, normalized in such a
way that S; is the average number of photons in the lasing mode in the
active region, wy is the frequency of the semiconductor cavity resonance
and é(t) and ¢(t) represent amplitude and phase fluctuations. In
equation (2.6) we neglect spatial variations of the electric field in
the active medium of the laser. Also, we consider in this chapter only
the rate equations for a single longitudinal mode of the laser.

The laser behavior is described by either the real and complex part
of the electric field, E(t), and the carrier density, N(t), or by the
three variables §, ¢ and N. In both cases, a set of three real-valued
differential equations governs the dependence of these variables on
time. To account for the fluctuations of the variables in time Langevin
forces are included in these equations. This semiclassical treatment of
the laser is a result of the work by Lax and Louisell [50). They started
from a full quantum mechanical model of a laser. They then transformed
this quantum problem into a classical problem of calculating statistical
properties of a fluctuating wave field by adding Langevin forces to the

set of equations that describe the classical averages of the wave field.



In general, for a system with variables g = (al.az.a3). the Langevin
rate equations are

dag/dt = Ag(a,t) + Fy(t) , 1= (1,2,3) (2.8)

The A; are chosen so that the time-average of Fi(t) satisfies <F(t)>

= 0, a quite important condition. Without the Langevin-forces, (2.8) is
the set of rate equations that governs the time averaged values of tho
variables aq.

It was pointed out earlier that the Langevin forces represent the
statistical properties of the variables a;(t). Without the restoring
force caused by the drift term Ay, which tries to maintain the steady
state value, the variables a;(t) would move away from the steady state
value in a random walk driven by the random force Fy(t) [51]). A process
of this type is called diffusion. In a semiconductor laser the major
source of fluctuations is spontaneous emission [46]. In most cases we
can assume that the random forces have no memory, since spontaneous
emission is correlated only for the carrier scattering time of
approximately 10135, The autocorrelation function of the random forces
is then given by

<Fi(t) Fj(t-r)> - 2Dij &(r) (2.9)

where Dij is called the diffusion coefficient [48]. To calculate the
frequency fluctuations and the lineshape of the laser it is necessary to
make an assumption on the amplitude distribution of the Langevin forces.
It is generally assumed that this distribution is Gaussian [47].

The equation for the complex variable E(t) is given by [47)

dE 1
— = {-jug(n) + - [G(n) - rp'l] E(t) + Fg(t) (2.10)
de 2

vhere o is the photon lifetime and n is the carrier density defined by
N/V where V is the volume of the active region. FE(t) is the Langevin
force term for E(t), wo(n) is the angular frequency of the solitary

laser
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1
wg(n) = wgo(ng,) + 3 a [G(n) - fp'll (2.11)

and G(n) is the carrier dependent gain per unit time
G(n) = Gn'(n'“tr) (2.12)

= 7,7t 4 Gy (aenyy) (2.13)

where n.,. is the transparency carrier density, Ny the carrier demsity
at lasing threshold, Gy = dG/dn the gain coefficient, and a is the
linewidth enhancement factor [46]. Gain and loss are equal at
threshold, therefore

G(ny,) = rp'l = (ag +ap) + Vg, (2.14)

where Ver is the group velocity in the active medium.

The diffusion coefficients for the complex noise force FE(t)
[47),[49],[52],[53],[54] are defined by
and

where Rsp is the spontaneous emission rate coupled into the lasing mode.

It is often convenient to express the complex equation (2.10) in
terms of two real equations for the photon number, S(t) = E(t)'E*(t) -
|Eq(t)|2, and the phase, ¢(t), [47]:

ds
-1
— = 6 - 7l s(e) + Ry + Fg(e) (2.17)
and
d¢ a
— = =[G - 77+ Fy(e) (2.18)
dat 2

where Fs(t) and F¢(t) are the Langevin forces for S and ¢. The rate

equation for the carrier number is
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&N I, N

— = — = — = G(n)-S(t) + Fy(t) (2.19)
dt q r

e
where (I,/q) represents the pumping term in carriers per second, I, is
the current in the active region, q the electron charge, ro the electron
lifetime and Fy(t) is the Langevin force for N. The diffusion
coefficients of Fg(t) and F¢(t) are [55],[47]

Mgg = 2 Rgy'S, gy = Ry,/28 | (2.20)

2Ds¢ - 0, and ZDNS - 'Rsp's
We notice that the zero mean noise-force FE(t) for the amplitude of the
electric field in (2.10) is replaced by the contribution Rsp+Fs(t) to
the intensity of the optical field in equation (2.17). The
transformation of the noise force for the field amplitude to a noise
force for the intensity leads to a noise force that has the finite value
of Rsp P
the spontaneous emission that is coupled into the lasing mode. R__ is

sp
therefore one of the previously mentioned small corrections to the

when averaged over time. It can be shown that R, is equal to

steady state value in the rate equations that is caused by the
fluctuations.

For completeness, we will also give the differential equation for
Eg(t) [56]:

T lem - 7o 11 Eg(e) + R /2Eg(t) + Fpy(t) (2.21)

where the diffusion coefficient of FEo(t) is

1

ZDEOEO(C) = ; RSP (2.22)

The rate equations have proven to be a powerful tool for researchers
to analyze and predict various aspects of the behavior of a laser.
These include the dynamics of laser operation, noise characteristics and

the response of the laser to injected light, either a time-delayed
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portion of its own light (optical feedback) or injection of light from a
second laser,

The number of terms in the rate equation is rather small. Never-
theless, the variety of phenomena it can explain is quite large and it
is often not obvious which elements or interaction between elements
explains a certain behavior of the laser. In the following sections
2.3.2 to 2.3.6 different approaches will be described that can be used
to derive the steady state characteristics and dynamics of the laser
from the rate equations. In section 2.4 we will focus on the noise
characteristics of the laser and describe how the typical measures of
the noise-characteristics (AM-noise, FM-noise, optical power spectrum
and linewidth) are derived from the rate equations and which assumptions
are generally made to arrive at closed form solutions for these noise

characteristics.

2.3.2. Numerical Simulations

The set of three real-valued rate equations (2.18), (2.19) and
(2.21) for Ey, ¢ and N, can be integrated numerically starting from a
set of initial values E(0), ¢(0) and N(0) at time t = 0. In these
calculations, the noise forces FEo(t), F¢(t) are represented by random
number generators with autocorrelation function 2Dgogo 8(7) and
2D¢¢'6(r), respectively. The Langevin noise term Fy(t) is of minor
importance for the principle noise-characteristic of the laser, FM-noise
and linewidth [57], and can be neglected. Possible ways to represent
the noise terms in calculations and considerations regarding the
stepsize for the integration are specified in [56] and [58]. As a
result of the numerical integration one obtains a sample of the time
evolution of E, ¢ and N. The FM-noise spectrum WAw(w) and the field
power spectrum Wp(w) for the sample can then be calculated [56]; they
are equal to the square of the magnitude of the Fourier transform of
[dé(t)/dt] and E(t), respectively. The linewidth of the laser is then
equal to Wp,(0)/2x (see Chapter 2.4.4),



%
2.3.3, Output Power

The output power of a laser under steady-state conditions can be
calculated from the number of photons in the active cavity, S, and the
rate of loss of photons due to output coupling. We obtain the steady-
state value of § from (2.17) by setting dS/dt = O and neglecting the
noise forces:

R R

§ = — 0% _ ___%% (2.23)

G-y Vgr' (8-ap)

where ¥ = rp'l is the rate of loss of photons, ap, = ag + ap is the loss
per unit length in the active region and G is the rate of gain for a

gr- According to (2.23) the laser
can be viewed as a regenerative noise amplifier ([59], p. 228). Rsp is
amplified by (G-y)'l. The rate of spontaneously emitted photons, R

given carrier density n and equals g-v

sp'
coupled into the lasing mode per unit time is
Rsp - nsp'KR'Vgr'g (2.24)
fzwo-qv -1
where Ngp = (1 +exp | )y - (2.25)
kT

nsp is the spontaneous emission factor, accounting for the increase in
spontaneous transitions in a semiconductor laser due to the incomplete

inversion [47], and

(ry + r2) (1 - r41y)
Kp = 1 172 (2.26)
2r1r2 ln(rlrz)

accounts for the increase of the spontaneous emission that is coupled
into the lasing mode due to the loss of power at the facets [60]. The
same factor Kp appears, if the z-dependence of the photon density within
the active cavity is taken into account [61],[22]. For high-reflecting

’
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facets (ry = ¥y = 1), i.e. lack of z-dependence of the photon density,
we obtain from (2.26), Kp = 1; for a typical semiconductor laser r12 -

ry? = .35), Kg = 1.13. From (2.23) and (2.24) ve ocbtain

g

L-

The output power P1°Ut and P2°Ut emitted from the two laser facets when
the two reflectivities Ry and Ry are equal is ([59], p.227)

P = Py =Py= (1/2)fw-vgap - § . (2.28)

fiw = 0.152 x 10718 ys a4t 1.3 um is the energy per photon and Vgr'oR the
rate of loss of photons through a laser facet.

For a laser with Py = 2 nW in a single mode and Lin = 250 um, Ry =
Ry = 35% and vy, = 0.75-10'% cm/s we obtain from (2.28) § = 0.94°10°
photons for the number of photons in the lasing mode. Using ap = ag +
ap = 62 cm™1 and Ngp = 1.7 we calculate the gain at P) = 2 mW from
(2.27) and (2.28) to be g = 61.99874 cnl, at P; = 0.2uW, g = 61.985
cm'l and at Py = 0.02mW, g = 61.851 em™t. With increasing output power
the gain g approaches the value of the loss ap, asymptetically, a process
called "gain saturation". In many cases it is sufficient to assume gain
and loss to be equal above lasing threshold. However, to calculate LI-
curves in multimode operation the difference between e; and g is of

importance (Chapter 6).

2.3.4. Laser Dynamics

The two time constants found in the rate equations are the photon

e
constant that governs a change of the output power of a laser depends on

lifetime ™~ 2 ps and the carrier lifetime r_ ~ 2 ns. The time

the mechanism used to create this change in output power: we can (1)
change the injection current to the laser or (2) inject a short pulse of

light into the laser.



In steady state operation an equilibrium exists between the loss of
carriers due to spontaneous and stimulated emission and the gain of
carriers due to the injection current. The carrier density increases or
decreases until this equilibrium is reached in response to any
disturbance, A steplike increase of the injection current leads to an
initial increase of the carrier density which in turn increases the
gain, increases stimulated emission and decreases the carrier density
due to the increased stimulated emission. The response to the steplike
increase of the injection current is therefore an increase of the output
power governed by a damped relaxation oscillation with frequency fn
where [59]

A 1 4G Neprte , I ) l)]%/2 2.29)
pTe Ith

Here N, is the number of carriers in the active region at transparency,
where stimulated emission and absorbtion are in balance. Typically
Gu'Ntr"p ~1 ([59], p. 247) and fp ~ 2 ... 10 GHz.

Considerably faster changes in the output power of a laser can be
achieved by light injection, if the laser is operated just helow
threshold [62], [63]. In this situation the carrier density is not high
enough to obtain a roundtrip gain that compensates the resonator loss
and the laser does not oscillate on {ts own. However, light that is
injected into the cavity can take advantage of the high gain and is
amplified. The large amount of stimulated emission necessary to amplify
the injected light leads to an abrupt decrease of the carrier density
and a loss of amplification until the carrier density recovers. The
time constants governing the increase in output power due to light
injection and the subsequent loss in amplification due to the abrupt
decrease of the carrier density are on the order of the photon lifetime
o The above principle can be utilized by placing a laser in an
external cavity and modulating the injection current immediately below
threshold with the peak current exceeding threshold and a frequency that
corresponds to the round-trip time in the external cavity [64],[63]. In
this configuration the laser is modelocked and has been reported to
produce pulse trains with individual pulse widths of the order of a
few pe [63].

16



2.3.5. Linearization of the Rate Equations

To derive the small signal response of the laser and to arrive at a
closed form solution for some of the noise characteristics it is
necessary to linearize the rate equations in the vicinity of the steady
state operating point. The steady state values of § and N are ohtained
[57] from (2.17) and (2.19) by setting 3S/9t = aN/3t = 0 and neglecting
the Langevin forces. We obtain,

S - - —-s;-p_ (2'30)
G-v
1. N
and — = — - G(N)-S. (2.31)
q Te

We introduce the deviations As(t) and An(t) from the steady state values
of S and N

N(t) = N + An(t) (2.32)

S(t) = S + As(t) (2.33)
The dependence of the gain, G, and the carrier lifetime, Te» on N and §
are expressed in linearized form as

G = GO + GN'An - Gs‘AS (2.34)

Te = Tgo + Ty'on (2.35)

where Gy = 3G/3N and Ty = 8r,/AN. An and As afe‘considered as time
dependent variables. The spectral hole burning ([59], p. 238) is caken
into account with the coefficient Gg = 3S/dN.

Following Henry [57], we neglect quadratic terms in An and As and
obtain from (2.17) to (2.19) and (2.32) to (2.35)

&n = Ty-An - Gy-As + Fy(t) (2.36)

As = Gy-S-An - Tg-As + Fg(t) (2.37)

17
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b = ZGy-an+ Fy(t) (2.38)
2
where
Ty = (/Ty) + Gy'S (2.39)
and Ig = Gg'S + (R/S). (2.40)

Following the steps taken by Henry [57] to linearize the rate
equations provides us with the definition of the parameters that will
appear in the expression for the noise-characteristics. The Fourier
analysis of (2.36) to (2.38) leads to a complex pair of poles,
representing the relaxation resonance. The damping rate, I', and radian
frequency, Q = foR, of the relaxation resonance are [57]

1

and 8 = (G-Gy'S + Iylg - TH1/2 (2.42)

2.4. NOISE CHARACTERISTICS

2.4.1, Definitions

The AM noise, FM noise and optical power spectrum (Fig. 2.2) are
noise characteristics defined in the frequency domain. The rate
equations describe the behavior of the laser in the time domain. They
include the Langevin noise terms, which allow us to calculate sample
functions for the change of §, ¢ and N with time, but no closed form
solutions of S(t), ¢(t), and N(t). However, if we know the statistical
properties of Fs(t), F¢(t), and FN(t), a closed form solution of the
autocorrelation functions of S, ¢ and N can be obtained. According to
the Wiener-Kintchine theorem, the power spectra can then be obtained
from the autocorrelation functions through a Fourier transform, if we

are dezling, as we are, with a stationary process.
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Fig. 2.2: Sketch of (a) the AM-noise spectrum, (b) the optical power

spectrum and (c) the FM-noise spectrum.

2.4.2. AM-Noise

AM-noise in semiconductor lasers [65],[66] is essentially due to

shot noise attributable to the quantized nature of light. The amplitude

of the laser output is effectively clamped due to the nonlinear process



of gain saturation, leading to a good suppression of AM noise. After
each stimulus caused by spontaneous emission the amplitude returns to
its steady state value with a damped relaxation oscillation of frequency
fp. This relaxation leads to an enhancement of the AM noise at f

(Fig. 2.2(a)).

2.4.3. Power Spectrum

Phase fluctuations caused by spontanenusly emitted photons are not
suppressed effectively, due to the low quality of the semiconductor
cavity. Frequency noise is therefore the dominant feature of
semiconductor lasers and we will be principally concerned with this
characteristic. The optical power spectrum is a function of amplitude
and phase fluctuations. Since the FM-noise is the dominant feature, the
optical power spectrum will be derived in the following from only the
phase noise characteristic of the laser.

Vahala [65] has shown that the only feature lost in the optical
power spectrum if the AM noise is neglected is a small asymmetry in the
side peaks of the power spectrum due to the coupling in the amplitude
and phase fluctuations. For the calculation of tha linewidth of the
laser, it will be shown later that even the simplistic model that
neglects the time constant involved in the gain saturation process (fR)
leads to very accurate results (in the adiabatic analysis: it is assumed
that N follows S immediately which leads to a description of the laser
with a Van der Pol equation).

The optical power spectrum Wp(w) of the laser is mathematically

defined as the square of the Fourier transform of the electric field,

+eo 2
J E(t) eIt g

-0

1
Wg(w) = — (2.43)
T

Using the Wiener-Khintchine theorem, valid for stationary processes,
Wo(w) is also given by the Fourier transform of the autocorrelation

function RE(r) of E(t)
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1 +o
Vg(w) = — J Rg(r) el ar (2.44)

2x
-0

where .
RE(r) = <E(t+r) E(t)>.

Finally.'we(w) can be express in terms of the statistical average of
E(w) ([67], sect. 118)

§(w-0') Wg(w) = < E(w)*Ew) > (2.45)
1 +<0
where E(w) = — J E(t) eI¥t gt (2.46)
2x

is the Fourier transform of E(t). All three definitions of We(w) are
used in the following derivation of the power spectrum and the linewidth

of the laser from the rate equations.

2.4.3.1. Below Lasing Threshold

Following Henry [47], we make different assumptions for the two
regimes of laser operation below threshold and above threshold, to be
able to perform the analysis. Below threshold a large proportion of the
radiation is due to spontaneous emission. The pool of carriers is
depleted by a constant rate of spontaneous emission and replenished at
the same rate through carrier injection. Changes in the carrier density
due to stimulated emission can be neglected. The gain G due to
stimulated emission, being a linear function of the carrier density, can
be assumed to be constant. Since the rate of loss, v, is much larger
than G the difference AG = G-y can also be assumed constant.

The above argument becomes very clear when we consider the situation
above threshold, where the gain is almost equal to the loss, and even
small relative changes in G translate into large relative changes of AG.
In addition, above threshold the rate of stimulated emission is much

larger than the rate of spontaneous emission into the lasing mode and
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the influence. of changes in the rate of stimulated emission on the
carrier density cannot be neglected,

Below threshold, with AG assuméd to be constant, in particular
independent of |E(t)|2, (2.10) is a linear equation and can be written
in terms of its Fourier components

FE(w)
E(w) =
AG AG (2.47)
j(wg+a — - w) - —
2 2

where Fp(w) is the Fourier transform of Fp(t). It can be shown [57]
that the autocorrelation function computed from the Fourier components
has the same diffusion coefficient as that computed from the time
components, thus (2.9) and (2.16) lead to

< Fg(o) " Fgw) > = Ry §(w-w') (2.48)

Using (2.45), (2.47) and (2.48), we obtain for the optical power
spectrum below threshold [57]
Rsp

AG AG (2.49)
[wg + @ — - w]2 + (—-—)2
2

WE(W) -

which describes a Lorentzian lineshape with linewidth (FWHM) of

AG R
2= 2%S

(2.50)

(2.50) is the Schawlow-Townes formula for the linewidth of a laser and
G = Rsp/s is the steady state value derived from (2.17) by setting
38/8t = 0 and noting that <Fg(t)> = 0.
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2.4.3.2. Above Lasing Threshold

Above threshold the laser radiation is predominantly stimulated
emission. If § is large the difference between gain and loss, AG = G -
7T - RSP/S. is small. Differentiation of S with respect to G yields

ds dAG
- - - (2.51)
s AG

From (2.51) we observe that for small AG an increase in gain, dAG,
results in a large value of dS. However, this large increase in S
reducee the carrier density, n, and therefore reduces the gain.
Therefore, above threshold the absolute value of G is almost constant
and only slightly less than vy, a process that has been termed earlier
gain saturation (Section 2.3.3). However, AG, the difference of two
large quantities, does change and we can no longer assume AG = 0,

If S is deviating from its steady-state value, N will change and
with it AG, which in turn counteracts the initial change in the number
of photons § in the mode very effectively. This feedback mechanism
effectively clamps the number of photons in the mode. Since the line
broadening is primarily due to low frequency fluctuations, and the
feedback mechanism process is fast, limited only by the relaxation
oscillation frequency, we can neglect 45/t = O and obtain from (2.17)

RSp Fg(t)
AG = - — - (2.52)
S S
and, from (2.18), neglecting the constant term R/S
d¢ o
— = - — Fg(t) + F¢(t). (2.53)
ds 28

We use (2.44) to calculate the optical power spectrum above threshold

from the autocorrelation function of the complex electric field

Rg(t) = <E(t'+t)* E(t')>. (2.54)
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Stationarity makes Rp(t) independent of a timeshift and therefore

Rg(t) = <E(t)* E(0)>. (2.55)

We assume that amplitude fluctuations can be neglected and obtain using
(2.6) in (2.55)

<E(t)*'E(0)> = § eI¥t < exp(j-ad(t))> (2.56)

where Ag(t) = ¢(t) - ¢(0). (2.57)

In the case where A¢(t) is a variable with Gaussian distribution
[48],[55] it can be shown by integration that ([68], eq. (1.1.96))

1
< exp(JAd(t)) > = expl-- <Ad(t)2>]. (2.58)
2

A¢(t) can be obtained from (2.53) by integration

t t
Ad(t) = J 5(t) ar - 2 I Fg(t) dt. (2.59)
25
| 0

From the definition of the diffusion coefficlents (2.9) and relation
(2.59) we obtain

< 84(8)84(t) > = 2y e| + (-—D)2.opge- [t - =205 ||
25 25

and with the values of the diffusion coefficients in (2.20)

R
<d(t)%> = P (14 02). ¢, (2.60)
28
With the aid of (2.54), (2.56), (2.58) and (2.60) we obtain

. Rsp 2
RE(t) = 8 ed%% exp[- —= (1 + a?) - |t|] (2.61)
4s
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The Fourier transform of this autocorrelation function is given in
Tables and we find that the optical power spectrum of the laser above

threcshold has again a Lorentzian lineshape

ZxAuo
WE(w) - 3 3 (2.62)
(xAuo) + (v - wo)

with the linewidth

R
Avg = —2 (1+a?) . (2.63)
4xS

2.4.3.3. Comparison of Linewidths

We summarize the preceding linewidth results (eqs. (2.50) and
(2.63)):

Rsp
Avgp = — below threshold (2.64)
278
1
and Avg = - fvgp (1 +a®)  above threshold. (2.65)
2

The linewidth is essentially a measure of the low-frequency
component of the FM-noise of a laser. Spontaneous emission events
produce fluctuations of the phase and intensity of the lasing field.
Henry has depicted this mechanism graphically in a vector diagram ([46],
Fig. 1). The magnitude of the phase fluctuations increases with the
rate of spontaneously emitted photons, Rsp' and decreases if an
increased number of photons, S, is stored in the active cavity;
this intuitively confirms the relation (2.64) between linewidth,

RSp and S.

Compared to the linewidth below threshold, the linewidth above

threshold is increased by a factor of (1 + az)/2. The reduction of the

linewidth by the factor 2 is due to the suppression of intensity
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fluctuations above threshold [47]. The suppression of intensity
fluctuations (8S/dt = 0) however is achieved at.the expense of increased
gain fluctuations (2.52) which in turn enhance the phase fluctuations
(2.53), through the coupling between gain and refractive index expressed
by a, thus accounting for the increase in linewidth by (1 + az) [47].

For a 1.3 um laser, a ~ 6, which results in an increase of the
linewidth due to the coupling between gain and oscillation frequency by
a factor of (1 + az) ~ 40,

2.4.3.4., Resonant Noise Enhancement

In this section we expand on the discussion of <A¢(t)2>, (2.60), and
will include the effect of carrier noise and relaxation oscillation.
This discussion will enable us to justify the validity of the
approximate analysis in the preceding three sections. From the Fourier
analysis of the linear rate equations (2.36) - (2.38) of small
deviations, An, As and ¢, Henry [57] and Vahala et. al. [65] have
derived that

R
4(0)®> = B (1 +aa)t
28
02
+ [A(cos 36 - exp(-Tt) - cos(it - 3§))
2lcosé
+ B(cos § - exp(-Tt) - cos (it - §)]) (2.66)
2
where r Ie®S Ty T
S S N'*S
A = [(1+2, 1 - L+ 172 (2.67)
G G Rsps G-GN-S
Gy (N/T + R_..°S Tyl
N eo s N *S
= [ P+ ] (2.68)
G‘RSp G-GN-S
Q
and cos(§) = . (2.69)

@2 + 12)1/2

The definitions of I', T
2.3.5.

FN, GN’ T and  are the same as in Section

s’ €eo
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From (2.67) we find that A = 1 if g =0, i.e. if spectral
holeburning is neglected. For A = 1, the first term of (2.66) is
identical to the expression derived for <A¢(t)2> assuming that 4s/6t = 0
(2.60). Only for time t short compared to the inverse of the damping
rate of the relaxation oscillation 1/T" (~.5 nsec) are the additional
terms in (2.66) significant and (2.60) is no longer an accurate
representation for <A¢(t)2>. From (2.68), it is found that B = 0 {f Gy
= 0, i.e. if the influence of carrier number fluctuations on the gain
are neglected. Using the laser-parameters quoted by Henry [57], A = .97
and B = 1.05 x 1073, Hence, a good approximation to the optical power
spectrum is obtained if holeburning and carrier number fluctuations are
neglected (A =1 and B = 0),

Using (2.44) and (2.54) to (2.58) the optical power spectrum can be
expressed in terms of the phase fluctuation by

o0

s
Wg(w-wg) = — J o~ (1/2)-<b4()%> | Jot g (2.70)
2x

-

Using (2.66) to express <A¢(t)2>, a closed form solution for Ws(w) would
be difficult if not impossible to obtain,.

For the case of weakly damped relaxation oscillationms, [65] has
obtained an approximation for Wg(w) using modified Bessel functions to
re-express <A¢(t)2>. A numerical solution of (2.70) can be obtained
using a fast Fourier transform algorithm [57]. Depending on the output
power and damping rate of the relaxation oscillations, the pover density
of the side modes at *fp in the optical power spectrum is 10 to 25 dB
less than the power density at the center frequency of oscillation. For
examples, refer to [57], [65). Fig. 2.2(b) provides a sketch of a power

spectrum.

2.4.4. FM-noise

The definition of the FM-noise spectrum and relevant equations
thereof will be given in this section. The FM-noise spectrum can be

measured by passing the output of the laser through an optical frequency
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discriminator, e.g. a Fabry-Perot interferometer that is operated at the
rising or falling edge of its passband (Fig 2.3) or a Michelson
interferometer set in quadrature [69],[70], thus converting frequency
noise into amplitude noise. We then measure the amplitude noise of the
optical power at the output of the frequency discriminator using a fast
photodetector and an electrical spectrum analyzer (Fig. 2.3). Ideally,
an optical limiter would have to be used to remove the amplitude noise
of the laser before the signal is passed through the frequency
discriminator. However, it is generally assumed that the amplitude
noise of lasers can be neglected. To measure the amplitude noise the
same arrangement as in Fig. 2.3 can be used, except that the frequency
discriminator (the Fabry-Perot interferometer) has to be removad.

LASER

wothw(t)

FIBER

FABRY-PEROT laro
INTERFEROMETER

v

SPECTRUM | Waw(w)
ANALYZER

—  Awep

Fig. 2.3: Setup for the measurement of the FM-noise spectrum. To
convert FM-noise in amplitude noise with the FP-interferometer,
its resolution has to be low, in our case Awpp = 2-wR.



The frequency-noise spectrum waw(w) as measured with the arrangement
of Fig. 2.3 can be mathematically expressed by

+0
Wpo(w) = J Ry, (r) eI ar (2.71)
where Rpo(r) = <Aw(t + 7) Aw(t)> (2.72)

is the autocorrelation function of the frequency fluctuations. Following
Vahala we re-express (2.72) in terms of ¢(t):

Rpy(r) = <4t + 1) $(r)>. (2.73)

Using equation (2.53) for ¢(t), that was derived for the laser shove
threshold assuming 8S/8t = 0, and using the properties of the Langevin
noise forces (2.9) and (2.20) we obtain

[+ FS ( t+r )
Ra(T) = <[ =« —m —— + F¢(t+r)]
2 s
« Fs(f)
e [ - = + F¢(T)]> (2.74)
2
- (= —— +2D,0) * &6(1r) ,
9 S ¢
RSP 2
or RAw(f) = — (1 +a“) 6(r) = ZrAuo §(r). (2.75)
28

The autocorrelation function of the frequency noise, assuming infinitely
fast suppression of intensity fluctuations, is a delta function with

area 2zAv, leading t¢ a white frequency-noise spectrum

Wpp(w) = 2xbvg. (2.76)
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If the time delay in the suppression of intensity noise is taken into
account, the FM-noise spectrum is obtained as [66]

2¢ 4
afR

]. (2.77)
(£a2 - €92 + a(r/2m)? £2

Wpp(w) = 2xdvg [1 +

A sketch of a typical FM-noise spectrum is shown in Fig. 2.2(c). The
FM-noise is enhanced at the relaxation oscillation frequency and falls
above fR below the level predicted by (2.76). This is because the
suppression of intensity fluctuations, which in turn enhances the FM-
noise by (1 + az),
We find from (2.77) that the linewidth Av of a laser is equal to

the spectral density of the FM noise spectrum for low frequencies f<<fp:

does not occur for frequencies above fp.

Avg = Wy, (w0)/2r . (2.78)

2.4.5, Frequency Fluctuation Model

The preceding sections have shown that the electric field of the

laser can be expressed in the form

E(t) = §2 olugt oJé(t) (2.79)

This relation suggests that at any time t we can define the

instantaneous frequency of the laser by

dé
w= wy + — (2.80)
dt
dé
where Aw(t) = — (2.81)
~ dt

is the deviation of w from the center frequency of oscillation, wg, of

the laser.



K}

(a) FIBER COUPLER
FREQUENCY
——— app 'F-FILTER LIMITER DISCRIMINATOR
EC LASER w'f
app(t)
(b) (e) .
Ape " 0
wJF':::::::::> -
» »

Fig. 2.4: (a) Setup for the conversion of frequency fluctuations in the
optical output of a test laser into amplitude changes of the
signal app(t) in the electrical domain. Sketch of (b) random
fluctuations of aFD(t) and wIF, and (c) the probability
distribution function of these fluctuations.
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Fig. 2.5: Sketch of the transfer function of the IF-filter used in
Fig. 2.4 and definition of the filter bandwidth B.
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The . frequency fluctuations of a test laser can be observed in the
electrical domain using the arrangement of Fig. 2.4, where the optical
signal of an external grating laser (having negligible linewidth
compared to the test laser) is mixed with the test laser spectrum. The
IF-spectrum is passed through an IF-filfer of equivalent lowpass
bandwidth B (Fig. 2.5). The pass band of the IF-filter is centered

IF where wOIF is the offset center-frequency of oscillation of

around wq
the test laser in the IF-spectrum. The integral of the bandlimited FM-

noise spectrum at the output of the IF-filter is (Fig. 2.2(c))

+B
I wAw(f) " df = 2%xAv,-2B (2.82)
-B

if the resonance peak is not within the IF passhand. According to the
Wiener-Kintchine theorem, the area under the spectral density of a
random process is equal to the autocorrelation function of this process
at t = 0, Ry, (0). R,,(0) in turn is equal to the variance of the
probability distribution function (pdf) for a wide-sense stationary
process [71]. The variance is equal to the square of the standard
deviation, asz, if the process has a Gaussian pdf [71], hence

Opp> = 2nbvg-2B. (2.83)

Lax [48] has shown that the Lorentzian noise forces have Gaussian
statistics, since they are representing a large number of uncorrelated
events, namely spontaneous emission events. These events, in accord
with the central limit theorem, result in a Gaussian random process.
The transformation of the noise forces in the rate equations is linear,
which ensures that all parameters affected by the “oise forces show a
Gaussian probability distribution. In particular, Aw(t) can also be
assumed to have a Gaussian probability distribution. %arrett and
Jacobsen [72] have analyzed the effect of the finite bandwith B of the
IF filter on the statistics of the frequency fluctuations at the output
of the filter. They found in [72] that, provided B > 2-Av( and assuming

a Gaussian pdf for the frequency fluctuations at the input of the
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filter, the frequency fluctuations at the filter output are also
described by a Gaussian pdf, hence we obtain using (2.83)

AF2x
exp( -
J2avyB 24vB

) (2.84)

where Af(t) = 2xAw(t). The cumulative probability function (cdf) of the

frequency fluctuation is

1 1 A£2 Jx
Ca(A) = 5 = serf (———) . (2.85)
J24v,B

For a DFB laser it has been verified experimentally by Pedersen et.
al. [30] that the cdf of the filtered laser beat-frequency fluctuations
obey the characteristic (2.85) and hence the assumption of a Gaussian
distribution for the frequency fluctuations of a laser seems to be
Jjustified. Good agreement between theoretical and experimental results,
however, was found to require a value of B in (2.83) to (2.85) that
deviates by up to a factor of 1/2 from the value of the equivadlent low
pass filter bandwidth of the IF filter. The dependence of this
correction factor on the IF filter characteristic and the position of
the mean beat frequency within the IF filter has been derived by the
same authors [73] in a recent study.

The frequency fluctuation model has been used [74] to calculate
error probabilities in optical heterodyne transmission systems. We will
use this model in Section 4.3 to calculate mode-hopping frequencies and

explain the power distribution between modes of different linewidth.



3. THEORY FOR THE EXTERNAL CAVITY LASER

3.1. INTRODUCTION

Typically, optical feedback is provided to the laser by an external
reflecting surface a fixed optical pathlength, L., away from the laser
(Fig. 3.1). 1In general, R, (w), the reflectivity of this surface can be
frequency dependent, as in the case of feedback from an external
grating. We will be concerned with the situation where Lox 1is large
compared to Ly, i.e. with long external cavity lasers (LEC-lasers). In
this case, the laser can be viewed as a lumped element, where time
delays due to the finite transition time of light through the active
region can be neglected. We therefore express the electric field of the
laser by (2.6)

E(t) = (52 + &(t)) el@ot J4(F) (3.1)

where the z-dependence of the electric field within the laser is
neglected.

— \

by b1 —]

Fig. 3.1: Sketch of a semiconductor laser with optical feedback from an
external reflector.
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3.2. RATE EQUATIONS

The equation commonly used to describe the laser field in the presence
of as external reflecting surface [7],[15],[75]),[76], can be obtained
from (2.10) by adding a delayed and attenuated component of the laser
field to the rate equation for the electric field

dE AG
— = [-jugng,) + —(1-Ja)] E(t) + x E(t-r,.) + Fp(t). (3.2)
dt 2
Tex 18 the round-trip time in the external cavity, AG = G(n)--rp'1 and
2
(1 -1y - ¢
k = 2 = (3.3)
2 " Tin

is the feedback rate, where Tin is the round trip time in the
semiconductor laser cavity and k = k'7yn is the feedback power ratio as
seen from a point immediately to the left of the laser facet Ry, in Fig.
3.1, i.e.. the ratio between the power travelling towards the facet Ry
and the reflected power that is coupled back into the laser. Rox
includes coupling losses between the external reflector and the laser.
The rate equation (2.19) for the carrier density of the solitary laser
remains valid for the laser with optical feedback, with § = |E(t)|2.

In general, a closed form solution for the characteristics of the
laser with optical feedback cannot be derived from the nonlinear delay-
differential equations (3.2) and (2.19). By adding an expression for
the time delayed field, the degrees of freedom in the rate equations for
the laser has increased from two to infinity [19]. Depending on the
values for the characteristic parameters of the differential equations,

the feedback rate x and the decay constants r_ and Te» @ variety of

behaviors can be observed: stable operation ?n longitudinal modes of
the semiconductor cavity for weak feedback [10], dynamic instabilities
or "chaos" [77]-[82] for intermediate levels of feedback [13], and
finally stable operation in external cavity modes for very strong
optical feedback from a diffraction grating [26]. In the regimes of
weak and strong feedback the random noise caused by spontaneous emission

events is the dominant source of phase noise. In the intermediate
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feedback regime of "coherence collapse" [13], having typically -35 dB <
Rgx < -10 dB, the random-noise sources FN(t). F¢(t)_and Fs(t) can be
switched off in numerical simulations without significantly affecting
the phase noise [15], indicating that dynamic instabilities are the
dominant source of noise.

Rate equations of the form of (3.2) and (2.19) have been numerically
integrated by several authors (e.g. [7],[15],[21]) and their results
show, as far as experimental results are available, good agreement with
the experimentally observed behavior of a laser having optical feedback.

A common approach to reducing the complexity of (3.2) is to assume
that the roundtrip-time in the external cavity is short compared to
fluctuations in E and w over time. In this case optical feedback can be
represehted by assuming that the facet Ry in Fig. 3.1 has a frequency
dependent reflection coefficient

re(w) = [re(w)| exp [§4,(w)] (3.4)

where w(t) is the instantaneous frequency of oscillation. In the

simplest case of a mirror separated from Ry by L., we obtain

) Ty + oy exp(j®(w))
r_ (w - . (3.5)
e 1+ ¥o¥ax exp(j¥(w))

In representing optical feedback by a complex facet feflectivity the
delayed feedback term « E(t-r ) in (3.2) is replaced‘by a frequency
dependent loss rate y(w) = '(Vgr/Lin)'ln (rlre(w)). Since re(w) is
defined as a function of the instantaneous frequency, w, it is advanta-
geous to study the effect of the frequency dependent loss rate on the
mathematical representation of the laser not in the time domain but in
the frequency domain. The laser can be viewed as a noise amplifier
(Section 2.3.3), where each frequency component FE(w) of the Langevin
noise force is amplified in proportion to [1 - r1re(w) exp(2jkL1n)]'1.

The frequency components of E(t) are then given by [83)

FE(“’)
E(w) -~ (3.6)
1l - rlre(w) exp(2jkLin)
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where FE(w) is a small quantity. Large values of E(w) are obtained when
the denominator approaches zero, i.e. when the roundtrip gain approaches
one and the roundtrip phase shift is equal to 2x. These two conditions,
previously introduced as the oscillation conditions and discussed for
the solitary laser (Sect. 2.2), are analyzed in the following section
for lasers with optical feedback.

3.3. OSCILLATION CONDITION GRAPH

In this section we describe a graphical representation of the steady
state equations that provides the conditions for oscillation of the
laser. This graphical representation will allow us to distinguish
between different solutions of the oscillation condition for a laser
with optical feedback based on threshold gain, stability and linewidth.
Also, this model provides insight into the tuning characteristics of

lasers when the external feedback parameters are changed.

3.3.1. Governing Equations

Following (3.6), with the external feedback expressed by the
frequency dependent facet reflectivity of (3.4), the oscillation
condition for the laser with feedback can be written in the form

r1-re(@)| exp (2jkLi, + j-¢ (@) = 1 (3.7)

where the complex propagation constant for the amplitude of the electric
field is

jk = j-—:—-ne(w,g) +-§- . (3.8)

Here g is the net gain per unit length for the intensity after
subtraction of the scattering losses, a,, and the refractive index

n (w,g) is a function of frequency and gain. If the mirror loss is
distributed over the length of the active region, (3.7) can be rewritten

in the form



1
exp (2jkLy, + jréd (@) - In — ) = 1 (3.9)
nr2
and, by inserting (3.8), in the form
w 4 1 1
exp (2Ly ( j=n (v,g) + = - —— In — ) + Jréplw)) = 1. (3.10)
c 2 2L1n L’ll'2

From the real part of the exponent we obtain an expression for the gain

1 1
glw) = ‘In (3.11)
Lin ry[re ()|

and from the imaginary part an expression for the roundtrip phase shift

2w Lin

dpy = 2tm = * 0 (0,8) + $.(0). (3.12)

Cc

Linearizing equation (3.12) close to the resonance frequency wg of the
solitary laser, then using both the group index Ngy = (0n,/3w) to
account for the frequency dependence of n, and the linewidth enhancement
factor [46]

2w on_/dn

a = . (3.13)
c dg/dn

to account for the change of the refractive index with gain we obtain

2wgL; . n 2L; n
0™in in“gr
bpr = 2%'m = Sh B pu - an A+ 6 () (3.14)
[ (o4

where Aw = w-wy. Noting that the roundtrip phase shift of the solitary

laser szLinne/c = Zﬂmo (a multiple of 2x) and introducing Am = m-mg and

g = gg + Ag, where

go = (1/L;;)-1n(1/r 1) (3.15)

is the threshold gain per unit length of the solitary laser, we obtain

38
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from (3.14)

1 2L
{

aLin Vgr

in

glw) = © Aw + ¢r(w) - 2xAm )} + g0- (3.16)

Also, from (3.11), g = Bo + 4 and (3.15), it follows that

1 52
glw) = 1
Lin

go- (3.17)

n +
ENOT

In conclusion, the phase and gain conditions lead us to two
equations that express the gain as a function of frequency, (3.16) and
(3.17), respectively. Why are there two equations that specify the gain
as a function of frequency? 1In (3.17) the gain is a function of
frequency because we required "gain = loss" at lasing threshold, where
optical feedback was represented as a frequency dependent facet
reflectivity and hence frequency dependent loss. (3.17) is therefore an
expression for the threshold gain in terms of the frequency dependent
loss. In order to change the gain in the semiconductor the carrier
density has to change. A change in carrier demsity (Fig. 3.2) leads to
a change in gain and also to a change of the refractive index in the

2
ag - oV a(!)m
ar
/ |
an :
ane _— a(l)m
Definition:
2w, ang/on
* =T ag/an

Fig. 3.2: Dependence of gain, g, and refractive index, n., on the
carrier density, n, in the semiconductor. Also, definition of the
linewidth enhancement factor, a, as the ratio between the change
in refractive index and change in gain.
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semiconductor cavity and hence to a change in: the: oscillation frequency.
We can express:the frequency that satisfies the phase condition, {.e.
the resonance frequency of the semiconductor cavity, as a function of

gain instead of a function of N. The inverse of this relation, the gain
expressed as a function of oscillation frequency, leads to (3.,16).

3.3.2. Graphical Representation

Equations (3.16) and (3.17) are graphically represented in Fig. 3.3
for (a) a solitary laser and (b) to (e) five nonzero values of external
reflectivity R, = rexz' The intersections between a constant phase
curve (3.16) [83] and loss curve (3.17) define all frequencies that
satisfy the oscillation condition as the gain is varied. For the
solitary laser only one intersection between constant phase and loss
curve is shown in Fig. 3.3(a), corresponding to the longitudinal mode at
frequency Af = Aw/2x = 0 with Am = 0. The spacing between longitudinal
modes is Avy, = vgr/zLin = 125 GHz for L;, = 300 um. The constant phase
curve for the neighboring modes (Am = *1 in (3.16)) is outside the
plotting range of Fig. 3.3. With Ry = 2-10°% in Fig. 3.3(c) several
intersections between the constant phase curve and the loss curve appear
for one value of m. Each intersection is characterized by a different
oscillation frequency and threshold giin. As the gain is increased in a
semiconductor laser, the laser will start to oscillate with the
frequency of the mode that requires the lowest gain. With the onset of
oscillation, the gain does not increase further (gain saturation or gain
clamping) and modes that require a higher gain to oscillate will not be
occupied, if the difference in threshold gain between neighboring modes
is high enough.

The gain is a function of the carrier density in the active medium.
The carrier density, representing a stored energy, cannot change
rapidly. Transitions to modes with higher gain can occur only if the
gain fluctuations caused by quantum noise are larger than the threshold-
gain difference between modes. Fluctuations between modes of equal
threshold gain are not restricted, and the presence of a series of modes
with the same minimum gain will therefore lead to fluctuations of the

oscillation frequency of the laser between longitudinal modes.
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a2 a2
(a) (b)
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8 FREQUENCY Af (GHz) [] -8 FREQUENCY Af (GHz) [
42 42
(c) (o)
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Fig. 3.3: Plot of loss and constant phase curves for (a) no optical

feedback, (b) to (d) weak optical feedback, (e) strong feedback
and (f) feedback from an optical grating. The following
parameters were used: a = 6, Lex = 7.5 cm, Lin = 300 um. The
reflectivities R1 and Rex were respectively: (a) 0.31 and O,
(b) 0.31 and 25-10°%, (c) 0.31 and 10°%, (d) 0.31 and 16-1074,
(e) 10°% and 0.31, and (f) Ry = 10°% and wavelength dependent
feedback from a grating (rG2 = 0.31 and f; = 15 GHz).
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The slope of the phase curves in Figs. 3.3(a)-(c) is proportional to
2/avgrv(3.16).,1f there ﬁgfé no coupling between gain and refractive.
index (eq. (3.16): a = 0) the slope of the phase curve would be infinite
and we would obtain only one intersection, leading to single mode
oscillation for weak feedback. However, with a = 6 and Ly, = Scm ve
observe multiple intersections with little threshold-gain difference for
coupling efficiencies as low as 1074 (Fig. 3.3(c)). A small threshold-
galn difference means that the laser oscillation can fluctuate between
- several external cavity modes (Section 4.2),

In the case of strong feedback (Fig. 3.3(e)and (£)) one facet of the
laser is AR-coated and the optical feedback through this facet is larger
than that directly attributable to this facet (R2 < Rex). We can think
of the laser as having an extended cavity that is only partially filled
with a gain medium. We expect intersections of constant phase and loss-
curves to occur with frequency separation almost equal to the free
spectral range of the extended cavity. This is confirmed in Fig. 3.3(e)
and (f), where Avoy = /2Ly = 0.45 GHz.

Again there is only a small threshold-gain difference between
adjacent modes, which suggests that the oscillation frequency can
fluctuate between external cavity modes. However, the threshold-gain
difference necessary for single mode oscillation is dependent on the
amplitude of the gain fluctuations. Due to the large number of photons
stored in the external cavity of a laser with strong feedback, each
spontaneous emission event will contribute less phase and amplitude
noise to the laser field than for a laser without optical feedback [83].
Since the amplitude of gain fluctuations is not only governed by the
rate of spontaneous emission events but also by the reaction of the
laser to fluctuations in the intensity of the electric field (see
derivation of (2.52)), gain fluctuations are reduced in a laser having
strong optical feedback. We expect therefore, that in a strong optical
feedback arrangement, the threshold-gain difference between modes
necessary to ensure single mode oscillation is less than in the weak
feedback case.

Kazarinow and Henry [83] found that the increase or reduction of
laser phase noise due to optical feedback can be calculated from the

slopes of the constant phase and loss curves in the oscillation
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condition graph. In steady state, loss and gain are equal. A
spontaneous emission event causes a change of the gain,. Ag, depicted.in
Fig. 3.4(a) for a solitary laser by a reduction of the gain (dashed
line) with respect to the loss (solid horizontal line). The associated
change in oscillation frequency Aw (Fig. 3.4(a)) can be calculated from
the slope of the constant phase curve (3.16): Aw = (avgr/Z)'Ag.
Following [83], we plot now the same diagram as before, but for a laser
with optical feedback, Fig. 3.4(b). 1In Fig. 3.4(b), the change in
frequency Aw’' for the same initial change in gain Ag as in Fig. 3.4(a)
appears reduced by a factor of F = Aw/Aw' = 1 + A + B, vhere
(1+A)'(2/vgra) is the slope of the constant phase curve and -B-(Z/Vgra)
is the slope of the loss curve. F is the chirp reductfon factor that
has been derived by Olesen et.al. [15], using a small signal analysis
based on the rate equation of the laser with optical feedback. In the
same paper [15] the linewidth reduction factor, defined as the ratio of
the solitary laser linewidth vy to the linewidth of the laser with
optical feedback Av, was shown to be equal to the square of the chirp-
reduction factor F2 = Avg/bv.

It is not surprising that linewidth reduction is equal to the square
of the chirp-reduction if we consider equations (2.71) to (2.73), used
to derive the FM-noise spectrum, Wpp+ and the relation (2.78): ayy =
Wpp(00)/2x. 1f frequency changes Aw are scaled due to optical feedback
by the chirp-reduction factor F, the magnitude of the autocorrelation
function Rpp(7) (2.72) and Wpao(w) (2.71) are reduced by F2. With the
same relatjonship between Wp, 8nd Av as (2.78) being valid for the laser
with optical feedback, the linewidth is reduced by F2,

The open circles in Fig. 3.3(d) mark intersections between constant
phase and loss curves where the slope of the constant phase curve is
less than the slope of the loss curve and therefore, in analogy to Fig.
3.4(b), F=1+A+B<0. The small signal analysis of the rate
equations shows that F < 0 indicates unstable solutions to the
oscillation condition [15]. Stable solutions to the oscillation
condition are marked by the solid circles in Fig. 3.3(d), which
correspond to F > 0. For 0 < F < 1, the frequency change Aw' with
optical feedback is larger than without optical feedback and the
linewidth of the laser with optical feedback is broadened. For F > 1,
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Fig. 3.4: Enlargement of (a) a section of Fig. 3.3(a) and (b) a section
of Fig. 3.3(e). Also indicated are the parameters A and B intro-
duced by [83]. For clarity of Af', the slope of the constant
phase curve in the lower graph is less steep by a factor of 4.6
than it should be using the parameter values of Fig. 3.3(e).
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the linewidth is narrowed due to optical feedback. The linewidth
reduction is particularly pronounced for strong optical feedback from a
long external cavity, Fig. 3.3(e). 1In this situation the slope of the
constant phase curves is increased approximately by the ratio of the
external cavity length to the semiconductor cavity length, and therefore
[83]:

F2 - @+ m? - (/L2 (3.18)

In conclusion, we have presented an intuitive derivation of the phase

noise reduction of a laser due to optical feedback.

3.3.3. Wavelength Dependent Feedback

The threshold-gain difference between adjacent modes is increased in
Fig. 3.3(e), which applies to the situation where the external
reflection coefficient is wavelength dependent and in particular for the
case of optical feedback from an external grating reflector. Assuming
that the grating is illuminated by a Gaussian beam, the frequency
dependent reflectivity is given by [84]

(3.19)

(@ - wg(8g))?2 }
2

tex(w) = Ig exp { -(1n2)
AUG

where Awg is the full width at half maximum of Yex(w), and wg 1s the
frequency and rg the reflection coefficient at maximum reflection of the
grating. wg depends on the incident angle 8 of the light with respect
to the grating

2a
(o}

where "a" is the spacing between rulings of the grating and "e" is the
velocity of light. bw, depends on the spot size, b, of the illuminating
beam [84]



2b
g = —m—, (3.21)
a cos GG

For Fig. 3.3(e) the values wg = wy, Aug = 2%°15 GHz and ro? = .31 apply.
In conclusion, in Section 3.3, we have shoum that the oscillation
condition graph is a useful tool to study the tuning characteristics of

coupled cavity arrangements because it provides a plot of all lasing
frequencies. For example, it allows us to examine the change in
oscillation frequency when the external cavity length is varied by a
fraction of a wavelength, when the feedback ratio is altered, or when
the wavelength of maximum reflectivity, Ag = 2xc/wG(BG). is altered by,
for example, rotating the extermnal grating.

3.4. CHIRP-REDUCTION

The representation of optical feedback by a frequency dependent
facet reflectivity leads to a modification of the rate equations of a
solitary laser. Following [83], we outline in this section the
derivation of this modification of the rate equations. We start hy
representing a solitary laser as a noise amplifier in the frequency
domain (3.6) and change the denominator in (3.6) to

1
1 - exp (2jkLy, - In ——) = 1 - exp (2jk'Lyy) . (3.21)
F1r2

From (3.8) we obtain an expression for k', the complex propagation

constant including facet loss for a selitary laser,

w g 1 1
Jjk' = j [ - n(u,g)] + - - In

(o] 2 2Lin r1r2

(3.22)

Using a similar procedure to that for the derivation of (3.14), we
define the propagation constant ko' for the laser oscillating at wg;:

1 1
1n

2Lin X ry

2L w. n g
jko' — in“in*'Ph ) 4o -
2

(o]

= 0 (3.23)
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and the change Ak' of the propagation constant k' = ko' + Ak' due to

changes in frequency and gain:
Aw Ag Ag

jak' = J(— @ — ) + — (3.24)

Vgr 2 2

We now repeat the procedure that led to (3.22); however, this time we
consider a laser with optical feedback expressed by Ye(w) as in
equations (3.4) and (3.5). In this case we obtain for the complex
propagation constant instead of (3.22) the following expression

w g 1 1 1
jk' =3[ - n(w,g)] + - - In + 3
c 2 2Ly, rylre(w]| 2Ly,

(@) (3.25)

We again linearize k' around its steady state value ko' and obtain the

equation for Ak',

1 dé,. J-In(|r. ) Aw Ag Ag
Jak' = F-{[1 + ( - 1. -a— )+ —. (3.26)
Tin dw dw vgr 2 2

We notice, by comparing (3.23) and (3.26), that the factor for the term

Aw/vgr is increased due to ¢, ical feedback by

B 1 d¢, i dIn(r
A-jo = — % . . : (3.27)
a Tin W Tin dw

Kazarinov and Henry [83] have introduced the variables A and B and have
noted that 1 + A corresponds to an increase in slope of the constant
phase curve and B to a decrease in slope of the loss curve due to
optical feedback, as discussed previously for Fig. 3.4.

In Section 3.3.1 we noted that the condition jko' = 0, (3.23), leads
to the gain and phase condition of the solitary laser. Using (3.27) and
the relation (1 < exp(x)) ~ x for x << 1, we can expand the denominator

of (3.6) around jko' = 0 and obtain

FE(“’)

E(w) - (3.28)

jak!



For the laser without optical feedback, jAk' is given by (3.24), for the
laser with optical feedback by (3.26). From the inverse Fourier
transform of (3.28) for the laser with feedback and without feedback,
Kazarinov and Henry [83] have found that the rate equation for the
electric field of the laser with optical feedback can be written in the
form

. AG
(L +A - jB/a)(E + jwgE) = — (1 - ja) E + Fp(t) (3.29)
2

where AG = Ag/vgr.

We observe that this equation is identical to the rate equation for the
laser without optical feedback ((3.2) with x = 0) except for the factor
of (1+A-jB/a), modifying the magnitude of the term E + jwgE. The
transformation of (3.29) into two real Langevin rate equations for S(t)
and ¢(t) yields [83]:

. 2B
(L+A)Y)S - — S "¢ = AG"*'S+R+ Fs(t) (3.30)
a
and
. B S ahG
(L+A) ¢+ —— = — + F¢(t). (3.3D)
2a S 2

The same procedure is now used to derive the FM-noise and linewidth of
the laser with optical feedback as for the solitary laser (Section
2.4.3.2). Ve restrict ourselves to low frequency fluctuations, which
were shown previously to be responsible for the linewidth of the laser,
and can therefore set 35/t = 0 in (3.30). Eliminating AG in (3.30) and
(3.31) we obtain, apart from constant terms which produce a small offset

of the oscillation frequency of the laser [83],

F¢(t) - (a/ZS)FS(t)
4 = . (3.32)
1+A+8B
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This is a key result, which shows, when compared to (2.53), that
frequency fluctuations are reduced due to optical feedback by

Fe1l+A+ B, vhere F is the chirp-reduction factor. In an analogous

wvay to the derivation of equations (2.60) and (2.63) we can conclude
that the linewidth of the laser above threshold and with optical

feedback is

AVO

Ay = —
Fe

where Avg = (Rsp(1+a2)/(axS)) is the linewidth of the solitary laser.

3.5. CHARACTERISTICS FOR WEAK FEEDBACK

For the case of weak reflection from an external mirror we can
neglect multiple reflections in the external cavity and (3.5) can be

replaced by

re(w) = ry-(1 +k-ed®) (3.
(1-ry?)
here K = — o .r and ¢ = wr (3
v r ex ex’ g
2

We assume weak reflections (k << 1) and use the approximation arctan

X for x << 1 to obtain from (3.34)

|rg@)| = ry(1+ k -cos &) (3.

and ¢r(w) = k - sin® . (3.

Inserting (3.36) into (3.17) yields for k << 1

1
g(w) = 8p - — * k-cos (wrex) (3.
Lin
1 1
where g8 = — In (3.
Lin 17

(3.33)

34)

35)

X =

36)

37)

38)

39)



Ingserting the gain condition (3.38) into the phase condition (3.16) we
obtain a relation for the external cavity mode frequencies, w, in
implicit form:

w=-wy = -K J1 + a2 + sin (wrex + ¥) (3.40)
where v = tan'la (3.41)
and kK = vy, k. (3.42)

wg is the oscillation frequency of the solitary laser.

In the discussion of Fig. 3.4 and equation (3.32), we pointed out
that optical feedback reduces the frequency change of a laser due to
injection current changes or phase noise by the factor F = dwgp/dw, where
F is called the chirp reduction factor and dwg/dw is the ratio of the
change in oscillation frequency wy of the solitary laser to the change
in oscillation frequency w of the laser with optical feedback. Also, it
was noted that the linewidth reduction Avy/Av, being the ratio of the
linewidth Avy of the solitary laser to the linewidth Av of the laser
with optical feedback, is equal to Fe. Using the relation F = dwy/dw, F
can be obtained for the case of weak feedback from the derivative of
(3.40) with respect to w:

F = 14k 1o Jl+a% . cos (urg, + ¥). (3.43)

Using (3.40) again to replace wr, in (3.43) we obtain:

F o= 1% f(er )2 (14a?) - (wrg )2 (3.44)

where Aw = w - wgy is the separation of the external cavity mode
frequencies from the solitary laser frequency.

Equations (3.38), (3.40) and (3.43) are key equations that have bheen
used by a number of authors {7]-[10},{12],[17},[85] to discuss the
behavior of lasers with weak optical feedback. The multiple values of
frequency w that satisfy the oscillation conditions are given by (3.40).
The gain and linewidth reduction associated with each of those

frequencies can then be found from (3.38) and (3.43). The number of
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solutions of the oscillation condition (3.40) depends on the value of
k-J 1+a® . Solutions of (3.40) that lead to F < 0 are dynamically not
stable [15], a value of 0 < F < 1 leads to line broadening and and a
value of F > 1 causes line narrowing (Section 3.3.2).

Figs. 3.3(a) to (d) show that the threshold gain for weak feedback
for the external cavity decreases as the frequency of the modes
decreases., Considering only modes with F > 1, we notice from (3.44)
that the linewidth reduction F2 is largest for modes closest to wg -

For a given value of -/ 1+a2 the values of w that satisfy (3.40)
depend on the roundtrip phase shift in the external cavity, wr,. We use
the solitary laser frequency as a reference and define the parametey

Ve = ©WTex t+ tan'la. (3.45)

(3.40) can then be rewritten in the form

bo = -k Jl+a? sin (¥ + Borg,) . (3.46)

Fig. 3.5(a) and (b) show the solutions of (3.46) for the situation where
the external cavity length is adjusted to provide Yo = 0° and Yo = 180°,
respectively. In both cases the external cavity modes are located
symmetrically with respect to wg. This symmetry is evident from (3.46).
Also, we observe from (3.44) that modes located symmetrically with
respect to wy have equal values of F. For Yo = 0° an external cavity
mode exists at w = wg. The linewidth reduction factor of this mode has

a value of F = Fmax

F - 1+ xr._-J1+ a2 (3.47)

max ex’

which is the largest value F can assume for any external cavity mode at
a given feedback rate x and roundtrip time, Tex: in the external cavity.
For y, = 180° two stable solutions with lowest linewidth exist. The
solution of (3.46) at Aw = 0 leads to F < 1 (3.43) and is therefore not
stable.

The frequency of the external cavity mode with minimum threshold

gain, given by the leftmost intersection between loss and constant phase
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Fig. 3.5: Effect of a change of the external cavity length, expressed
in terms of a change in the roundtrip phase shift Yo, on a plot of
the loss and constant phase curves. Graphs (a) and (c) are for we
= 0° and (b) and (d) are for we = 180°. All other parameters are:
in the case of weak feedback, (a) and (b), the same as in Fig.
3.3(a), and in the case of strong feedback, (¢) and (d), the same
as in Fig. 3.5(f).

curve in Fig. 3.3(c), is obtained from (3.38) by setting

cos (wr =1, (3.48)

ex)
The equivalence /1 + a2 ‘cos(¢ + arctan(a)) = cos(¢) - sin(¢) allows us
to rewrite (3.43) and insert (3.48) in (3.43) to obtain for the chirp

reduction, F = F ; , of the external cavity mode with minimum gain

m

Fmin =1 + KT ox- (3.49)

The chirp reduction of all stable external cavity modes, if more than
one external cavity mode exists, has a value between Fmin and Fmax‘ The
expressions (3.47) and (3.49) for the linewidth reduction of the mode
with maximum F and the mode with minimum threshold gain, respectively,

have been derived previously in [10].
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The change of the constant phase and gain curves associated with a
change of the external cavity length by a quarter of the optical
wavelength is shown in Fig. 3.5(c) and (d) for the case of strong
feedback. In contrast to the case of weak feedback, Fig. 3.5(a) and
(b), we notice no significant change in the slopes of the constant phase
and gain curves at the intersections of these curves for strong
feedback, although the external cavity mode frequencies change. The
linewidth reduction F% stays essentially constant, therefore, for the
case of strong optical feedback if the external cavity length is

changed.

3.6. FEEDBACK REGIMES

In the preceding section the basic theory for lasers with optical
feedback was presented. In this section we outline the feedback
properties that have been observed and classified by other researchers
and place the focus of our work and our contribution within this
framework.

A first attempt to classify the multitude of feedback effects that
have been observed was by Tkach et. al. [17]) who described 5 regimes of
feedback effects. [17) obtained experimental data with a single device,
a 1.5 pm DFB-laser, over a range of feedback levels from Ry = -80 dB to
-8 dB and found well-defined boundaries between the regimes as a func-
tion of feedback level. In this section we follow the classification
system of [17] and describe the features observed for a laser operating
in the various regimes of feedback effects. At the same time we will
compare features of the constant phase and loss curve in the oscillation
condition graph with the observed feedback effects and find that there
is good correlation between them.

The first three feedback regimes apply to weak and moderate feedback
levels of up to roughly -40 dB. Multiple reflections in the external
cavity can be neglected and the oscillation condition can be written in

the form of and (3.40), whereas the chirp-reduction is given by (3.43).
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Regime I: Experimentally this regime is defined by line broadening and
line narrowing dependent on the phase of the reflected light. There is
never more than one solution to the oscillation condition in this
regime. Two external cavity modes are always separated by an unstable
solution (F < 0) to the oscillation condition (Fig. 3.3(d)). Therefore,
the feedback rate xl!
from (3.43)

at the transition from Regime I to Regime II is,

KT, 1 +a? =1 (3.50)

and the feedback power ratio RexII at this boundary, from (3.3) and

(3.50), is

2 2

r 4
Rey = > 22 > 1“2. (3.51)
(1 -15° (1 +a%) Tex

Since ry, << r,,, very low levels of optical feedback do affect the
laser. Tkach [17] observed changes of the linewidth by 30 percent at -
80 dB feedback power ratio with an external reflector at a distance of
40 cm, The feedback level for the transition from Regime I to II is
found from (3.51) to be inversely proportional to the square of the
external cavity length. '

Regime I1I: The line broadening observed in Regime I for out of phase
feedback changes into line splitting as the feedback is increased to
enter Regime II. Within Regime II the number of external cavity modes
that are observed is increasing as the feedback level is increased
(Sect. 4.2). In the case of multiple solutions of the oscillation
condition, it is generally assumed [12],[86]) that the laser is
predominantly oscillating in the external cavity mode with minimum
threshold gain. However Schunk et. al. [21] have observed in numerical
simulations that the mode with minimum linewidth has highert power. We
add experimental proof to this finding in Sect. 4.4. For the case of
two modes, [17] shows that the mode-hopping frequency between the modes

decreases as the feedback level is increased.

Regime III: At the feedback level RexIII = -45 dB that is independent

of the external cavity lengch, Tkach et. al. observed that the mode-
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hopping stopped for the DFB-laser used in their experiment. Also; the
laser operated independently of the feedback phase in a single external
cavity mode. VWe will discuss this phenomenon in Sect. 4.5.

Regime JV: Above Rexlv ~ <40 dB, satellite modes appear that are
separated from the main mode by the relaxation oscillation frequency
[17]),[82]).. [87) has provided an estimate of RexIV based on an analysis
of the stability of the solutions of the oscillation condition:

2. 2 2
1V 2 wp” T4p" T (3.52)
a5 a+ed

If the factor 2 is omitted, RexIV corresponds to the situation where the
range of external cavity modes that are provided as solutions to the
oscillatiou condition exceed 2up. The significance of this finding is
discussed in Sect. 4.6.

As the feedback level is increased further, satellite modes appear
at *2wp, 33wp, etc. [82], with the laser line eventually broadening to
up to 50 GHz. This behavior has been characterized by the term
"coherence collapse" [13]. There is evidence that the behavior of the
laser in this regime is chaotic, [15] and [78]-[82], {i.e.. governed by
dynamic instabilities due to the delayed feedback, rather than by
effects related to the amplification of stochastic noise.

Regime V: It is necessary to anti-reflection coat the laser facet Ry in
Fig. 3.1 to achieve optical feedback that is stronger than the reflec-
tion from the laser facet. In this regime of strong optical feedback
the laser operates with an extended optical cavity. Very narrow
linewidths are observed. This can be expected from the oscillation
condition graph, Fig. 3.3(e) and (f) based on the strongly increased
slope of the constant phase curve which provides for a large linewidth-
reduction factor FZ. However, the gain difference between neighboring
modes is very small (Fig. 3.3(e)) which allows fluctuations between
external cavity modes to occur. This gain difference can be increased
(Fig. 3.3(f)) if a diffraction grating is used to provide wavelength

dependent optical feedback.
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3.7. GENERAL DISCUSSION, STRONG VERSUS WEAK FEEDBACK

The five feedback regimes of [17] define unique characteristics of
laser operation. Of practical interest for the improvement of the
spectral characteristics of a laser are Regime III, with moderate
optical feedback, and Regime V with very strong optical feedback. These
two Regimes are separated by a Regime of dynamic instabilities, where
the frequency noise and linewidth of the laser are dramatically
increased due to optical feedback. Regime II is characterized by the
presence of multiple external cavity modes. Although the linewidth of
each individual mode might be low, the purity of the laser spectrum is
degraded by the presence of strong sidemodes in the optical spectrum.
Regime I is characterized by a limited reduction of the laser linewidth
vhich is in addition sensitive to the phase of the returned light, thus
making the arrangement very sensitive to mechanical disturbances.

We find in Chapter 4 that the optimal solution to obtain fairly
stable narrow linewidth and single mode operation in the weak feedback
domain, Regimes I to III, is to choose the external cavity length short
enough such that Regime II disappears. In this case external cavity
modes are not present and the linewidth of the laser is more or less
reduced over a large range of the feedback phase. It will be shown in
Chapter 4 that, starting from a solitary laser oscillating in several
longitudinal chip modes, we obtained single mode operation with a
sidemode suppression of ~1:20 and a linewidth reduction of ~50, {i.e.
from 100 MHz to 2 MHz [24].

A substantial improvement in the spectral characteristics of a laser
is only possible by providing very strong optical feedback, i.e. by
operating in Regime V, and at the same time using a frequency selective
reflector, such as an optical grating. Not only are linewidths below 10
kHz and sidemode suppression ratios greater than 30 dB obtained {37},
but the arrangement also allows tuning of the optical frequency to
anywhere within a band of 50 nm (2000 THz), if the AR-coating of the
laser is of sufficient quality. For the case of strong frequency
selective optical feedback, the present study focuses in Chapter 5, on
the spectral characteristics and the single-mode stability of the

external grating laser during tur 'ng of its oscillation frequency [36].



4. WEAR FEEDBACK

4.1. INTRODUCTION

In this chapter, we are concerned with the behavior of a laser in
the three regimes of weakest optical feedback, i.e. with less than
approximately -35 dB feedback power ratio. Weak optical feedback was
recognized to provide a convenient means to reducing the linewidth of
semiconductor lasers by several research groups [8]-[10],[12]),[88]. The
semiconductor laser does not have to be anti-reflection coated and the
alignment tolerances required to achieve the required feedback levels
from an external reflector are not very stringent. However, the phase of
the returned light has a pronounced effect on the linewidth reduction
factor (3.43) [10], which makes the arrangement sensitive to changes in
the external cavity length by fractions of a wavelength and to changes
in the oscillation frequency of the laser due to injection current and
temperature drift. A control mechanism has been proposed [89] that
adjusts the external cavity length automatically to achieve minimum
linewidth operation.

Depending on the length of the external cavity and the strength of
the optical feedback, the oscillation condition can be satisfied for
more than one frequency in the vicinity of the solitary laser modes
(Section 3.3.2. and Fig. 3.3)., These frequencies are the frequencies of
the external cavity modes. In Section 4.2 we review theoretical models
that have been used by other authors to describe the nature of external
cavity modes. Section 4.3 introduces the experimental arrangement used
for our investigations. In Section 4.4 we present measurements that show
the time-averaged distribution of optical power of the laser in the
different external cavity modes. We will show that the mode with lowest
linewidth carries most of the power. A frequency fluctuation model is
proposed (Section 4.5) that explains this behavior and allows us to
correctly predict mode-hopping frequencies. In Section 4.6 we show that

the frequency span of the external cavity modes determines the critical
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feedback level that causes coherence collapse ( a version of Section 4.2
to 4.4 has been submitted for publication [23])... :

Our attempts to narrow the linewidth of a semiconductor laser by
veak external feedbick were meant to provide sources suitable for
coherent optical communication schemes. However the presence of several
external cavity modes in the optical power spectrum degrades the purity
of the optical oscillator. Schunk et. al. [90] calculated the bit error
rates achieved in a FSK-heterodyne transmission scheme having lasers
frequency stabilized with weak feedback from long external cavities. He
noted that the presence of the external cavity modes to some extent
cancels the advantages of the narrow linewidth. The amplitude of the
external cavity mode oscillation can be reduced by choosing a short
external cavity. This approach was experimentally verified and will be
discussed in Section 4.7 (a version of this section has been published
in [24])

4,2. MODELLING OF EXTERNAL CAVITY MODES

Due to the coupling between gain and oscillation frequency in a
semiconductor laser the solution of the oscillation condition in a
coupled cavity arrangement becomes multi-valued, leading to a set of
external cavity modes centered around each solitary laser mode. This
phenomenon has been discussed in Section 3.3.2 using Fig. 3.3(a) to (d).
Each solution to the oscillation condition is associated with a
different threshold gain and therefore with a different carrier-density.

In early work the characteristics of the laser with weak optical
feedback were analyzed using small signal analysis [12]. This approach
requires knowledge of the steady state operating point conditions.
Generally it was assumed [12],[86] that the laser would oscillate in the
mode with minimum threshold gain. On first examination this seems
reasonable, considering that the gain saturates and does not increase
further és +.he injection current is increased as soon as the laser
starts oscillating (gain saturation). The small signal analysis does
provide optical power spectra and frequency noise spectra that agree
with the experimentally observed characteristics. The analysis is done

in the frequency domain, the laser being viewed as a resonant noise
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amplifier (3.28). External cavity modes appear as poles in the left
half of the complex plame [12], i.e. represent additional damped
resonances of the external cavity laser. Since the analysis is done in
the frequency domain, the time evolution of the oscillation frequency of
the laser is not considered.

Tkach et. al. [17] observed distinct frequency-hopping of the output
of a laser when the external cavity was aligned to obtain two external
cavity modes of equal linewidth. Schunk [21] observed in numerical
simulations, using the rate equations of the laser with external
feedback (3.2) and (2.19), that the laser tends to oscillate in the
external cavity mode with minimum linewidth rather than the mode with
minimum threshold gain. He proposed an intuitive explanation for this
phenomenon by suggesting that the output frequency of the laser actually
fluctuates between external cavity modes and that the average time the
laser spends oscillating at the frequency of a narrow-linewidth mode is
larger than for a large-linewidth mode.

Since each external cavity mode is associated with a different
carrier-density, we require at the same time that the fluctuations of
the carrier-density are large enough to allow transitions of laser
oscillation from one external cavity mode to the neighboring mode. For
weak feedback the threshold-gain difference between solutions of the
oscillation condition is small and fluctuations of the carrier-density
allow transitions between neighboring modes. This is in contrast to
strong feedback, where the difference in carrier-density for neighboring
solutions of the oscillation condition can become large enough that
transitions between compound cavity modes are not possible any more
merely due to spontaneous emission, leading to bistability in the laser
operation (Chapter S5).

4.3. RING FEEDBACK VERSUS REFLECTIVE FEEDBACK

Experimental results were obtained with a 1.3-um buried hetero-
structure laser (HLP 5400) configured as shown in Fig. 4.1(a) with
optical feedback from a fiber ring. The optical isolator (Appendix A)
prevented unwanted optical reflections, which might enter the fiber ring

through port A4 in Fig. 4.1, from affecting the laser. Compared to an
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Fig. 4.1: (a) Sketch of the experimental setup used to provide optical .
feedback to a laser by means of an optical fiber ring. (b) Sketch
of a comparable setup utilizing reflective feedback.



arrangement utilizing feedback from an external mirror, Fig. 4.1(b), the
fiber-ring configuration is easier to align (only laser to fiber
coupling has to be performed), has greater stability since only compact
fiber-ovptic elements are used, and allows the feedback power ratio Roy
to be measured directly.

We assume that the external cavity mode behavior is independent of
travelling wave or standing wave effects in the semiconductor laser
cavity. This assumption is reasonable, éince the external cavity is
long compared to the laser cavity and the external cavity mode behavior
is well described by a model of the semiconductor laser that considers
this laser as a lumped element, namely the rate-equation model (3.2).
Therefore, for the following observation of the external cavity mode
behavior it is of no significance whether optical feedback is provided
in a ring configuration or from an external mirror.

In the feedback arrangement of Fig. 4.1(b) a direct measurement of
the optical feedback power ratio R,y, i.e. the ratio between the power
emitted from the laser, P;, and the power coupled back into the
fundamental mode of the laser, is not possible. [17] used a variable
optical attenuator in the path of the collimated light between laser and
external reflector. Like [91] and [14], [17] obtained a value for Rox
by increasing the optical feedback until two external cavity modes
appeered in the optical spectrum. This transition between feedback
regimes I and II defines the value for RexII, (3.51). From this point
on one has to rely on the calibration of the optical attenuator, when
Rox 1s changed. Changes in the distortion of the phase front by the
optical attenuator, as the attenuator-setting is changed, lead to errors
in the estimated value of Rox-

In the fiber-ring arrangement R.x can be determined from Py and the
output Py and P,, from port A3 and A4 of the fiber coupler in the fiber
ring (Fig. 4.1(a)):

PA3-Pas k¢ 1

R = — k

ex
P’ (1-k)? n,

(4.1)

pol

where kpol accounts for the polarization mismatch between the laser
field and the feedback field coupled back into the laser, k, is the
ratio of the power coupled from port Al to port A2 of the fiber coupler



and n, = 10-(x/10)' where x is the excess power loss of the coupler in
dB. The value of kpol ~ .6 was determined experimentally by observing
the output from the tapered fiber on the right side of the laser in
Fig. 4.1(a) through a polarizer. Since we want to compare the number
and location of the external cavity modes in the optical power spectrum
with the prediction from the oscillation condition graph, Rax has to be
determined independent of the oscillation condition graph, which is
achieved by using (4.1).

4.4. EXTERNAL CAVITY MODES - EXPERIMENT

The experiment described in this section was designed to answer the
question, "which of the external cavity modes in the optical power spec-
trum carries most of the power?". The spectra given in Fig. 4.3 were
obtained with the experimental setup shown in Fig. 4.2, by heterodyning
the output of the test-laser with that of an external grating laser [37]
(Chapter 5). The IF-spectrum of the test-laser without optical feedback
from the fiber ring was recorded initially (Fig. 4.3, Ry = 0) to allow
determination of wy in the IF-spectrum. Oscillation in a single longi-
tudinal mode of the laser-cavity was ensured by utilizing the weak
optical feedback from the .23 mm external cavity between the front facet
of the laser and the GRIN-rod lens facet closest to the laser (Fig. 4.2)
[92],[93]. Both facets of the GRIN-rod lens were AR-coated. The opti-
cal isolator prevented optical reflections from the measurement system
from affecting the test-laser. The length of the fiber section of the
ring cavity, including the 3-dB fiber coupler, was measured to be
115.1 cm, and the overall length of the optical isolator assembly to be
4,24 cm (equivalent optical path length in air), leading to au estimated
roundtrip-time in the ring-cavity of Tex = (1/175) MHz'l. The spectrum
of the laser with fiber-ring feedback was recorded for different feed-
back levels by adjusting the coupling efficiency between the laser and
the tapered fiber at the rear facet of the laser using a piezo-driven
micrometer to move the fiber perpendicular to the plane of the active
region of the laser. The total time taken for all measurements was

short enough (-~ 1 min) to prevent frequency-drifts of the oscillation
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Fig. 4.2: Sketch of the measurement setup showing the test laser with
optical feedback from a fiber ring and the raference laser with
strong frequency selective reedback from a diffraction grating.

frequency of the reference laser and the solitary test laser from
affecting the results.

The power in each external cavity mode is proportional to the area
under the lineshape of the mode, if the optical power spectrum is
plotted on a linear scale as in Fig. 4.3(b). It can be seen from
Fig. 4.3(b) that the power in the mode closest to the solitary laser
frequency is approximately 6 times larger than the power in the neigh-
boring external cavity modes for R,x = -60 dB and -55 dB. Therefore,
the mode closest to the solitary laser frequency carries not only most
of the power, but is also, as shown in the argument associated with

equation (3.44), the mode with lowest linewidth.
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Fig. 4.3: Optical spectra of the test laser recorded for different

feedback levels using a reference laser with negligible (<10 kHz)
linewidth. Displayed is the power spectrum of the APD-current (a)
on a logarithmic scale and (b) on a linear scale. The IF-filter
bandwidth of the spectrum analyzer was 300 kHz. 1In the IF-spec-
trum w0/2n is 1.457 GHz. The traces for (a) Roy™ -47, -55, -60 dB
and Ry = 0, and (b) Roy = -60 dB and -55 dB are offset vertically
for clarity. 1In Fig. 4.3(b) the area under each external cavity
mode is given in percent of the area under the spectrum for R,

= 0. The limits of integration are indicated by markers on each
side of the external cavity modes.
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For R,, = -55 dB, the ratio of power in the external cavity modes
has also been determined by curve fitting a Lorentzian lineshape to each
external cavity mode. The linewidths of the five lineshapes fitted to
the external cavity modes of the spectrum shown in Fig. 4.4(c) were 45,
25, 7.5, 25 and 45 MHz, respectively, and their separation was 149 MHz.
The scaling factor in the Lorentzian-lineshape equation had values of
.04, .2, 1.5, .2 and .03 uW, respectively. These scaling factors are
equal to the power in each lineshape. The dash-dotted curve in Fig.
4.4(c) is obtained from the superposition of a constant noise floor of
-69 dBm and these five Lorentzian lineshapes. This curve provides a
good approximation to the measured spectrum., The above linewidth and
power values indicate for this spectrum that most of the power is in the
mode with minimum linewidth.

The power in the center mode of the spectrum remains highest for the
traces R, = -47 dB and -40 dB of Fig. 4.3(a). For those two traces the
area under the lineshape of the center mode was found to be respectively
5.5 and 3.7 times larger than the area under the strongest neighboring
mode. However, the center mode does not remain close to the solitary
laser frequency for higher feedback levels. The envelope of the
external cavity modes is shifted at Rox = -47 dB by approximately
100 MHz towards negative frequencies and at Roy = -40 dB this shift is
approximately 500 MHz.

The number of external cavity modes, their frequency and optical
power are compared in Fig. 4.4 to the intersections between constant
phase and loss curves in the gain versus frequency chart. The mode with
minimum gain in Fig. 4.4(d) is 670 MHz lower in frequency than the
solitary laser mode. This offset is much larger than the measured shift
by ~100 MHz of the envelope of the optical power spectrum for the same
feedback level of R.x = -47 dB. For R,y = -40 dB the corresponding
frequency shifts are 1.7 GHz for the mode with minimum gain and ~500 MHz
for the spectral envelope (Fig. %4.3). We can therefore conclude that
the laser does not oscillate in the external cavity mode that has
minimum threshold gain.

Olesen et al. [15] attributed the parallel shift of all external
cavity modes towards negative frequencies, distinctly visible in Fig.

4.3(a) at feedback levels of -47 dB and higher, to incoherent feedback.
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His argument is that if the random fluctuations of the oscillation
frequency of the laser are large during a time-interval equal to the
roundtrip time in the external cavity, the light fed back into the laser
is no longer phase-coherent with the electric field in the laser. For a
short period of time the injected light does not interfere with the
light in the cavity any more but still reduces the carrier-density in
the laser, hence reducing the gain and providing a frequency shift of
the oscillation frequency of the laser towards negative frequencies. 1In
the steady state picture of the oscillation condition chart, fluctua-
tions of the oscillation frequency are not taken into account, thus
explaining the lack of shift towards negative frequencies of the
calculated external cavity modes in Fig. 4.4(d).

The lower traces in Fig. 4.4(a) and (b) have been recorded for the
same feedback level but for different values of the parameter ¢e (3.4%),
i.e. different lengths of the external cavity resulting in different
roundtrip-phase shifts in the feedback path. 1In Fig. 4.4(b) the two
external cavity modes have equal power. The oscillation condition
graph, that has a shift of external cavity mode frequencies with respect
to wy that is equal to the observed shift in Fig. 4.4(b), has a value of
Yo = -140°.

Tkach et. al. [17] claimed that two modes of equal power exist when
there are two modes of minimum linewidth, which occurs for we - -180°
(Fig. 3.5(b)). However, no mention is made in [17] as to the technique
used to verify this claim. The direct measurement of Y, is not possible
because the external cavity length and the optical frequency can not be
measured to the required accuracy. The numerical simulations of [21]
show a higher power in the mode with lower threshold gain mode when the
linewidth of the two modes is equal (¥, = -180°). [21] also shows that
an imbalance of the linewidth reduction factor between modes leads to an
increase in power of the lower linewidth mode; to the extent that a mode
with higher threshold gain but lower linewidth can have higher power, a
situation that we observe in our experimental data for instance in Fig.
4.4(a). There has to be a cross-over point where the advantage of lower
threshold gain and disadvantage of higher linewidth for the lower
frequency mode lead to a balance in power between two external cavity

modes. A feedback condition of this type is observed in the



69

experimental data of Fig. 4.4(b). The value of Y, = -140° is located
between Y, = -180° where the lower frequency mode has more power, and vy,
= 0° where the higher frequency mode has more power according to our
discussion,

In conclusion our experimental results confirm the postulate for
weak feedback, namely that the linewidth of the external cavity modes is
the dominant factor in determining the power of the individual modes.

4,5. FREQUENCY FLUCTUATION MODEL

This model allows us to calculate the duration of oscillation in
each external cavity mode depending on the linewidth of this mode. The
model is based on a calculation of the probability that the fluctuation
of the instantaneous frequency of the laser, oscillating in one specific
external cavity mode, is larger than half of the external cavity mode
separation, Av,, /2. We assume that a frequency deviation of this
magnitude causes the laser to switch from oscillation centered on one
external cavity mode to an oscillation within the potential well of the
adjacent mode.

The treatment of laser frequency fluctuations by [72], outlined in
Section 2.4.5, refers to the frequency fluctuations of a solitary laser
observed in the electrical domain after optical heterodyning and
bandpass filtering (Fig. 2.4). To be able to use the same approach to
estimate the €requency fluctuations of a laser within one external

cavity mode, we make the follow..g simplifying assumptions:

(1) the noise process governing the frequency fluctuations of the laser,
while the laser is oscillating in the i-th external cavity mode, can
be described by the same noise process that is valid for a solitary
laser with linewidth Avy (Fig. 2.2(b)), where Aui is the linewidth of

the i-th external cavity mode.

(2) the frequency noise power spectrum Wy, (£) has a constant amplitude
of W, (f) = 2x8v; up to a frequency of B = fr, where fp is the
relaxation oscillation frequency of the laser. For frequencies

larger than fp, the frequency noise is assumed to be zero.



Using the same argument that led to (2.83) and (2.84) we can now
determine the square of the standard deviation, koz, of the frequency

fluctuations

ol = 2mbug-2fp (4.2)

and the probability distribution function of the instantaneous
frequency, Af = Aw/2x,

2

1 Af

Ppop(Af) = ——— exp( - il
J2av £p 28vy £

) (4.3)

where Avgy is the linewidth of the external cavity mode the laser
actually oscillates in. The probability for a frequency deviation
greater than Av,,./2 is given by the cumulative probability distribution

function
by .y Jr
Cpg(Brvgy/2) = 0.5 - 0.5 erf (~—— ) . (4.4)

When the system is bandlimited to bandwidth fp, samples of the
instantaneous frequency of oscillation become uncorrelated if we sample
with a rate of 1/2fp (first zero of the autocorrelation function if an
ideal bandpass is assumed for the bandlimiting system [94]). We assume
therefore that the probability of no frequency deviation larger than
Auex/Z within the time 1/2fR ig 1 - CAf(Auex/Z). The assumption that
the probability of a frequency deviation larger than Av. /2 is
proportional to the length of the time interval, leads us to a Poisson
distribution ([94], p. 495). For a Poisson distribution the average
nunber of frequency deviations greater than Av,,/2 per second is then

given by [94]

b - - 2fR In{l - CAf(AVex/Z)]
or _
av,, Jx
ex
usz(l-erf(———)} (4.5)

where we use the relation In(l+x) = x for x<<1l. From Aui-AuO/Fz, (3.43)
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and the assumption of KTox l+a2 >> 1, we obtain for the modes close
to wo,
Av,g (1-R )Jx(l+a2)R
i 1 \
b~ fp (1 - erf (— = . (4.6)

J8R AV Ep

Equation (4.5) shows that the frequency of mode-hops decreases as the
linewidth Av of the external cavity mode decreases, supporting the model
that postulates that a longer mean-duration of stay (1/u) in the mode
results in a lower linewidth [21].

We will now compare the predictions of (4.5) and (4.6) with the
experimental results obtained by Tkach et, al. [17] for a DFB-laser with
optical feedback. In the special case where two modes of equal power
exist in the center of the optical spectrum (Fig. 4.4(b)), Tkach et. al.
have observed a decreasing frequency of mode-hops between these two
modes as the feedback level, Rex, is increased. This is in agreement
with (4.5), plotted in Fig. 4.5 as a solid line for A”ex' 375 MHz,
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Fig. 4.5: Mode hopping frequency u versus feedback level R . calculated
from (4.5).
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a=6, fR = 5 GHz, Avp = 15 MHz and Avyn= 150. GHz, The: first three
parameters are data provided in {17], the last two parameters were
chosen to obtain agreement between the calculated (4.5) and the measured
[17] value of the mode-hopping frequency y = 1 MHz at R .=-62 dB. Ve
note that this agreement is obtained using reasonable values for Ay, and
&vin.

At higher feedback levels the calculated mode-hopping frequency
reduces to very low values (1 Hz at R,, = -56 dB), suggesting that
transitions between external cavity modes become very unlikely and
stable oscillation in one external cavity mode becomes possible. In the
experiment [17], the oscillation frequency of the laser stabilizes in
one external cavity mode at a feedback level of RexIII = -45 dB (Section
3.6, Regime III). The important experimental observation is that this
feedback level is independent of the external cavity length. The gain
difference between external cavity modes at these feedback levels is
approximately.(2/avg)-2xAuex and is therefore inversely proportional to
the external cavity length. The independence of RexIII on the external
‘cavity length can therefore not be related to the gain difference of
these modes, as suggested in [17]. However if we use the frequency
fluctuation model and the approximation (4.6), whici: is valid if a large
number of external cavity modes satisfy the oscillatiui: condition and
therefore valid at the transition to Regime III {f Lex > 10 cm, the
mode-hopping frequency is indeed independent of Av,, and therefare
independent of the external cavity lemgth L, . We conclude that the
model of frequency fluctuations describes the behavior of the laser with
optical feedback correctly, and can be used to explain the increased
power in the mode of narrowest linewidth, rather than the mode with
minimum threshold gain.

The modehopping frequency px in the approximation (4.6) increases if
the linewidth of the solitary laser Ay, increases. If we relate the
feedback level at the transition into Regime III, RexIII, to a certain,
very low value of x, then RexIII must increase as Avg increases. For

example, the level of feedback, R that leads to a mode-hopping

ex’
frequency of u = 1 Hz, is increased by 10 dB in Fig. 4.5, when Ay, is
~increased from 15 MHz to 100 MHz. Regime III, as determined by [17]

using one single DFB-laser, spans the range R,, ~ -45 dB to -39 dB. In
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contrast to [17], we used a Fabry-Perot laser in our experiment, which
has, in single-mode operation, a linewidth of Avy ~ 100 MHz. Based on
the previous comparison of feedback levels for the same values of u for
the DFB and the Fabry-Perot laser, we expect an increase of RexIII by 10
dB for our laser., This leads, however, to RexIII > Rexlv and- therefore
to the absence of Regime III for our laser. In agreement with this
prediction, a regime of stable oscillation in a single external cavity
mode was not observed in our experiments, Fig. 4.3. The sidemode-
suppression in Fig. 4.3 between the mode of highest power and the
neighboring modes was ~10 dB for Rox ~ -60 dB to -40 dB.

4.6. CRITICAL FEEDBACK LEVEL

In the above model we have not considered the presence of a
resonance peak in the frequency fluctuation spectrum at fp = wp/2x [65]
and the resulting components in the optical power spectrum at wg ¥ wp.
A strong increase in the power of the components at wg ¥ wp marks
experimentally the feedback level that defines the transition [17] to
Regime IV (Section 3.6), the regime of coherence collapse.

The optical power spectrum of the laser with external feedback, as
Reg 1s increased from -55 dB to -30 dB and observed with a Fabry-Perot
interferometer, is shown in Fig. 4.6. The peaks in the optical power
spectrum separated from the center frequency of oscillation by the
relaxation oscillation frequency of the laser, ~ 3 GHz in Fig. 4.6, are
clearly visible. The increased resolution obtained in the heterodyne
beat spectrum, Fig. 4.7, allows us to verify that the oscillation of the
laser remains centered at the frequencies of the external cavity modes
even in Regime IV. The set of external cavity modes centered around
~ -2 GHz in Fig. 4.7 belongs to the relaxation oscillation peak of the
laser. The technique used to record Fig. 4.7 is explained in Appendix B
(Fig. B.3).

The good correlation between calculation and measurement for the
frequencies and the total range of frequencies, 20wy . » Of external
cavity modes in Fig. 4.4 and the fact that even the peak in the optical

power spectrum at the relaxation oscillation frequency of the laser
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Fig. 4.6: Optical power spectra recorded with a Fabry-Perot
interferometer (FSR = 30 GHz) for Re = -55 dB to -30 dB (top to
bottom). One sweep of the interferometer encompasses two spectral
orders. The time of reset of the sweep is marked in the diagram.
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Fig. 4.7: Heterodyne beat spectra for no optical feedback (bottom
trace) and -37 dB of optical feedback (top trace). Notice the set
of external cavity modes that is separated from line-center by
2.8 GHz ( = relaxation resonance frequency).



shows a structure linked to external cavity mode frequencies, suggests
that external cavity modes at wy ¥ wp will appear when Awg.. = wp.
Using (3.46) this condition can be written as « 1+a2 = wp, or in terms
of the feedback level RexIv that leads to coherence collapse

2
v “R” R

= . 4.7

R
(1R 2 (14a?) avy,?

ex

Alﬁhough (4.7) is derived from a model that considers only the steady
state solutions of the oscillation condition of a laser with optical
feedback, it nevertheless agrees with predictions made by others. Henry
and Kazarinov [86] have stated that the onset of coherence collapse
occurs when & is comparable to wp. Merk and Tromborg [90] have derived
an expiession for RexIV that is equal to (4.7) except for a factor of 2
in the numerator by analyzing the stability of the solutions of the
oscillation condition for a laser with optical feedback. Finally, the
dependence of RexIV on Avy,, a and the output power P of the laser

(v « JP) as described by equation (4.7) agrees with the results
obtained by [21] from computer simulations based on the rate equations
of a laser with optical feedback.

4.,7. SHORT RING CAVITY

Weak optical feedback was shown in Section 4.4 and Fig. 4.3 to not
only provide the desired narrow-linewidth mode in the center of the
optical spectrum but also external cavity modes that degrade the
spectral purity of the optical oscillator.

The amplitude of the oscillations of the loss curve in Fig. 4.4 is

(3.35) and (3.38), and the period is proportional
-1

proportional to r..,

to the rouﬁd-trip time in the external cavity, 7.4 ﬁy‘deéreasing the
external cavity length at a given feedback level the number of external
cavity modes at a given feedback level are reduced. At the same time
the chirp reduction, F, of the center mode is reduced, (3.47), which is
not desirable but has to be tolerated in the tradeoff between presence
of multiple external cavity modes and maximum achievable linewidth

reduction.
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Ultimately it is desirable to have the external cavity short enough
to obtain Av,, > fp. In this situation external cavity modes would be
located at frequencies separated from the center frequency of
oscillation by more than the relaxation oscillation frequency and
external cavity modes next to the center mode would only appear as we
increase the feedback level to enter Regime IV. Theoretical frequency
noise spectra presented in [75] indicate that external cavity modes in
the optical spectrum can be avoided if tex-1 > fR, in agreement with our
considerations based on the presence of multiple solutions in the
oscillation condition graph.

Our experimental results for short fiber ring cavities are presented
in Fig. 4.8 to 4.13. The power spectra were obtained using a self-
heterodyne setup (Appendix B). Instead of mixing the output of the test
laser with the output of an independent reference laser, Fig. 4.2, the
output of the test liaser is divided intc two components with a 3 dB
optical splitter. One component is shifted by 80 MHz in the optical
frequency domain with an acousto-optic frequency shifter and the other
component delayed in time by r4 using a fiber of length Ly (Fig. A.l).
A heterodyne output signal is obtained by squaring the sum of both
components via the square law characteristic (current proportional to
square of an electrical field) of the APD. The center frequency of the
self-heterodyne beat spectrum is at 80 MHz. Features of this spectrum
that are translated by the mixing process into the negative frequency
domain are displayed by the spectrum analyzer in the positive frequency
domain. In Fig. 4.8 the external cavity mode marked "-1" is such a
negative-frequency component of the self-heterodyne beat spectrum.

A suppressicn of external-cavity side modes by more than 25 dB and a
linewidth of 1.5 and 2.5 MHz, respectively, compared to a solitary laser
linewidth of ~ 120 MHz is obtained in Fig. 4.9(a) and (b) for a laser
configured as shown in Fig. 4.1(a). The length of the fiber-ring
including the optical coupler and the optical isolator assembly was 29
and 17 cm, respectively, and the feedback level was Rex ~ -43 dB. The
separation of the external cavity modes was 680 MHz and 1 GHz,
respectively.

Fig. 4.9(a) is a trace of the amplitude of the self-heterodyne beat

spectrum at 80 MHz as the external cavity length is changed. This
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Fig. 4.8: Self-heterodyne beat spectra for (a) 29 cm and (b) 17 cm long
fiber rings and R,, = -43 dB, showing laser linewidths of 1.5 MHz
and 2.5 MHz, respectively, and more than 25 dB suppression of
neighboring external cavity modes.
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Fig. 4.9: Dependence of (a) the linewidth and (b) to (d) the side-mode
suppression on changes of the external cavity length by fractions
of a wavelength. The data is obtained for L , = 17 cm and R, ~
-43 dB. A linear increase of L,  is achieved be applying a
voltage ramp to the piezo-electric micrometer controlling the
axial position of the tapered fiber end closest to the optical
isolator in Fig. 4.1. (b) and {c) show the external cavity mode
amplitude in the self-heterodyne beat spectrum, measured at (A)
and (B) of Fig. 4.9(a), respectively. (d) shows the amplitude of
the semiconductor cavity modes, recorded with a monochromator at
point (A) and (B) of Fig. 4.9(a) and for the laser without
feedback, respectively.
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amplitude is inversely proportional to the linewidth, as can be seen
from eq. (B.1) in Appendix B. Fig. 4.9(a) provides us therefore with
the dependence of the linewidth of the laser at a fixed feedback level
of R, ~ -43 dB on the external cavity length. The linewidth versus
fiber ring length-characteristic is periodic with period g, where g =
1293 nm is the wavelength of the light emitted by the laser. Within 80%
of each period, the linewidth is below 7 MHz, the minimum linewidth
being ~2.5 MHz, at point (A) in Fig. 4.9 with a beat spectrum as shown
in Fig. 4.9(b), the maximum linewidth being ~13 MHz at point (b) with a
beat spectrum as shown in Fig. 4.9(c). Not only does the laser
oscillate at point (B) in several external cavity modes, as indicated in
the beat spectrum 4.9(c), but also in several longitudinal modes of the
semiconductor laser cavity, Fig 4.9(d). At point (A) the laser
oscillates in one longitudinal mode of the semiconductor laser cavity.
The longitudinal mode spectrum of the laser without optical feedback
from the fiber-ring is shown also in Fig. 4.9(d).

As the length of the external cavity is changed, the roundtrip phase
shift wgr,, changes and therefore y,, as defined in (3.45), and the
frequency that satisfies the oscillation condition (3.46) changes.
Altering the external cavity length therefore changes the frequency of
oscillation of the laser with fiber-ring feedback. The recording of the
beat spectrum between the laser with fiber-ring feedback and a reference
laser (Fig. 4.2) is shown in Fig. 4.10. As the fiber-ring length is
decreased continuously over one wavelength, the laser oscillates in a
single mode, where the frequency of oscillation increases continuously
over a range of ~700 MHz. Further decrease in the fiber-ring length
causes the oscillation frequency of the laser to repeat its scan through
the same band of 700 MHz.

The linewidth reduction (1/F2) = (Au/Auo) in Fig. 4.11 is determined
from the ratio of the measured linewidth Av to the linewidth of Ay, ~
120 MHz of the solitary laser oscillating in a single longitudinal mode
with sidemode suppression ratio of ~10 dB. Oscillating in multiple
longitudinal modes, a laser of the type used in our experiment (HLP
5400) has a linewidth of the individual modes of ~ 500 MHz [44]. The
experimentally observed dependence of the linewidth reduction, (1/F2),

on the feedback level, R

ex? shows for low feedback levels a decrease of
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Fig. 4.10: Beat spectra between the laser with fiber-ring feedback, Lex
= 17 cm and R,, ~ -43 dB, and an external grating laser with
negligible linewidth. The ten traces are recorded as the fiber-
ring length is swept from (C) to (D) in Fig. 4.9(a). The
experimental setup shown in Fig. A.l is used for this experiment,
however the accousto-optic frequency shifter is turned off.
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Fig. 4.11: Linewidth reduction as a function of the feedback level.
The measured values are indicated by dots.
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(1/?2) with increase in R, in accordance with (3.3) and (3.47). At
Royx - 10°% the svdden increase of linewidth that is characteristic for
the transition to the regime of coherence collapse (Section 3.6) is
observed.

In our experimental setup, it was not possible to reduce the length
of the ring cavity significantly below L,, = 17 cm, considering the
length of the fiber-coupler housing of ~4 cm, the physical length of the
isolator assembly of ~3 cm, and the restricted bending radius of the
fiber. The size of the fiber ring as it appears in Fig. 4.1 is in fact
75% of the actual size of the fiber ring. The inverse of the roundtrip
time in the external cavity for L, = 17 cm is 'ex-l = 1.2 GHz and
therefore still significantly lower than the relaxation oscillation

-1

frequency of the laser of fp ~ 2.8 GHz. An attempt to increase r .

was made by employing the arrangement shown in Fig. 4.12, where a
double-tapered fiber [95] was used to couple light out of the fiber
ring. The fiber-ring length was 8.05 cm leading to 'ex-l = 2.5 GHz.
Fig. 4.12 shows the fiber ring ~ 1.5 times enlarged compared to its
actual size. The tapered fiber ends and the double-tapered fiber were
produced with a manual fiber splicing machine. The loss of power in the
double-tapered fiber was substantial and the maximum of the recorded
beat spectrum is therefore only about 10 dB above the noise level (Fig.
4.13). A minimum linewidth of 1.7 MHz was observed. External cavity

modes wer# not detected.

4.8, CONCLUSION

Measurements of sufficiently high resolution have been presented to
show the external cavity modes of a laser with optical feedback and the
frequency of these modes relative to the oscillation frequency of the
solitary laser. It was verified that the mode with maximum output power
is also the mode with minimum linewidth. A frequency fluctuation model
that explains the minimum linewidth operation provides an estimate of
the mode-hopping frequencies between external cavity modes that agrees
with measurements. We find agreement between the functional dependence

of the feedback level that leads to coherence collapse and the feedback
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Fig. 4.12: Sketch of the laser with feedback from a fiber ring with
double tapered fiber. The circumference of the fiber-ring is
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Fig. 4.13: Self-heterodye beat spectrum recorded for the laser in the
feedback arrangement of Fig. 4.12 and showing a linewidth of the
laser with feedback of 1.7 MHz.



level that leads to a frequency span of external cavity modes equal to
the relaxation oscillation frequency.

The best performance of a laser with weak optical feedback in terms
of the purity of the optical spectrum was found to be for relatively
short external cavity lengths. We have shown that feedback of R, -~
-43 dB from fiber-ring assemblies of 17 and 29-cm length lead to a
reduction of the linewidth of a laser by a factor of 1/50 and 1/80,
respectively, with low external cavity mode amplitudes. Linewidths of
~2 MHz at 1.3 um were achieved. The frequency of oscillation can be
continuously tuned over several 100 MHz by changing the ring length by
fractions of the optical wavelength. The assembly is relatively easy to
align since only laser to fiber coupling procedures are necessary. An
optical isolator makes the assembly insensitive to optical reflections
from its main output port A4 (Fig. 4.1(a)). Since R,, is low, little
power has to be coupled back into the laser through port A2 and most of
the power can be coupled out of the fiber ring using a fiber coupler
with unsymmetrical coupling ratio.

Considering that the separation of longitudinal modes of a laser is
~130 GHz or 0.8 nm, a tuning range of several 100 MHz is not sufficient
to ensure that the oscillation frequency of two lasers with the
described ring feedback can be brought close enough to allow the
obsexvation of a beat spectrum in the electrical domain. The fiber-ring
laser can therefore only be used as one out of the two lasers that would
be required in an opéical heterodyne experiment. The tuning range of
the second laser needs to be considerably larger, so that its frequency

can be adjusted over a range of many hundreds of GHz (Chapter 5).
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‘5. STRONG FEEDBACK

5.1. INTRODUCTION

To enter the regime of strong optical feedback, Regime V described
in Section 3.6, requires that the feedback provided by the external cav-
ity is larger than the power reflected from the laser facet that faces
the external cavity. To reach this condition it is typically necessary
to AR-coat the respective laser facet. For a given output power the
number of photons stored in the resulting extended cavity laser is
increased substantially, which leads, according to (2.63), to a large
reduction of the linewidth compared to the solitary laser diode. 1In
this situation, the extended cavity determines the resonance frequen-
cies, and the separation of longitudinal modes is reduced by the ratio
of the optical pathlength in the semiconductor cavity to the sum of the
optical pathlengths in the semiconductor and the external cavity, that
is, from 130 GHz to 2 GHz for the example shown in Fig. 3.3(e).

The number of modes that can be observed depends on the discrimina-
tion between modes in terms of each mode’s threshold gain, linewidth and
separation in frequency from the maximum of the gain profile of the
active medium of the laser. The selectivity based on the separation
from the maximum of the gain profile results in, for a solitary laser, 4
to 6 strong longitudinal modes. The residual reflectivity of the AR-
coated laser facet, R2, determines how much influence the resonance of
the semiconductor cavity has on the compound cavity loss seen by the
individual external cavity modes. For low values of R,, the decrease in
loss for external cavity modes close to the resonance frequencies w; (n)
of the semiconductor cavity can be quite small. Therefore we generally
observe a number of external cavity modes centered on each wm(n) (Fig.
5.1(d)). The above is true for wavelength independent optical feedback,
as in the case of an external mirror (Fig. 5.1(a)) or an optical
amplifier in a fiber loop (Chapter 7).

A single set of low loss modes can be created by using strong

wavelength selective optical feedback (Fig. 3.3(f)). When optical
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Fig. 5.1: Sketch of (a) a laser with optical feedback from an external

reflector, (b) the optical power spectrum of the laser without
optical feedback, (c) the spectral characteristic of the external
cavity, the optical power spectrum of the laser (d) coupled to the
external reflector, and (e) coupled to an external grating.
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feedback is provided by a diffraction grating..the wavelength of maximum
feedback, Ag - ch/wg, can be changed hy rotating the grating which, in
turn, alters the oscillation frequency of the laser. However, the
residual reflectivity of the AR-coated laser facet still provides loss
minima at the resonance frequencies of the semiconductor cavity. The
value of R, and the level of optical feedback, R,,, determine the range
of continuous tuning between semiconductor cavity modes, Aw;., that can
be obtained by rotat .ng the grating [18].

In this chapter we deal with the contribution of the frequency
selective mechanisms of the external grating, the semiconductor cavity,
the external cavity and the gain profile to the tuning characteristics
of the external grating laser. We start in Section 5.2 with an account
of the experimental results that were obtained for two lasers with 2%
and .05% residual reflectivity and optical feedback from an external
grating. These results allow us to examine the effect of the value of
Ry, on the tuning characteristics. For ease of reference, we repeat the
key equations in Section 5.3 and present them in a form most suited for
the analysis in the following sections. In Section 5.4 we assume that
the oscillation occurs in a single external cavity mode at \; and
explain the power versus tuning characteristic aﬁd the presence of bi-
stability in this characteristic using a graphical representation of the
laser operation at different carrier density levels.

Ideally we want the external grating laser to oscillate in a single
external cavity mode of narrow linewidth. The experimental results show
that the single-mode stability of the external grating laser is a
function of R, and the oscillation frequency of the laser. In Section
5.5 a plot of the constant phase and loss curves is used to examine the
difference in threshold gain and linewidth of neighboring external
cavity modes, allowing us to explain the observed dependence of single-
mode stability on R, and the oscillation frequency (a version of Section
5.3 to 5.5 has been published in [36]).



5.2. EXPERIMENTAL RESULTS

Experimental results were obtained with two laser diodes emitting at
1.3 um wavelength (Fujitsu FLD130D4SJ-A, V-groove laser), the first
diode (TH 557) having -2% reflectivity for the facet closest to the
grating (Fig. 5.2) and the second (TY 224) ~0.05%. The residual
reflectivities were obtained from the amplified emission spectrum of the
one-gside coated laser using the method of [96],(97]. The threshold
currents (a) before AR-coating, (b) after coating and (c) after coating
with optical feedback from the grating applied were: (a) 11.7 and 15.0
mA, (b) 22 and 39 mA and (c¢) 16.5 and 17.7 mA for the TH 557 and TY 224
lasers, respectively, at 20°C. From these threshold currents a feedback
power ratio, R.., of 3% for laser TH 557 and 13% for laser TY 224 were
determined using the method discussed in Section 6.4.4.

The optical quality of lens and grating has to be high and these two
elements must be aligned carefully relative to the laser in order to
maximize the coupling of optical power diffracted from the grating back
into the fundamental mode of the semiconductor laser cavity. The higher
feedback power ratio for the laser TY 224 is attributed to the fact that
only in the experiment with this low residual reflectivity laser, the
lens was positioned using piezo-micrometers. Therefore better alignment
could be achieved in this experiment. Also it is much more difficult to
find an optimal alignment of the lens and grating for a laser with high
residual reflectivity of the AR-coated facet, since this laser shows
higher output power fluctuations during intermode tuning, as will be
described in the following section.

The length of the external cavity was 19 cm, leading to a separation
between external cavity modes of 790 MHz. The longitudinal-mode
spectrum of the external cavity laser was observed with a monochromator
(resolution 0.3 nm) and a Fabry-Perot interferometer (FSR = 143 GHz,
Finesse ~ 30). The linewidth and fluctuations between external cavity
modes were observed using the self-heterodyne technique (Appendix B) and
using the laser with feedback from a 17-cm long fiber ring, described in

Section 4.7, as a reference laser.
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Fig. 5.2: Sketch of the laser with feedback from a diffraction grating.
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5.2.1. High Reflectivity Laser

For the laser with 2% residual reflectivity and 3% optical feedback,
we observe a large change in output power depending on the detuning
shown in Fig. 5.3. We define four regimes of operation based on the
observed spectral properties:

Regime I (no detuning, maximum grating reflectivity close to one of the
solitary laser mode frequencies): the laser is oscillating in several
solitary laser diode modes (Fig. 5.4(a),(b)).

Regime II (approx. -30 GHz detuning): the grating starts to control the
frequency of oscillation of the laser, however, the oscillation takes
place in two sets of longitudinal modes spaced apart by approximately
20 GHz (Figs. 5.5(b), 5.5(c¢), 5.4(c)). Each set consists of several
external cavity modes,

Regime III (approx. -50 GHz detuning): the lower frequency set of modes
reduces in intensity for detuning towards negative frequencies (Fig.
5.5(d)). The laser oscillation still fluctuates between several
external cavity modes (Fig. 5.6(a)). The linewidth of each mode is on
the order of 50 kHz (Fig. B.1l(a)). '

Regime IV (approx. -70 GHz detuning) - Regime of bistability [18]: the
laser oscillates in one single longitudinal mode (Figs. 5.5(e) to
(h), 5.6(b)) with a linewidth of approximately 5 kHz (Fig. B.1(b)).
Tuning to lower frequencies produces an abrupt transition from Regime
IV into Regime I-l (Fig. 5.3). The same transition occurs when the
feedback is momentarily interrupted. As shown in Fig. 5.3, the
optical power remains low in region IV as we increase the frequency

of optical feedback moving from Regime I_; to III.

5.2.2. Low Reflectivity Laser

Only small fluctuations of the output power are observed (inset of
Fig. 5.7) for the laser with .05% residual reflectivity and 13% of
optical feedback from the grating. Over a tuning range of 60 nm the
output power of the laser does not drop to the level of output power
without optical feedback (Fig. 5.7), which indicates that the grating

does not lose control over the frequency of oscillation of the laser.
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Fig. 5.8 compared to Fig. 5.5 indicates that low facet reflectivity
results in continuous tuning (within the resolution of the Fabry-Perot
interferometer) over more than 150 GHz, {.e. a range greater than the
separation of longitudinal modes of the semiconductor cavity. The beat
spectrum between the external grating laser and a second stabilized
reference laser (single mode, 2.5 MHz linewidth, Fig. 4.8(b)) shows that
changing the grating angle‘alters the oscillation frequency of the
external grating laser in steps corresponding to the external cavity
mode separation. Changing the external cavity length by one-half
wavelength was observed to provide continuous frequency tuning within
one of these steps, in agreement with the experimental results of [32].

Contrary to the results obtained with the high reflectivity laser, a
clear dependence of the stability of single mode oscillation on the
amount of detuning could not be observed for the low reflectivity laser.
However it was found that the single-mode stability at a given frequency
of oscillation was improved by careful adjustments to the position of
the lens between laser and grating.

The light versus current (LI-) characteristic for laser TY 224 at
~15°C (1) before AR-coating, (2) after coating and (3) after coating and
with optical feedback from the grating applied at different wavelengths
Ag are shown in Fig. 5.9(a) and (b). At a given current and wavelength
Ag, the output power of the laser fluctuates as small adjustments with
magnitude < *.5 nm are made to As. These small fluctuations are shown
in Fig. 5.7. The solid LI-curves in Fig. 5.9 represent the LI-curves
that are obtained when A; is continuously adjusted to keep the output
power at a maximum. The dashed lines in Fig. 5.9(a) show the LI-curves
obtained for the three wavelengths of 1309, 1291 and 1253 nm if Aj; is
adjusted to keep the output power at a minimum. The original
experimental data that was used to obtain Fig. 5.9(a) and (b) is
reproduced in Appendix C.

Fig. 5.10 shows the measured dependence of the threshold current of
the external grating laser on the wavelength of maximum reflection from
the grating, A\,. Fig. 5.10 data was obtained by making fine adjustment
to A; mentioned above, to obtain maximum power from the external grating
laser. The adjustment for minimum power leads to slightly higher

threshold currents (dashed curve in Fig. C.1).
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5.3. KEY EQUATIONS

The composite reflection coefficient, r,(w), for the combination of
the AR-coated facet and the grating is, (3.4) and (3.5),

Ty + Tay(0) exp(10(w)) 51
rp(w) = .
€ 1 + rorge(w) exp(j®(w))

or rg(w) = |ro(w)| exp [i¢,.(w)] (5.2)

where ®(w) = (w/c)L,, is the roundtrip phase-shift in the external
cavity of length L,,. As in [84], we assume r ,(w) to be a Gaussian
function, (3.19),

(w - wG)2
Yox(w) = 1o exp g -(In 2) ———— (5.3)

where wp is the frequency of maximum reflection (amplitude rp) from the
grating. The loss, a(w), of the compound cavity that has to equal the

gain g at the frequency w to ensure oscillation is
a(w) = - (1/L;) 1n ( ry|r (@) ]) (5.4)

where r; is the reflection coefficient of the uncoated laser facet. The
frequency of the longitudinal modes of the compound cavity laser are the
solutions to the phase condition for the semiconductor cavity with the

two facet reflection coefficients ry and re(w), (3.12) and Fig. 5.11,
$in(w,8) + ¢,.(0) = 2x'm (5.5)

where m is an integer. The phase shift (w,g) within the laser

$in
cavity can be expressed in terms of the "detuning" of « with respect to
the chip mode w (g), i.e. with respect to the M-th longitudinal mode of

the semiconductor cavity which depends on the gain g



w-wn(g)
$in(w.g) = — (5.6)
Avin

vhere Avy, = Vgr/ZLin is the frequency separaﬁion between longitudinal
modes of the semiconductor laser cavity. The discussion associated with
Fig. 3.2 showed that the ratio of the incremental changes in v, and g
due to a change inn is Awm/Ag - avgr/Z wvhere a is the linewidth
enhancement factor [46]. If w ' is the chip mode of the solitary laser

with gain g5, w,(g) is given by

avgr

w (g = w o 4
" 2

m Ag (5.7)

vhere Ag = g - go. Loss and gain are equal for the solitary laser if
By = ago1+ Where ag,q is the loss of the solitary laser. ag,; can be
calculated from (5.4) by replacing |r,(w)| with r,.

Inserting (5.6) and (5.7) into the phase condition (5.5) we obtain

w-wm° = vy, (-arlin-Ag - 4p(0)). (5.8)

In this section we purposefully distinguish between the gain in the
laser, which is determined by the carrier density, and the resonator
loss as a function of frequency. For the following discussion we must
be aware that gain and loss are equal only at the frequency that the
laser actually oscillates in. Equations (5.1), (5.3) (5.4) and (5.8)
are the key equations describing the relations between w, a(w) and wg.

5.4. TUNING CHARACTERISTICS

The loss curve a(w) is plotted in Fig. 3.3(e) for Ry = 31s, Ry =
.01% and R,y = 31%. The mininum introduced in the oscillations of the
loss curve by a frequency dependent external reflector, (5.3), is shown
in Fig. 3.3(f). To analyze the tuning characteristic, i.e. the behavior
of the laser as the frequency of maximum reflection from the grating is

changed, we plot a(w = wg), an approach taken by [18]. 1In this approach
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the length of the external cavity is assumed to be adjusted to z value
where the phase condition (5.8) is satisfied for = wg. Also, it is
assumed that the mode at w = wg has the lowest loss and the laser is
therefore oscillating in this mode. This second assumption is not
strictly true for all values of Ry, Ry, Ry, and wg (Section 5.5),
however it leads to a very useful graph that allows us to explain the
tuning characteristic of the external grating laser and the bistability
observed.

In Fig. 3.3(e), a(w) is plotted versus the generalized frequency o,
which leads to a period in a(w) of ’ex-l = 2 GHz. The plot of values of
a(w) at the frequencies that satisfy (5.8), i.e. the values of a(w) at
the intersections of constant phase curves and loss curve in Fig.
3.3(e), is shown as a dashed line in Fig. 5.12, labeled a;(w), and has a
period of ry "l = 130 GHz.

ap (w) specifies the loss of a compound resonator mode at w if we
assume that the carrier density in the laser is adjusted to provide a
gain at w that is equal to ap(w). Also plotted in Fig. 5.12 is «p(w),

42
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= 40
€
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Fig. 5.12: Computed loss versus frequency graphs for a laser with
strong optical feedback
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which describes the loss of a compound resonator mode at w if we assume
that the carrier density is clamped to the value that provides a gain of
sol* The plots of ay(w) and ap(w) in Fig. 5.12 are visibly differ-
ent only for Ry = 2%. ag(w) and ap(w) are obtained from (5.1), (5.4)
and (5.8). In both cases we let ® in (5.1) assume values between -5«

g=-a

and +5x, calculate |r,(®)| and 6.(®) for each value of & and use these
values first to calculate a(®) from (5.4) and then to calculate wgy(¥)
from (5.8) by assuming Ag = 0 and finally to calculate w; ($) from (5.8)
by assuming Ag = a(®) - ag,1. ag(w) and q[ (w) are then obtained by
plotting a(®) as a function of wo(Q) and a(®) as a function of wL(G).
respectively. In Fig. 5.12 ag(w) and o (w) are plotted versus Aw = w -

w 0

m + Where wm° is the frequency of oscillation of the solitary laser.

5.4.1, In-Phase and Out-of Phase Feedback

The loss of the compound cavity has a minimum for ¢1n(w,g) w 07, in
Fig. 5.12 for Aw ~ 0, In this case w coincides with a resonance
frequency of the semiconductor cavity and the composite reflectivity
therefore has the maximum value of

rex + 1'2 ]2

Re(Wpax = | (5.9)

1+ ¥o¥ax

We can also refer to this case as "in-phase-feedback", because the light
that is returned from R,, and from R, add constructively within the
semiconductor cavity. It is important to note that a change in the
external cavity length does not affect, to first order, the roundtrip-
phase shift, ®(w), in the external cavity. This seems at first
surprising, since ®(w) = (w/c)-Lex. However we note from Fig. 5.11 that
for cscillation to occur, nodes of the standing wave have to exist at
the facets r,, and rj. As L., is increased the standing wave pattern in
Fig. 5.11 is stretched. Increasing L,, by A/2 decreases w by ~2n-Av
(Lex >> Lin)‘ To increase the number of nodes within the semiconductor
cavity by one, however, i.e. to increase the roundtrip phase shift
¢in(w,g) from 0° to 360°, the frequency has to be increased by LYF
where Av;, >> 8v,,. Thus the change of ¢in(w,g) and, using (5.1), (5.2)
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and (5.3), the change of ®(w) that occurs for a frequency change within
Avgy 1s small and an increase of Ly, leads to a decrease of the
regonance frequency w, such that the product w-L,, stays almost
constant.

The compound-cavity loss has a maximum when ¢.(w,g) = 180°. The
composite reflectivity for out-of-phase feedback is

Re(Wipin = lf-ei—ril2 : (5.10)
L - rorey

Fig. 5.13(a) shows the values of Re(w)max and Re(”)min for Ry = 2%
and variable R, ,. We notice a surprisingly large increase and decrease
of the composite reflectivity R, (w) with respect to R, due to,
respectively, in-phase and out-of-phase feedback from R,. In-phase-
feedback, i.e. optical feedback at the frequency of the semiconductor
cavity resonance, w,(g), increases the combined reflectivity from 2% for
Rogx = 0 to Ry(w)pay
resonator loss a(w). Detuning of wg from wm(g) leads to a gradual

- 15.3% for Roy = 7%, and therefore decreases the

increase of ¢, from 0° to 180° and a decrease of the composite
»reflectivity Ro(w). For R,y = 7%, we obtain R (w)pi, = 1.5%, which is
lower than the residual reflectivity of the coated facet (R2 = 2%). The
compound cavity loss at wy is in this case higher than the loss of the
laser at w (g), and the laser will not oscillate at w; but at w (g).

In order for the laser to oscillate at wg, the resonator loss at wg
has to stay lower than the loss at wg(g). To satisfy this requirement
for all values of detuning, we require Re(”)min > Ry, from which we
obtain, for the feedback level that leads to continuous tuning of the

oscillation frequency of the laser:

Roy®™™ 2 4Ry/(14Ry)2. (5.11)
We note from (5.11) that R,, has to be substantially higher than the
residual reflectivity of the laser to ensure continuous tuning.

Fig. 5.14 shows the equivalent of Fig. 5.13 for Ry = .05%. We note
that the modulation of R (w) depending the phase shift, &, shown in Fig.
5.14(b), is reduced substantially compared to Fig. 5.13(b).
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5.4.2. Oscillation away from the Gain Maximum

We now consider the effect of the spectral gain profile on the
conditions under which optical feedback from the external grating
controls the oscillation of the laser. These conditions determine the
range of wavelength tuning, Aw,., and its dependence on R,, and R,.

The spectral gain profile, i.e. the gain versus wavelength
characteristic for a given carrier density is given by [99]

A -2
eN(d) = gy - [——;——3]2 (5.12)

where gp = A (n'“tr) r (5.13)

In (5.12) and (5.13) gp is the peak gain, occurring at wavelength Ap,
and W the width of the gain profile. A = dg/dN is the gain coefficient,

n,,. the transparency carrier-density, and T the confinement factor for

the electric field in the active region. gy(A) is plotted for three

carrier densities in Fig. 5.15. ng is the cairier density that leads to

0

the gain profile gy~ with peak gain gpo - a i.e. ny is the carrier

sol.’
density that exists in the solitary laser above lasing threshold.

From the gain profile and the loss versus wavelength characteristic
we can determine the distribution of power in the longitudinal modes of

the laser. Introducing wavelength dependence into (2.23) and (2.24), we

obtain
R, (X) v
S(A) = SP (5.14)
Vgr {a(d) - gy(A))
and RSP(A) = nsp KR vgr gN(A) (5.15)

We define the ratio between the output power, P in mW, and the number of

photons in the active cavity, S, to be

Kp = P/S (5.16)
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ductor laser for three different operating points of the external
grating laser.

where Kp = ﬁw-vgr-aR/Z for a solitary laser, according to (2.28). Kp is
independent of the wavelength. From (5.15) we find that the spontaneous
emission rate and the gain have the same spectral distribution.

However, the output power being the sum of spontaneous and stimulated
emission of radiation, is given by the spontaneous emission amplified by
the laser cavity, i.e. in (5.14) the spontaneous emission rate is

weighted by the inverse of the difference between gain and loss

beg(V) = a(d) - gy(A). " (5.17)

As AgN(A) decreases, the output power increases rapidly, as shown in the
discussion associated with (2.27). For the solitary laser, the loss at

the resonance frequencies of the semiconductor cavity is independent of
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the wavelength. The laser will therefore emit largest power in the mode
closest to the wavelength of peak gain, Apo. ap° is equal to the
wavelength of oscillation of the solitary laser, iy, and is assumed in
Fig. 5.15 to have the value of 1300 nm. In the numerical example of
Section 2.3.3 the value of Agy(d) for the mode with highest power was
0.0013 cm'l at P = 2 mW, which is small compared to the gain and loss
changes we are currently examining.” Unless we are concerned with the
ratio of the output power in different longitudinal cavity modes, we can
therefore assume that gain and loss are equal for the mode with highest
output power.

The loss of the laser can be reduced in a narrow spectral range by
using an external grating reflector and the situation can be created
where Agy(A) has a minimum and the output power a maximum at a
wavelength that does not coincide with Ap. The numerical example of
Section 2.3.3 indicates that a laser emitting 2 mW of power in one
longitudinal mode will show a sidemode suppression ratio of 1:100 if the
gain difference AgN(A) for the sidemode is increased compared to the
gain difference of the main mode by only 0.15 em L. Therefore, if there
is sufficient difference in AgN(A) for the different longitudinal modes
of the laser, we can therefore assume that oscillation takes place only
at the wavelength where Agy(d) has a minimum.

Also plotted in Fig. 5.15 is ag(w), the loss of the compound cavity
modes of a laser with optical feedback. The conversion from a change in
optical frequency df to a change in wavelength d\ is described by the
equivalence d\/df = -A/f, which means that 17.8 GHz is equivalent to
0.1nm @ 1.3 um. The calculation of ag(w) is done as described before
for ao(w) in Fig. 5.12. The values Rl = (.35, Ry = 0.06, Ry = 0.02 and
Avj, = 20 x 135 GHz were assumed in Fig. 5.15. This value of Avy  is
~20 times larger than in a typical semiconductor laser and this value
has been chosen to provide clarity to Fig. 5.15.

When the external reflector is a grating, the loss of the laser is
only affected at 1, the wavelength for which the grating reflects light
back into the laser. At all other wavelengths, re(w) is equal to Ty and

therefore the loss equals a The resulting loss versus wavelength

sol-
characteristic of the external grating laser is ag()), shown in Fig.

5.15. As the grating angle is changed, )A; changes and the minimum of



ag()) travels along ag(A). In Fig. 5.15 the minimum of ag()) coincides
with ag(2) at Ay, where Ay is the wavelength at P1l, As Mg is increased
to move the loss minimum at Ap from Pl to P2 the bell shaped gain
profile is lowered, such that the gain gy(lg), stays always slightly
Lower than the loss ag(ig). AgN(xG) is very small and Agu(xo) >>
ogy(Ag) in Fig. 5.15. The laser therefore oscillates only at ). Thus,
the grating controls the oscillation frequency of the laser if we move
from P1 to P2. If Ag is decreased from Pl towards P3, the bell-shaped
curve of the frequency dependent gain moves upwards in Fig. 5.15 until
it coincides with gNO(A). In this situation Agy(d) becomes smallest at
Ag, the laser starts to oscillate at the frequency of the solitary laser
and the grating has lost control over the oscillation frequency of the
laser.

The range of wavelength tuning Aw,e, 1.e. the range of wavelengths
over which the grating can have control over the laser oscillation
frequency, is given in Fig. 5.15 by the range of wavelengths over which
the minima of ao(X) are below gNo(A). The value of ao(X) at these
minima is, from (5.3) and (5.9), Onin = '(l/Lin) ln(Rl'Re(w)max)'
Using (5.12) we obtain for A) .

Mg = 2 [(gp - apgy) - W2 (5.18)

Fig 5.15 shows that the peak gain of gyp(}) is Bp = %sol- For R ., = 3%,
Ro = 2% and W = .47 pm3/2 (Table 6.1) we obtain A, = 75 nm.
Experimentally values of Axwt - 43 nm [37] (Rex - 3%, Ry = 2%), Ad, =
55 nm (Rgy = 6.5%, Ry = .7%) and A, = 55 nm (Rgx = 13%, Ry = .05%)
have been observed. The calculated value is almost twice as large as
the measured value. We attribute this to an uncertainty in our value of
W, and also to the finite spectral width of the grating response, which
does prevent the loss from reaching a., even if Ag is outside the range
of wavelength tuning. The limited increase of AX, with decreasing R,,
observed in the experimental data, can be explained when we consider
that Ep doés not reach ag,; any more if Ry < 1%, which will be
considered in Section 6.

In general there can be sections within the range of wavelength

tuning, where the grating loses control over the laser oscillation.
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These sections are centered on the wavelengths where the grating
provides out-of-phase feedback and appear in Fig. 5.15 as the sections
where ag(Ad) > gNo(A). They are visible in the tuning characteristic of
the high-reflectivity laser, Fig. 5.3, as sections where the pover of
the laser drops to the level of power the laser emits without optical
feedback.

The condition for continuous tuning (5.11) specifies the value of

that is necessary to maintain ag(d) < agy1. We notice from Fig. 5.7

R
ex 0‘

that this condition is only sufficient close to Ap
require ag(a) < gNo(x). The value for R,, which is required to ensure

In general we

continuous tuning therefore increases as A5 is moved away from ij.
The threshold current, I,,, of a laser is roughly proportional
(Section 6) to the threshold carrier density, Nehs

Ieh « Ngpye (5.19)
This proportionality relation can be derived from (2.31) and (5.13),
assuming S = 0 at threshold, Nep >> Ny and using the relation gp -
G(n)/vgr. Furthermore it is assumgd that the injection currents
measured at the laser diode terminals, 1 and_Ith, are proportional to
the active region currents, I, and Ia,th' respectively.

The height of the gain profile for in-phase-feedback, i.e. at the
minima of ao(x), depends on the detuning of Ag- The gain profile with
lowest peak gain, i.e. with lowest carrier density for the onset of
lasing, is observed in Fig. 5.15 if the grating provides feedback at 1},
where A, is the wavelength at P4. The threshold current of the external
grating laser for in-phase-feedback is therefore expected to be lowest
close to Ay and to increase as A; is moved away from 1y;. The measured
dependence of the threshold current of the external grating laser on the
wavelength of optical feedback, Fig. 5.10, is therefore in agreement
with the theoretical prediction.

The lack of symmetry in Fig. 5.10 with respect to the wavelength of

minimum threshold current is due to the dependence of )\ on the carrier

P
density [100]. As indicated in Fig. 5.15, the wavelength of the maximum
of the gain profile decreases as the gain profile is shifted upward and

the carrier density increases. This shift of Ap favors tuning of the
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external grating laser towards wavelengths lower than the vavelength of
minimum threshold current.

5.4.3. Intermode Tuning Characteristics

The intermode tuning characteristics describe the behavior of a
laser with feedback from an external grating, when the center frequency
of reflection of the grating is tuned continuously from one solitary
laser longitudinal mode to the adjacent lower frequency mode. We
analyze this characteristic using Fig. 5.16. Fig. 5.16(a) shows a
narrow vertical section taken from the center of Fig. 5.15, except that
we plot this time the gain coefficient versus frequency and use a
realistic value of AA;, = 0.76 nm (Avy, = 135 GHz). Drawn on this
scale, the amplitude of the gain profile gy(w) has a shallow maximum
and, since we use a realistic value of A”in; the difference between
aL(w) and ao(w) now becomes evident.

The change of carrier density, associated with a change in peak
gain, and the resulting change in the resonance frequency of the
semiconductor cavity, wp(g), have been expressed in (5.7) through the
use of the linewidth enhancement factor a (Fig. 3.2 and eq. (3.13)).
Since the gain profile shifts towards lower frequencies as the peak gain
increases, the same change in gain lowers the gain profile less for ) <
A than for A > A,. The coupling between gain and oscillation frequency

P P
is therefore less for A < A,. This phenomenon expresses itself in the

dependence of the linewidthpenhancement factor a on the wavelength. K.-
Y.Liou et al. [100] found values for a between a = 2 at 1.28 uym and a =
9 at 1.34 pm. For operation close to the gain maximum of the laser a
values of 5 or 6 are frequently used for 1.3 um lasers.

Fig. 5.16, like Fig. 5.12, shows the loss of the compound resonator
modes taking carrier'density changes into account, aj(w), and assuming
constant carrier density, og(w). The parameter values that apply for
Figs. 5.15 and 5.16 are Ry = 35%, Ry = 2%, Ry = 6%, Lin = 0.028 cm,
vgr - 0.75-1010 cm/sec and a = 5. aG(w) in Fig. 5.16(a) is the loss
versus frequency characteristic of the external grating laser where

optical feedback is provided at wg;.
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laser with strong optical feedback (Rl = 35, Rex = .06, R2 = ,02
and Avg, = 135 GHz). (b): Sketch of the output power vs. tuning

characteristic showing hysteresis.
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Without optical feedback the loss in the laser cavity is ag.,,
carrier density and gain profile are high and oscillation takes place at
the frequency for which gy(w) has a maximum, i.e. w = wmo at PO. With
optical feedback from the grating suddenly restored, light is reflected
back into the laser at w = wg and the loss of the compound cavity at
this frequency decreases to below ag,y. The threshold gain at wg drops
from agqy to aglwg), i.e. point P2'. However, as the carrier-density
decreases because of this decreased threshold gain, the resonant
frequency of the semiconductor laser w,(g) decreases as well, which in
turn increases the threshold gain. This effect was taken into account
in the calculation of aj(w). Therefore, with feedback from the grating
at w = wg, oscillation takes place at P2. 1f wg is now decreased by
rotating the grating, the compound cavity laser operating characteristic
follows aj(w) and the threshold gain decreases to P3.

If the laser is operated anywhere between P6 and P3* (the minimum of
aG(w) moves to the left in Fig. 5.16(a) and coincides with au(w) between
P6 and P3*), and the optical feedback between the laser and the grating
is interrupted by blocking the light, the laser returns to the high gain
and low output power state of the solitary laser, PO. Upon re-
establishing the optical feedback, the carrier density still equals the
carrier density of the solitary laser. ag(w) coincides in this
situation with a point between P4* and P5 on ag(w), which represents a

threshold gain that is higher than a and oscillation therefore

sol!’
remains at the frequency determined by PO. The laser does not return to
the same operating conditions it was in before the feedback was
interrupted. To return to operation between P6 and P3* on aL(w) either
the injection current must be decreased to reduce the carrier density
such that aj (w) applies again or the grating must be rotated to approach
P6 from P1. In conclusion, Fig. 5.16 provides an explanation for the
bistability of an external grating laser.

The output power vs. tuning characteristic can be derived from Fig.
5.16(a) using the relationship between optical output power P and

injection current I [22]
Poa (I - Iy (5.20)

with [101] Iy, © @pae + @) (5.21)

mat



where I,y is the threshold current and ap .. the wvavelength independent
material loss. (5.21) is based on the same assumptions as (5.19) and
the assumption of gy(dg) = ep(ig) at the threshold current (Section 6).
(5.20) can be derived from (2.31), noting that P« §, I, « I and N = Ny,
= const. above lasing threshold. :

Fig. 5.16(b) provides a sketch of the output power vs. tuning
characteristic derived from Fig. 5.16(a) using (5.20) and (5.21). This
sketch shows the bistability. Fig. 5.17 is equivalent to Fig. 5.16,
except (1) Ry = 2% and R,y = 3% for the graphs ag,y, ag(w), ay(w), and
Py(w), and (2) Ry = 0.05% and R,, = 13% for the graphs ap(w), and Py (w),
respectively. The subscript L or H refers to a low or high residual
reflectivity of the coated facet of the laser, respectively. ay(w) and
ay (w) in Fig. 5.17(b) are calculated in the same way that ap(w) was in
Fig. 5.16(a). Py(w) and Pp(w) in Fig. 5.17(b) are the power versus
tuning characteristic obtained in the same way as Pp(w) in Fig. 5.16(b).
The values of Ry and R, in Fig. 5.17 are the same as for the
experimental data shown in Figs. 5.3 to 5.9. The experimentally
observed output power versus tuning characteristic, Fig. 5.3 and insert
of Fig. 5.7, are in good agreement with the theoretical curves shown in
Fig. 5.17(b). Bistability and non-continuous turability for the high
reflectivity laser, PH(w) in Fig. 5.17(b), and continuous tunability for
the low reflectivity laser, PL(w) in Fig. 5.17(b), are therefore
predicted correctly with the model described in this thesis.

5.5. STABILITY OF OSCILLATION

5.5.1. Single Mode Stability

To analyze the stability of single mode oscillaticn we plot, for a
fixed value of wg, the constant phase curve and the loss curve (Fig.
5.18(a)), the intersections of which provide Wy, the frequencies of the
compound cavity modes and a(wi), the compound cavity loss for these
modes. This technique [83] allows us to determine the external cavity

modes that exist for a given detuning, and therefore, both to locate the
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Fig. 5.18(a): Computed loss and constant phase curve for an external
grating laser with fixed detuning of Af; = -80 GHz.
(b): Loci of all external cavity modes for various amounts of
detuning, Af;. Also, loss versus frequercy curve, ay(f) with f =
1/2x, based on the assumption f = f,. For each value of detuning,
the threshold gain of the external cavity mode with minimum
threshold gain is marked by an open circle.
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mode with minimum threshold gain and to analyze {ts stability compared
to neighboring modes for a given detuning.

We assume the FWHM of the spectral response of our grating to be
Awg = 2%-30 GHz [37), based on a Gaussian beam of spot size 4 mm
illuminating a 1200 lines/mm grating in Littrow configuration with
incident angle of 50°. Assuming a fixed value of detuning, Afy = (w; -
wy')/2%, and letting Af = (w-w,’) /2% run from -120 GHz to +30 GHz, we
calculate, for each Af, the values for the constant phase curve gph(w) -
agol t+ 48 with Ag obtained from (5.1) and (5.8) and the loss curve a(w)
from (5.4). Fig. 5.18(a) is calculated for r12 = 31%, r22 = 3% and rex2
= 108, Li, = Q3 ecm, L - .75'1010cm/sec and o = 5, The

ex gr
intersections of gph(w) and a(w) define the values of w;. They are

= 3 cm, Vv

slightly closer spaced than the external cavity mode spacing calculated
from Qv = ¢/Lgy- Fig. 5.18(b) shows the loci of all values of wy for
different amounts of detuning.

Also plotted in Fig. 5.18(b) is ay(f), the same function showm as
a; (0) in Fig. 5.16(a) but for the parameter values used in Fig. 5.18(a).
We recall that ay(f) was calculated in Section 5.4 using the assumption
that the oscillation frequency of the external grating laser coincides
with the peak of the grating response, f; = wg/2x. Accordingly, ay(f)
coincides at £ = f; in Fig. 5.18(b) with the locus of external cavity
modes calculated for a given detuning Afs;. Fig. 5.18(b) shows, however,
that the mode with minimum loss, marked for each value of Af; by an open
circle, coincides with f; only for large detuning. For small detuning
the frequency of the mode with minimum loss, which is equal to the
oscillation frequency of the external grating laser, is up to ~30 GHz
lower than f;. The oscillation frequency of the laser is pulled away
from w; towards the resonant frequency of the semiconductor cavity
immediately below wg, wm(g).

The power in each compound cavity mode, w;, is given by (5.14) to
(5.16) [59]

Rsp (Ui)

P(wy) = KP (5.22)

vgr-(a(wi) - gN(U’i)}
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We introduce w,, the frequency of the mode with lowest difference
between gain and loss, Agy(wy) = a(wg) - gy(w;), and therefore largest
output pover. The change of gain due to the curvature of the gain
profile is small between external cavity mcdes. We can therefore assume
gN(wg) = gy(wy) and obtain from (5.22), (5.15) and (5.17)

P(w,.) a(wg) - alw,)
A i (5.23)
P(wi) ABN(Wi)
and
gnCwg)
Plog) « it 2 (5.24)
bgy(wy)

P(wc)/P(wi) is the side-mode suppression hetween the center mode, Weos
and the neighboring mode, w;. The side-mode suppression in (5.23)
increases (1) if the difference between the loss of neighboring modes is
increased and (2) if Agy(wy) decreases, which takes place for a given
value of output power if the threshold gain gy(w,) decreases, (5.24).

We can see from Fig. 5.18(b), that both low threshold gain and increased
loss difference between adjacent modes is achieved for large detuning
from the solitary laser mode. Close to the loss minima in Fig. 5.18(b),

1 and .12 cm'l

the loss-difference between adjacent modes is ~.025 em”
for a detuning of 0 GHz and -80 GHz, respectively, and for an external
cavity length of Ly, = 15 cm. We therefore expect higher single-mode
stability for large detuning. This is in agreement with the experimen-
tal result, where we find better single-mode stability in Regime IV for
the high reflectivity laser. For the low reflectivity laser, little
modulation of the threshold gain is achieved during tuning (Fig.
5.17(a)) and therefore no significant dependence of the detuning on the
side-mode stability is to be expected, which again conforms with the
experimental results.

The sidemode suppression for an external grating laser can become
very high, on the order of 103 to 104 [32]). Due to the close spacing of
external cavity modes the loss-difference between adjacent modes is low.
Kazaninov and Henry [83] concluded that the loss-difference between

adjacent modes is not sufficient to explain the observed side-mode



suppression ratios. They refer to one of their earlier papers [102]
vhere they describe two optical nonlinear effects that cause gain
suppression similar to holeburning, however gain suppression not for the
oscillating mode but on hoth sides of this mode. The gain for the
immediately neighboring modes decreases and the difference in AgN(wi)
between these modes and the center modes increases, thereby stabilizing
the oscillating mode. For a solitary laser this "self-stabilization" of
the oscillating mode is not cbserved, because the two nonlinear
mechanisms cancel each other if a center mode has neighboring modes that
are spaced equally and have equal power [102].

For a laser with feedbhack from a short integrated frequency
selective Bragg reflector, the calculations of [83] show unequal spacing
of longitudinal modes. This unequal spacing was held responsible for
the excellent sidemode suppression of this device., Asymmetry in the
number and the loss of the modes on each side of the mode with the
lowest loss (the lasing mode) is also observed for the external grating
laser in Fig. 5.18(b), to an increasing extent for large detuning.

Both the increased loss difference for neighboring modes and the
lack of symmetry facilitate "self-stabilization" of the center mode.
These effects, shown to be present for large detunings in Fig. 5.18(b),
thus provide theoretical cubstantiation for the increased single-mode
stability experimentally observed and noted in Section 5.2.1.

5.5.2. Linewidth

The linewidth of the solitary laser above threshold is (Section 2.4.3.7,
eq. (2.63))

R
S
My = —2 (1 +dd) (5.25)
4nS
where Rsp is the spontaneous emission factor of the solitary laser and §

the number of photons stored in the semiconductor cavity. Assuming a
residual reflectivity of Ry = O for the one-side coated laser, the

“linewidth of a laser with passive external cavity is [61]
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2

R '(1 + a ) '1“

Av = ld . ( )2
4nS Tex ¥ Tin

(5.26)

where ry,, and r., are the roundtrip times in the semiconductor cavity
and in the passive external cavity, respectively. The linewidth reduc-
tion term in (5.26), F02 - (rex + 'in)z/'inz' can be intuitively under-
stood [47) as follows. Instead of using (5.26), we can express the
linewidth in terms of the spontaneous emission rate, RSPQXt, of the
extended cavity laser and the number of photons, S®*t, in the extended
cavity, including the passive section. We obtain Av = RspeXt-(l + a®)

/(4xs®*y | where R eXt is smaller than R , by the factor Fjy due to the

s
closer spacing of ezternal cavity modes, wﬁicb leads for a fixed overall
rate of spontaneous emission, N/r,, to a reduced rate of spontaneously
emitted photons coupled into the individual modes. Also S®X% is larger
than S by the factor Fy due the increased size of the cavity.

As an example, if L;, = .025 cm, Lo, = 15 cm and the group-veloci-
ties in the semiconductor cavity and the external cavity are Vgrin -
0.75-1010cm/sec and vgr
duction of F02 - (150)2 = 22,500 is predicted from Fgp = (rex + ’in)/rin'
which leads for a laser with Avy ~ 100 MHz to a linewidth of Av ~ 4 kHz.
Although we assumed Ry = 0 instead of Ry = 2% and .05%, respectively,

the calculated value of linewidth agrees well with the experimentally

exX . 3-1010cm/sec, respectively, a linewidth re-

observed linewidths of the external grating laser, when this laser
oscillates in a single external cavity mode (Sect. 5.2).

A more involved calculation method is required to determine the
linewidth reduction if R, » 0. We use the relation for the chirp
reduction F = 1 + A + B, as defined in the paragraph following (3.32).
1f Ry = 0, we note from (3.5) and (3.27) that B = 0 and therefore Fg = 1
+ A. The linewidth reduction, F02 = (’ex + ’in)z/'inz’ is the increase
in the slope of the constant phase curve of the laser with feedback
compared to that without feedback, Fig. 3.4. Only if R, » 0, is there

an amplitude modulation of the compound cavity loss and therefore (3.27)

d In |re|
B = a " Av;, —— #0 (5.27)
dw
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The slope B of the loss-curve can be either positive and negative.
However, we see from Fig. 5.18 that low-loss intersections of the loss
and constant phase curves occur only for B > 0. Since the amplitude of
the oscillations of a(w) increase with R, (Fig. 5.13(b), 5.14(b) and eq.
(5.4)) higher values of B and in turn an increase of F compared to Fp is
possible for large values of Ry. We will therefore investigate whether
external grating lasers with high residual reflectivity R, show largef
linewidth reduction than lasers with low Ry, as has been suggested by
Wyatt [103] who calculated F for different detunings and different
values of R,.

We recall that stable single-mode oscillation was obtained for the
high reflectivity laser in our experiment for large detunings (Section
5.2.1). We therefore ask, what are the values of F for large detunings.
Fig. 5.18(a) shows that the intersections of loss and constant-phase
curves are close to the minimum of the loss ripple for large detunings
and therefore B is close to zero and F close to Fy. In fact for maximum
detuning the intersection with lowest loss is at the minimum of the
loss-ripple and therefore B = 0. In other words, for maximum detuning
the linewidth reduction is independent of the amplitude of the loss-
ripple (and therefore independent of Ry) and equal to Fo2.

Fig. 5.19 shows the loci of F(wi) for all external cavity modes
plotted for various detunings. For the calculation the same parameter
values as for Fig. 5.18(a) have been assumed except for Lox: which has
been increased to L., = 15 cm for Fig. 5.19. F(wi) can be calculated
[83] using
Vgrl® Lex(l - Tp?) rg(w) exp(§4(0))

vgrex Lin(ry + rg(w) exp(j$(w)) (1 + ryrg(w) exp(3é(w)))

B
A-j = - (5.28)

and F =1+ A + B. (5.28) can be derived from (3.27) and (5.1) to
(5.3). To obtain F(wi) we first have to find w1, j.e. the frequency of
the intersections between loss and constant phase curve in a plot
similar to Fig. 5.18. The values for w; are obtained from (5.4), (5.8)
and Ag = agy1 - a(w) with the help of a zero-finding algorithm. We then

. and calculate A, B and

replace w in (5.28) with the values for wg

finally F(wi).
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Fig. 5.19: Loci of the chirp reduction of all external cavity modes for
various amounts of detuning Af,. For each value of detuning, the
open circle indicates the chirp reduction of the external cavity
mode with minimum threshold gain (see Fig 5.18(a)) and the
rectangle the chirp reduction of the external cavity mode at Afj.

The squares in Fig. 5.19 mark the value of linewidth reduction of
the external cavity mode closest to the frequency of the maximum grating
response, fG' In the derivation of the tuning characteristic we assumed
for simplicity and following [18] and [103] that f; is the frequency of
oscillation of the external grating laser. In Section 5.5.1 we noted
however, that for a given value of fo, the frequency of the mode with
lowest threshold gain, marked in Fig. 5.18(a) and 5.19 by open circles,
is only identical to fe» marked by squares in Fig. 5.19, at maximum
detuning, Af, = -100 GHz in Fig. 5.19. We note from Fig. 5.19, that the
chirp reduction of the mode with minimum threshold gain (open circles)

depends far less on the detuning as the chirp reduction of the mode at



£z (squares). In fact the values of F obtained for the mode with
minimum threshold gain are centered around the value of F = 150, We
obtained the same value at the beginning of this section, using the
expression Foz - (Tayx + '1n)2/'in2- which applies to the case of Ry = 0.

The preceding paragraph shows that the assumption of oscillation of
the external grating laser at f; leads to an overestimation of the
dependence of the linewidth reduction on the detuning. It is this
assumption, that Wyatt's [103] calculations are based on. For the
comparison of Wyatt's results with our results we note that "in-phase"
or resonant [103] feedback occurs in our definition of detuning for
maximum detuning, in Wyatt's definition for zero detuning. Therefore,
we have to assume that Wyatt defines detuning with respect to wn(8),
vhere we recall that wy(g) depends on the threshold gain and therefore
on the amount of detuning. Our definition of detuning is with respect
to the fixed frequency “hf'

To determine the dependence of the linewidth on the detuning we have
to consider not only the change in F but also the changes of Rsp and §

with detuning. Av decreases as RSp decreases, where Rsp is proportional

to gy, (5.25) and (5.15), and decreases with an increase in §, (5.25).
For large detunings gy = a(w) is lover and using (5.21) and (5.20), the
output power is larger for a given injection current, therefore S is
larger. Both effects lower the linewidth according to (5.25) for large
detunings. The change in a(w) with detuning, responsible for both
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effects, can be seen from (5.4) and Figs. 5.16(h) and 5.17(b) to be more

pronounced for lasers with larger values of Ry. In conclusion an

increase of F with respect to Ry can only be obtained with large values

of R, and when operating at low detunings. However low detunings are not

desirable if Ry is large, because they lead to high rates of spontaneous

emission, where spontaneous emission is the principle source of the
frequency noise we want to suppress, and low detunings lead to low
output powers at a given injection current.

The experiments with our highest reflectivity laser show that the
dependence of the linewidth on detuning is connected with the presence
or absence of multiple external cavity modes (Section 5.2.1). This is
not surprising since a substantial increase of the linewidth is

predicted theoretically [44],[104], if the oscillation frequency of the
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laser fluctuates hetween several longitudinai cavity modes. In the
domain of stable oscillation in a single external cavity mode no
significant dependence of the linewidth on detuning was observed. The
linewidths achieved with the high-reflectivity laser and the low
reflectivity laser, when feedback from the grating was applied, where
distributed, depending on the quality of the alignment, within the same
range of a few kHz.

In conclusion, linewidth reduction ratios of Fy = 2~105 were
calculated for the external grating laser, with the assumption of Ry
e 0. The low linewidth observed in the experiment is thus in accord
with theory. No significant difference in the linewidths for lasers
with different values of R, was observed experimentally, provided that
oscillation in a single external cavity mode occurred. Theoretically a
finite value of R, allows for an increase of F above the value of Fy.
However we observe that stable single-mode oscillation is not achieved
for large values of R2 and low detunings, where this increase of F would
be significant. Even the experimental data provided in [103] does not
support the claim made in the latter paper that high values of Ry lead
to lower linewidths. Our observations and Wyatt's data [103] support
our finding that increased spontaneous emission and decreased single-
mode stability prevent one from being able to take advantage of the
increased values of F that exists for low values of detuning and high

values of R2.

5.5.3. Lens-Alignment

The lens between the laser and the diffraction grating in Fig. 5.2
has to be aligned very carefully. Poor alignment and lens imperfections
affect the phase front of the collimated beam and therefore degrade the
spectral amplitude response of the grating and reduce the optical power
that is coupled back into the active region of the laser. We have to
expect both an increase in the FWHM of the spectral response of the
grating under conditions of poor alignment and possibly sidelobes in the
spectral response. Experimentally, intentional partial blocking of the
collimated beam between lens and grating leads to the same kinks in the

sawtooth-like power vs. tuning characteristic (Fig. 5.20, trace (1))
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Fig. 5.20: Change of the power versus tuning characteristic due to par-
tial blocking of the collimated beam between lens and diffraction
grating in Fig. 5.2. The beam was blocked as follows: (1) a 1 mm
horizontal slice from the center of the beam, (2) ~ 30% of the
upper portion of the collimated beam in Fig. 5.2 and (3) ~ 30% of
the lower portion of the collimated beam. (4) is recorded without
aperture.

that can be observed for poor lens alignment. We therefore attribute
deviations of the tuning characteristic from its ideal sawtooth-like
shape to a multi-lobed spectral response of the grating due to a poor
phase front of the collimated beam.

The lower envelope of the loss-ripple in Fig. 5.18(a) is caused by
the spectral response of the grating. In Fig. 5.18(a) a smooth-Gaussian
spectral response of the grating is not necessarily better in providing
good side-mode suppression than a multi-lobed uneven response. The only
requirement for stable single-mode oscillation is that the FWHM of the
main lobe of the response remains reasonably narrow and that the
spectral response of the grating does not lead to two sets of external
cavity modes that have similar threshold gain. This explains why, in

the experiment, the alignment that leads to the most ideal tuning
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characteristic does not necessarily lead to the most stable oscillation
of the external grating laser at one frequency. Generally changes of
the lens position within a few um help to establish single-mode

oscillation at a given oscillation frequency.

5.5.4. Fine Tuning

The frequency of the maximum of the spectral grating response de-
creases as the grating is rotated to decrease the incident angle of
light. Therefore, decreasing the incident angle of the incoming light
moves the minimum of the lower envelope of the loss ripple in Fig.
5.18(a) to lower frequencies. The loss of the external cavity mode that
previously had minimum threshold gain increases, and the loss of its
low-frequency neighbor decreases until finally the frequency of
oscillation jumps to the low-frequency neighbor. Therefore, if the
grating angle is changed, the frequency of oscillation decreases or
increases in steps of Av,, (= 1 GHz for L,, = 15 cm). To access
frequencies within this 1 GHz range, the length of the external cavity
has to be changed by up to A/2. In Fig. 5.18(a) a change of the
external cavity length causes a horizontal shift of the periodic pattern
of the constant phase curve and an equal shift of the ripple of the loss
curve. The slopes of the constant phase curve and loss curve at the
intersections of both curves stay essentially constant. The linewidth
of the oscillating mode is therefore not affected by the change of the
external cavity length.

The tuning characteristics described above agree with the experimen-
tal results of [32]. They have also been experimentally verified during
the course of the present project, by observing the change of the beat
frequency between the external cavity laser and a second single-mode
laser, stabilized with optical feedback from a fiber ring (Section &),
while the grating angle and the external cavity length were changed

independently.



5.6. CONCLUSION

The dependence of the operating characteristics of an external
grating laser on the frequency of optical feedback has been examined.
Experimental results have been presented for lasers with different
residual reflectivity of the AR-coated facet. They show that detuning
of a high residual-reflectivity laser affects the output power,
linewidth and stability of oscillation in a single external cavity mode.

It has been shoun that the range of frequencies accessible to the
external grating laser and the power versus tuning characteristics can
be determined from the width of the gaiuvprofile of the semiconductor
laser, the residual reflectivity of the AR-coated facet and the level of
optical feedback. Bistability in the tuning characteristic of the high
reflectivity laser was observed and explained using the loss versus
frequency graph plotted for different carrier density levels.

A periodically repeating domain of stable single mode oscillation
was identified for the high reflectivity laser, which coincides with the
condition of large detuning from the solitary laser mode and with the
regime of high output power due to large detuning. The stability of
oscillation in this domain was explained with the increased loss
difference between neighboring modes in this domain and the lack of
symmetry in the distribution of external cavity modes with respect to
the mode with lowest loss.

For the low reflectivity laser, stable single mode operation was
observed to be independent of the detuning from the solitary laser mode
provided that the grating and lens are carefully aligned. Laser, lens
and grating have to be aligned as carefully as in an interferometric

setup; the laser emits light in a single spatial mode and only light

that is coupled back into the same mode can control the laser operation.

Also, the spectral response of the grating is distorted if the grating
is illuminated by imperfectly collimated light. Consequently, a poor
alignment was found not only to reduce the effective level of optical
feedback, but also to distort the tuning characteristic of the laser.
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6. GAIN VERSUS CURRENT CHARACTERISTIC

6.1. INTRODUCTION

To compare the experimental results for strong optical feedback with
the theoretical predictions it is necessary to know the level of optical
feedback applied to the laser. The loss in the resonator and therefore
the level of optical feedback can be determined from the light versus
current (LI) characteristic of the laser. The threshold current, vwhich
is defined by the LI-characteristic as long as the loss in the resonator
is not too high, can serve as a reference value to characterize the
change of the LI-characteristic with resonator loss. The simple rela-
tion (5.21) [101] between threshold current and loss in the resonator is
valid only if we assume that there is no stimulated emission of radia-
tion below lasing threshold, that the leakage current is proportional to
the injection current, the carrier lifetime independent of the carrier
density, the gain proportional to the carrier density, and gain and loss
are equal at the lasing threshold. If we deal with large changes of the
resonator loss, those assumptions are no longer valid.

To determine the threshold current versus resonator-loss character-
istic without making the preceding assumptions, we have to calculate
first the gain versus current characteristic and then the light versus
current characteristic for different values of resonator loss. It will
be shown that each LI-characteristic can be interpreted to provide ome
value of the threshold current for a particular resonator loss.

The theoretical model used in this paper to calculate power and gain
vs. current characteristics accounts for the leakage current (that part
of the diode current that does not flow through the active region), the
nonlinear change of the spontaneous emission rate with carrier density,
the dependence of the photon-density on the axial position in the laser
and the spectral dependence of the gain which determines the distribu-
tion of the output-power in multiple longitudinal modes. The values for

a large number of parameters are required to calculate the gain and
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output power of a laser as a function of the current using this model.
Some of these parameters stay constant for all lasers of the same
wavelength. Other parameteta change with laser structure and others
vary between individual lasers of the same structure, For the two types
of lasers in this work, V-groove and etched mesa buried heterostructure
(EMBH) lasers emitting at 1.3-um wavelength, we define a set of general
parameters that stay constant for these lasers and we determine numeri -
cal values for a set of 4 device dependent parameters. Suitable values
for the general parameters were selected from values quoted in the
litevrature [59],[105]).

To obtain strong optical feedback, it is necessary to AR-coat one
facet of the laser (Chapter 5). The LI-characteristics of the laser can
be recorded before and after AR-coating. Also we can determine the loss
of the resonator before coating from the modal reflectivity of the
cleaved facets [22] and after coating from a measurement of amplified
spontaneous emission spectrum of the coated device [96],[97]. We use a
curve-fitting method on the measured LI-curves before and after AR-
coating to determine the four device dependent parameters for the
particular laser. Good agreement was obtained between calculated and
measured LI-curves for different facet reflectivities for both the V-
groove and EMBH-lasers. We conclude we have chosen the correct
parameters to represent the differences in characteristics both between
structurally different devices and individual devices of identical
structure.

As a result we obtain a model that describes the change of the LI-
cﬁaracteristics of a particular laser with the resonator loss, and which
provides LI-curves that agree with the measured LI characteristiecs for
the two extremes of low and high resonator loss. From a set of LI-
curves calculated for different values of resonator loss we determine
the threshold current versus resonator loss characteristic for the
particular laser being analyzed. If we apply optical feedback to the
AR-coated facet of the laser, the compound resonator loss will reach a
value that is between the values of the loss for the uncoated and the
coated laser. We can measure the threshold current of the laser with
optical feedback and, from the threshold current versus resonator loss

characteristic of this particular laser, determine the resonator loss of
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the compound cavity laser. From the resonator loss and knowledge of the
facet reflectivities, we can then calculate the level of optical
feedback.

During the calculation of the LI-curves, we also obtain the data
necessary to plot the gain versus current ch#racteristics for different
values of resonator loss. Also, in particular, we obtain the gain
versus current characteristic for the device with two AR-coated facets,
i.e. for an optical amplifier [98] built from the particular device. We
conclude that we have found a method to determine the gain versus
current characteristics of individual semiconductor laser amplifiers
from data obtained during the AR-coating procedure. This data is the
LI-curve of the uncoated laser, the LI-curve of the one-side coated
laser, measu.:i at the AR-coated facet, and a measured value for the
residual reflectivity of the laser. Tliese measurements are normally
made during the coating process to determine the quality of the AR-
coating and to verify that the device is in good working condition after
AR-coating. They are therefore readily available and do not require
addition experimental effort. We calculate the gain vs. current
characteristic based on this method and find good agreement with the
measured data provided by Enning et.al. [106] for a specific laser
amplifier.

We believe that this method for determining the gain versus current
characteristic of individual semiconductor laser amplifiers is a
particularly useful aspect of the work presented in this chapter. The
focus of the presentation is chosen accordingly. Only in the last
Section, 6.4.4, do we return to the problem of determining the amount of
optical feedback from the change of the threshold current. 1In this
latter section we plot the dependence of the threshold current on the
reflectivity of one facet of the laser, when the other facet
reflectivity is assumed to be constant. We use this characteristic to
determine the strength of optical feedback from the change of the
threshold current due to optical feedback and compare our results to the

results of the approximation proposed by [107].
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6.2. THEORETICAL ANALYSIS

The theoretical analysis in this section is based on the model
described in [22] and [59]. An AR-coated laser oscillates in a large
number of longitudinal modes. Therefore, we have to replace the single
rate equation (2.17) by M rate equations for the number of photons in
each of the M longitudinal cavity modes. All of these M rate equations
are coupled through the common rate equation for the total number of
carriers, N (eq. 6.2.25/26 in [59]):

Sy = Vgr * (By - o) * Sp+ Rgp(Ay) (6.1)

sp
: I

8 a N

N = Y - ;; - g Ver  Bp Sp (6.2)
vhere Sy = S(1,) represents the photon population in the mth
longitudinal mode, g, = en(ag) . (5.12), the gain per unit length for the
nt? mode and A, is the wavelength of this mode. It is convenient to
choose the mode-number m such that the separation between A, and the
wavelength of peak gain, Ap, (5.13), is given by

Am - Ap - m'AAin (6.3)
where Ay = (Apz/Z-Lin-ngr) is the spacing between longitudinal modes.
The total loss a per unit length is

@) = ag +oap (6.4)

where ap is the mirror loss distributed equally over the length of the

active medium, (2.5), and a_ is the material loss in the active region.

s
For the solitary laser, ap is independent of the wavelength of the

longitudinal modes. The distribution of power in the longitudinal modes
is governed by the spectral dependence of the gain. The spontaneous

h

emission Rsp(Am) into the mt mode is given by (2.24)

Rsp(xm) = nsp'KR'Vgr”gm (6.5)
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where we neglect the wavelength dépondsnce of the inversion parameter
Nep [47]. The independent variable in the calculations that follow is
the carrier density n, where n = N/V, N is the total number of carriers
in the active region, and V = w-d:L;, 13 the volume of the active region
with width v and height d. The total rate of spontaneous carrier
recombination, N/r,, is a function of the carrier-lifetime r,, where 7
is dependent on the carrier density [59]

1/r, = a+ bn+ en’. (6.6)
The coefficients a,b and ¢ are recombination constants describing non-
radiative and radiative recombination [59],[108). So far we have
assumed r, to be constant. Since we are dealing in this section with
the laser operation at very different levels of gain and carrier density
this assumption is no longer valid,

In steady state operation, the photon and carrier populations are
constant (Sm = 0, N=0). We obtain from (6.1) and (6.2)

Rep(Ap)
Sy = - (6.7)
vgr(aL " &y)
N
and I, = q . + g vgr C Byt Sm ). (6.8)

e

The output powers per facet, Pp1 and Ppy, at wavelength A in photons
per second in the case of equal facet reflectivities are given by (eq.
6.2.27 of [59])

Pml - Pm2 - ; . QFL . Vgr . Sm. (6.9)

Equations (6.1), (6.7) and (6.8) are based on the assumption that
the change in photon-population per unit volume ds,/dV 1is constant
over the length of the cavity and the mirror-loss ap can be distributed
over the length of the active region (2.5). For lasers with low mirror-
reflectivities, the dependence of the field intensity on the position z
along the active region (Fig. 6.1) cannot be neglected. In the
following we will therefore rederive the equations for S, and the total
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Fig. 6.1: Sketch of the forward and backward travelling waves within
the active region of a one-side AR-coated laser diode.

output powers per facet, P, and Py, by introducing a z-dependent light
intensity F;(z) in photons per unit area per second per mode

Fm(z) = vgr . dSm/dV. (6.10)

Taking the derivative of (6.1) with respect to volume and using (6.4)

leads to
d ds ds ds.  R_.(A)
m m m sp*’m
— (=) = V(g —ag)—— = Vgpope + E (6.11)
dt dv dav dv v

In (6.11) the components of loss due to scattering, a,, as the light
travels through the active region are separated from the facet loss, op.-
We introduce a forward and backward travelling component F_ . and F_ of

Fm, where

Fm(z) = Fm+(z) + Fm_(z). (6.12)
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For the steady state case (8Fm+/_/8t = 0) we can write

d¥ (2) dz @8F,,,.(z) 08F,,.,.(2) aF.. ,.(2)
w2 Y/ LA Ver m/ T (6.13)
dt dt oz at 3z

Inserting (6.10) and (6.13) into (6.11) leads to [22]

0
AF, (2) R (A)
LA (Bn - @) Fyy/-(2) + sp ™ (6.14)
oz 2V-vgr

where the mirror loss is no longer considered as being distributed over
the length of the active region but is accounted for in the boundary

conditions for Fm+/_(0) and Fm+/-(Lin)‘ Also, the spontaneous emission
rate is divided into two components that contribute equally to F ., and

F

m-> and is given by

0
Rsp (Am) = nsp'vgr'gm' (6.15)

We recall from the discussion associated with (2.24), that the factor KR
in the definition of Rsp(xm) accounts for the increase in the amount of
spontaneous emission that is coupled into the lasing mode if a
z-dependence of the photon density exists due to loss of photons at the
output facets. Kp is therefore a correction factor for the spontaneous
emission rate that reduces the error made in the rate equations (6.1) by
neglecting the z-dependence of the photon density in those rate-
equations. However in (6.14) and in the remainder of this chapter, the
increase of the spontaneous emission due to the z-dependence of the

photon-density is included in the model and we therefore have to

omit Kp.
The total photon population in the nt? mode is
dw Lin
Sp = — J Fm(z) - dz, (6.16)
Ver o

We assume: the carrier density along the z-axis is constant and therefore
that the gain g  and spontaneous emission rate RSPO(Am) are independent

of z. A more general numerical analysis that takes spatial gain



saturation due to carrier depletion by the z-dependent photon density
into account, is contained in [109] and [110]. The errors i{introduced in
our analysis by neglecting the spatial gain saturation will be discussed

later. Integration of (6.14) yields an expression for F,, and F,_,

R O(An)
sp “'m
V- (gy - °s)'vgr

The constants Fpg, and Fpq. can be obtained from the boundary conditions
for Fp,,.(0) and Fm+/-(Lin)' namely Fp,(0) = Fp.(0) Ry and Frp.(Lgn) =
Frnt(Lin) 'Ry (Fig. 6.1). The output power P q and Py in the mth mode in
photons per second from face 1 and 2, respectively, is given by Pp1 =
(1-Ry) *Fp_(0) and Ppgy = (1-Rg) Fpi(Lyy), respectively. We obtain from
(6.17) in agreement with [22]

oy - (1 - R (G - 1A + R.jcms)2 ' Rspo(*m) 6.18)
Lin * (8 - @) (1 - RyRy " Gpg™) 2
where
Gps = ©Xp ((By - @g) -+ Liy) (6.19)
and (i,3) = (1,2) or (2,D1).

Gpg = Gg(Ap) is the single pass gain at the wavelength A . The total

output power in mW is the summation of the power emitted in the

individual modes

P, = fhw & P . i - 1,2, (6.20)
i m mi

To calculate the current in the active region (6.8), we need to
th

determine the number of photons stored in the cavity in the m~ mode.
From (6.16) and (6.17) we obtain
Rspo (1 - Gy 120 (2 + (Rp+Ry) Gpg)
Smo = 1/2
vgr-(gm-as) 4-1n(Gms)-(R1R2) -sinh ((aL-gm)-Lin)
-1
1 - Gpe
-+ 1}. (6.21)
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Using (6.18), (6.21) can be rewritten to yield an expression for §, as a

function of Pm1 and sz

P P
1 . m2 l!ll
I —— § NP TS B + ]
vgr(gm-as) 1 - Ry 1- Rl
l- Gms-l - 1n (Gpg)
= Rgr00y) | 1. (6.22)

In (Gms)

(6.21) and (6.22) are alternative expressions for the number of photons
in the mth longitudinal mode.

Equations (6.8) and (6.21) for the current in the active region and
(6.18) to (6.20) for the output power from the two facets of the laser
are key equations. They provide I , Py and Py in implicit form as a
function of the carrier demsity n and the gain g, (eqs. (5.12) and
(5.13) give g, = gy(2) as a function of n and Ap). Calculating all
variables for a series of n and Ay values and summing over all modes

allows us to determine theoretical estimates of the LI-characteristics

Py(n) = Py (I (n)) (6.23)

and Po(n) = Py (Iy(m). (6.24)

Before we continue with analyzing the LI-curves in the next section,
we wish to digress briefly to compare our general equations, (6.21) and
(6.22) to the more familiar expressions (6.7) and (6.9), respectively.
Both (6.22) and (6.9) provide a relation between the output power and
the number of photons in the active medium. For laser operation above
threshold, it is assumed that gain and loss are equal, therefore 8n - %
= ap and G, = (Rle)'l/z. It is also assumed that spontaneous emission
is negligible compared to stimulated emission, therefore Ppq, Ppo >>
Rspo. Using those assumptions and assuming R; = Ry. (6.22) simplifies
to

Sy = (P + Ppo). (6.25)
gr R
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Noting that Ppq = Ppo in the case of equal facet reflectivities, (6.25)
is equivalent to (6.9).

_ Both (6.21) and (6.7) provide an expression for S, as a function of

Rsp, Bm' g and the mirror loss. In one case the mirror loss is

expressed in terms of Ry and Ry, in the other case by ap. Again we
assume operation is above threshold and therefore replace g, -ag in
(6.21) vith ag = (1/2Lgp) - In(1/RjRy), and Gp™l with (RiR)M2. Ve also
use the approximation sinh(x) = x for x << 1 and obtain from (6.21)

0
R.."(A,) (ry + ry)(l - rivy)
s = sp ‘“m [ 1 2 1%2 ]2 . (6.26)
vgr(aL - gm) 2r1r2 ln(rlrz)

Noting that Rspo(xm)'KR = Rsp(km) from (6.5) and (6.15), comparing (6.7)
and (6.26) provides the same expression for KR as (2.26). In
conclusion, our general result for Sm contains the correction factor Kp.
1t was therefore correct in (6.14) to start the derivation of the
expression for S, with a definition of the spontaneous emission rate
that does not contain Kp. Also, we showed that the more familiar
expressions (6.7) and (6.9) are special cases in our general expressions

(6.21) and (6.22) and we have therefore provided a test for our results.

6.3. GENERAL MODELLING

We are concerned with the modelling of the power and gain vs.
current characteristic of individual devices. Initially we had to
determine which of the parameters needed in the calculation of this
characteristic could be considered constant between devices and which
change and consequently need to be separately determined for each
device. We found through a parametric study of this problem that taking
into account the varying leakage characteristics of lasers of the same
type (yielding three parameters) and determining as a fourth parameter
the effective width, w, of the active region for each type of laser led
to agreement between calculated and measured results for different
lasers. These four device dependent parameters are determined using a

curve-fitting technique that is based on a knowledge of R, and a
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Fig. 6.2: Block diagram of the curve-fitting procedure.

comparison of calculated and measured LI-curves of the uncoated and the

one-side coated laser (Fig. 6.2).

6.3.1. Computation of LI-Characteristics

To compute the LI-characteristics (and the gain vs. current charac-
teristic) we start with a carrier density n (Fig. 6.2). In a first
iteration a value for the device dependent parameter w is assumed and
the gain, By photon population, Sy and output powers, Py and P2,
calculated using eqs. (5.12) and (5.13), (6.22) and (6.18) to (6.20),
respectively. In the next step the values of n, g  and §  provide the

active region current, I using (6.8). I_, is a non-measurable quan-

a’ a
tity. The measurable quantity is the terminal current, I, which can be
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calculated considering current leakage (Section 6.3.4). Repeating the
above procedure for a set of carrier densities leads to the calculated
pover vs. current (and gain vs. current) characteristic of the laser.

The relation between carrier density and current is highly non-
linear since the carrier density saturates above threshold at the value
of n = ny,.  To be able to determine a suitable set of carrier-density
values, for which we then calculate output power, gain and current-
values, we estimate a value of the threshold carrier density, n.y, from
(5.13) by assuming gp = oL

Ny - (ntr + aL/P'A). (6.27)

Equations (6.4) and (2.5) determine oy, for given facet reflectivities Rl
and Ry. To obtain a well spaced set of output power vs. current values
for varying facet reflectivities we found {t convenient to use the

following set of 100 carrier density values,

2 (i-1)3 . ax3
n; - (“th - “tr) ¢ - tan'1 —_— N, (6.28)
x 10
where
Ax = .06 (5 + log R2), (6.29)
and i =1, 2, ... 100,

Relation (6.28) is purely empirical. It ensures a close spacing between
adjacent values of n; as n; approaches n. 1f computation time is not
an issue the set of carrier densities can be increased in size to obtain
any desired resolution in the resulting set of output power vs. current
values.

The numerical values used in this study for the general parameters
are listed in Table 6.1. The values of n.., a and b are taken from
Table 6.1 in [59] and A, c and a  are from [105]). Our value of
n._ = 1.8 is between the values 1.7 and 2 quoted in {59] and [111],

sp

respectively. L;, and d values are typical for the lasers used in our

experiment [59] and the value for I' is found from the thickness of the
active layer ([112] and Fig. 2.5 of [59]). The value of W is obtained



Table 6.1: Values for general semiconductor laser parameters.
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Rg reflectivity of the uncoated facet = 35%

Ngr  Broup index -4

Vgr  Broup velocity _ - 0.75°1010 cm/s

Lin length of the active region = 0.025 cm

d height of the active region - 0.2 pm

r confinement factor for d = 0.2 um - 0.47

n., transparency carrier-density - 1108 3

a recombination coefficient -1-108 51

b recombination coefficient - 1-10°10 cm3/s

c recombination coefficient - 4-10"29 cmﬁ/s

q electron charge -1.6°10"19 as

A gain coefficient (A=dg/dn) - 2.3-10716 ¢p?

"sp inversion parameter = 1.8

ag material loss - 20 cem’?

Ap wavelength of peak-gain = 1.3 um

W measure of the width of the gain spectrum - 0.47 pm3/2

LY ¥ longitudinal mode spacing (= 150 GHz) = 0.84 nm
Table 6.2: Values for device dependent parameters

measured values parameters determined

in the calculations

(G N A

Serial Type Next Teo Ioo Ro Ref. no Io l/In w

Number oW/mA mA mA mA 1/mA pm
@ mW @20°C @20°C

TY 224 FLD 130 177 15.0 39 .05% .60 2 17300 1.7

.62 -1 17300 1.7
.56 12.2 0 2.05
.53 18.0 0 2.05

TH 557 FLD 130 .183 11.7 22 2%
6M3772 HLP5400 .175  28.6 56.0 .07%
6M3771 HLP5400 .165 35.4 59.6 .26%
5F3432 HLP5400 .160 32.5

T o pop

[¢]

8  this work

Reference [113]
¢ Reference [113], device of [106]



by curve fitting (5.12) to the data presented by T.P. Lee [100] for a
1.3 um laser. In our calculations we consider 50 modes (m = -50, -49,
.,0, ...50) on each side of the wavelength of peak gain (AP-AO).

Fig. 6.3 shows the LI-characteristics (Py vs I, for varying Ry) for
we= 1.7 ym (Section 6.3.5) calculated using the above method and the
parameters in Table 6.1. The slope of the LI-curve initially increases
for decreasing residual reflectivity due to increased output-coupling at
the coated facet. The distinct knee in the LIl-characteristic disappears
when Ry is small due to the increase in spontaneous emission at high
carrier densities. For very low R, the power reflected at the coated
facet (Fig. 6.1) is low compared to the spontaneous emission coupled
into the mode in the vicinity of the coated facet and the device does
not break into coherent oscillation as the current is increased [109].
Therefore, particularly for low output powers, the LI-curves with Ry <
.1% approach the characteristic of a superluminescent diode (traces g
and h in Fig. 6.3). However, it should be noted that it is still
possible to distinguish between devices with residual reflectivities as
low as Ry = .01% and Ry = .035% by observing the LI-characteristics at
high output powers Py (Fig. 6.3). The LI-curve with shallowest slope in
Fig. 6.3 is calculated for a device with two AR-coated facets of
residual reflectivity R; = .1% and R, = .05%.

6.3.2. Gain vs. Current Characteristics

The gain and current associated with each carrier density is

determined during the calculation of the LI-curves (Fig. 6.2).
Although the wavelength dependence of the gain is taken into account in
the calculations, we will plot ir the following only the value of peak
gain, which occurs at the wavelength Ap; (5.12) and (5.13). Fig. 6.4
shows a plot of the single-pass gain at wavelength Ap vs. current
characteristic Gps(n) - GpS(Ia(n)) for the same parameters as in
Fig. 6.3, where

Gps = exp {(gp-as)-Lin). (6.30)
The strong gain-saturation above lasing threshold can be clearly seen

for the uncoated device and for one-side AR-coated devices with
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Fig. 6.3: Light versus active region current-characteristic for various
facet reflectivities. Graphs a to h: one side AR-coated laser
with respectively Ry = 33%, 11, 3.5%, 1.l%, .35%, .11s, ,035%,
0.011% and Ry = 35%. Graph i: both side AR-coated laser with Ry =
.18 and R2 = ,05%.
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Fig. 6.4: Gain versus active region current-characteristic for various
facet reflectivities. Ry and Ry have the same values as in

Fig. 6.3.
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relatively low quality AR-coatings. The gain saturates at a level vhere
the peak-single pass gain is equal to the mirror loss
-1/2 '
Gpg, sat = (Ry'R)"/2. (6.31)

We note from Fig. 6.4 that the gain vs current-curve of the one-side
coated device extends over a large range of gain values for low values
of Ry (traces g and h) and follows closely, up to a single pass gain of
approximately 40, the gain vs. current characteristic of the optical
amplifier with two AR-coated facets (uppermost trace in Fig. 6.4). Ve
conclude from this that the gain vs. current characteristic can be

estimated for a particular amplifier if the LI-characteristic can be
accurately modelled under conditions of low R,.

6.3.3. Nominal Threshold Current

Although devices with one AR-coated facet of low residual
reflectivity do not have a distinct knee in their LI-characteristic, we
nevertheless introduce for discussion purposes a "nominal threshold
current" that is based on a reference power level of P, = 3 mW as shown
in Fig. 6.5. Fig. 6.6 shows a plot of the residual reflectivity, Ry, of
the coated facet vs. this nominal threshold current (solid line). We
note from Fig. 6.6 that the increase in the nominal threshold current
saturates with reducing R, for Ry < .1%.

From Figs. 6.3 and 6.5 it is apparent that the nominal threshold
current is affected by the value chosen for the reference power level.
1f the reference power level is increased, the nominal threshold current
increases when Ry is small (the dashed line in Fig. 6.6 is calculated
for P, = 6 mW). To avoid saturation of the increase of the nominal
threshold current with decrease in R, the reference power level should
be chosen as high as possible. The LI-curves supplied to us by the
laboratory which did the AR-coating of the HLP5400 devices, were for a
maximum power level of 3.5 mW [113]. Therefore, we chose to use the

value of P, = 3 mW in this chapter.
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Fig. 6.6: Plot of the residual reflectivity vs. nominal threshold
current for the active region of a one-side AR-coated laser.
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6.3.4, Leakage Current

All output power and gain curves have so far been considered as
functions of the current in the active region, Ia' Thesc plots are
altered to be functions of terminal current, I, by modelling of the
leakage characteristics. Dutta et. al. [114] have considered the
leakage characteristics of different types of laser. To keep the number
of additional parameters to a minimum, we approximate their results with
a.éfmplified relation between terminal current and active region

current:

I = I/n+ 1 for 1,50 (6.32)
where n = ng (I'Ia/In)' (6.33)

Here I, is the constant portion of the leakage current, n is the effi-
ciency of current injection into the active region when I > I, and I, is
a curve-fitting parameter. Relations (6.32) and (6.33) are plotted in
Fig. 6.7. Equation (6.33) reflects the decrease of n with increasing

I
a

ACTIVE-REGION CURRENT

TOTAL LASER CURRENT I

Fig. 6.7: Sketch of the relationship between active region current, I,
and diode terminal current, I.
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current, an effect that is particularly pronounced for V-groove laser-
structures [114] like the FLD 130-laser diode used in our experiments.

The parameters Ip, ng and I, are evaluated by comparing the measured
LI-characteristics of the uncoated laser to the calculated LI-curve for
the uncoated laser. We use the calculated LI -curve defined by (6.24),
e.g. Fig. 6.3(a), and scale the current axis using (6.32) and (6.33) to
obtain an LI-plot based on a first estimate of Iy, ng and I,. An
iterative procedure is then used in which ng and I, are changed to
obtain a close match between the slope of the calculated and measured
LI-curves. Iy is determined similarly by comparing the measured and
calculated threshold currents.

Alternatively, if (1/I )= 0, for example for the EMBH-laser used,
the parameters n, and Iy can be calculated directly from the measured
threshold current and the external quantum efficiency, n,.., of the
uncoated laser. For the uncoated laser strong gain-saturation is
observed above the lasing threshold and low output power at threshoid
(Figs. 6.3 and 6.4). To calculate 7y and I, we can therefore assume for
the uncoated laser that (1) the peak gain at threshold is equal to the
loss (gp = apotag, apg = - (1/Li,y)-In(Rg)), and (2) the stimulated
emission is negligible (S, = 0). Strong gain-saturation means that the
carrier density, n, above threshold does not increase and is clamped at
its threshold value n g = ng (R1=Ro~Rg) (6.27). If n remains constant
at ny;, the part of the active region current that supports the
spontaneous recombination of carriers also remains constant at its

threshold value, Ia,to (from (6.6) and (6.8) with Sm-O), where
Ta,t0 = 9°V'nep/7e(neg) - (6.34)

Any additional current that is injected into the active region leads to
an increase in output power. The ratio of the increase in output power
to the increase in current above threshold (external quantum efficiency

”ext) can be used to estimzte 10

gqA apo + ag

0 = 2 — /" Mgyee (6.35)

hc QRO
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The factor qRo/(aRo+a8) accounts for the decrease in the external
quantum efficiency with respect to ngy due to scattering and absorption
of photons within the cavity [59]. The factor #c/q)\ (=.95 mW/mA at 1.3
pm wavelength) represents the ratio of energy per photon to charge per
carrier. The external quantum efficiency is measured per facet, hence
the factor 2 in (6.35). Finally, inserting the current values at
threshold into (6.32) we obtain an expression for the constant part of
the leakage current

Io - Ito - Ia'to/'lo. ‘ (6.36)

6.3.5. Width of the active region

We will now consider the method for determining the numerical value.
for w. The effect of w on I, and thus on the power and gain vs. current
characteristics can be seen from equation (6.34) in which the volume
V = w-d'Ly, is a proportionality constant between the active region
current and the total rate of spontaneous recombination, n/r,, at a
given carrier density., The carrier density itself is a linear function
of the peak gain (5.13). The length of the active region determines the
longitudinal mode-spacing and the thickness of the active layer the
confinement factor. This leaves the width of the active region as the
only independent variable contributing to the volume of the active
region. In the calculations the value of w is therefore used to adjust
the amount of threshold current increase that is obtained for a given
change in the facet-reflectivity. The measured change in the LI-curves
due to coating and a knowledge of the residual reflectivity of the AR-
coated facet lead to a unique value of w during the curve-fitting
procedure. The resulting value for w can be viewed as a scaling factor
for the current axis in the gain vs. current curve.

Because w is obtained from curve-fitting it is not necessarily
exactly equal to the geometrical width of the active region. Thus w
should be considered as an effective width of the active region.
However, the values we obtain are in reasonable agreement with

geometrical width values that are quoted in the literature [59] for the
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types of lasers used in our experiments (V-groove and EMBH-laser). Also,
reassuringly, several samples of lasers of identical type yielded the

same value of w.

6.4. SPECIFIC DEVICE MODELLING

6.4.1. Comparison of Calculated and Measured LI-Characteristics

In this section we co. :re the calculated and measured LI-
characteristic of devices before and after AR-coating.. The measured
values of n,,, listed in Table 6.2 are obtained from the original LI-
curves of the uncoated lasers, provided by the manufacturer of the
individual devices. The values of I.q, It2 (nominal threshold current
of the one-side coated laser) and R, were determined from the measured
LI-curves before and after AR-coating of the first facet and from the
ASE-spectrum of the one-side coated laser [96]. The LI-and ASE-
measurements for the V-groove lasers FLD 130 were done as part of this
work, measurements for the EMBH laser HLP 5400 were provided by [113].

The calculated results shown in Fig. 6.8(a) apply tc the device
TY 224. They are obtained from the calculated power vs. active-region
current characteristics (Fig. 6.3) by scaling the current axis to
account for the current leakage (g = .6, Ig = 2 mA and I, = 300 mA).
Fig. 6.8(a) shows (i) the power vs. current curves before coating, (iij
the power from the coated facet, after single-facet coating and (iii)
the power from the uncoated facet. The measured values are indicated by
crosses and the calculated characteristics by solid lines.

The solid line (ii) in Fig. 6.8(a) is calculated using the measured
value of Ry = .05% and the dashed line using Ry = .06%. The slightly
higher value for R, leads to a better curve-fit. The value of Ry, = .05%
is calculated from the measured ASE-spectrum using the improved
technique of Westbrook [97] to account for the effect of the limited
resolution of the monochromator (.3 nm in our case) on the measurement
and to avoid as a result underestimation of Ry. We assume that the
remaining uncertainty in the experimental value of R, explains the

better curve-fit for the higher value of R,.
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lasers. The graphs show the characteristics of (i) the uncoated
laser, (ii) the power emitted from the coated facet of the one-
side coated device and (iii) the power from the uncoated facet.



In Fig. 6.8(b) the LI-curves before and after coating of one facet
(residual reflectivity of Ry = .078) are plotted as solid lines for
device 6M3772. The curve fit for the LI-curve of the uncoated laser was
obtained using n = .56, I5 = 12.2 mA, and (1/I,) = O. Curve-fitting to
the LI-curve of the one-side coated laser leads to w = 2.05 um. All
other parameters are the same as for laser TY 224. The dashed line
represents the calculated Ll-curve for the one-side coated device for
the power emitted from the coated facet, when Ry = .1%. As in the
previous case, better agreement between the measured [113] and
calculated LI-curve for the coated device is obtained, if a residual
reflectivity is used in the calculations that is slightly higher than
the measured one.

We find that the calculated and measured LI-characteristic for the
power from the coated facet of the one-side coated device can be brought
into agreement over the range of output powers indicated in Fig. 6.8 if
about 100 longitudinal modes are considered in the calculations and the
axial dependence of the photon density in the active region is taken
into account.

The power Py emitted from the uncoated facet is underestimated in
our simulations (trace (iii) in Fig. 6.8). We attribute this
discrepancy to the fact that our simulation does not account for spatial
gain-saturation [109],[110] due to carrier-depletion by the large light
intensity travelling towards the coated facet (see Fig. 6.1). Reduced
gain in the portion of the active region that is close to the coated
facet leads initially to a reduction of the output power P,. However,
the reduced stimulated emission leads to an oversupply of carriers,
which in turn increases the carrier density, the gain, and finally the
output power. This feedback mechanism leads to an almost fixed total
output power for a given current, if the amount of current necessary to
support the increase in spontaneous emission due to increased carrier
density is negligible compared to the current that supports the
stimulated emission. However, this process does change the ratio of
output powers in favour of the output from the uncoated rear facet,
since the addition of an increased amount of spontaneous emission per
unit length of travel to the low amplitude wave originating from the

coated facet leads to a higher effective gain per unit length for this
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wave than for the high amplitude wave originating from the uncoated
laser facet,

Equation (17) which ekptesses the change of the average light
intensity Fp(2) as a sum of the contributions due to stimulated emission
(gm-Fm). loss (as-Fm) and spontaneous emission (Rsp), shows that the
relative contribution of the stimulated emission to the increase of
Fp(2) will be larger for a low Fp(2).

As long as the output power from one facet is large compared to the
output power from the other facet, the change in the ratio of the output
pbwérs due to spatial gain-saturatiocn does not significantly affect the
larger of the two output powers, in this case the power P, emitted from
the coated facet. We consider this to be the reason for the good
agreement between the calculated LI-curves and those measured at the
coated facet when Ry, is low. In contrast, for facet reflectivity above
approximately 1% (i.e. with significant optical output power from the
uncoated facet) the slopes of the calculated LI-curves above threshold
are over-estimated for the coated facet and under-estimated for the
uncoated facet compared to measured LI-curves. However the threshold
currents determined from the calculated LI-curves are nevertheless
consistent with the measured values, since spatial gain-saturation is
not present at the low output powers that prevail at current levels
close to the threshold current.

A curve fit on the LI-curve of the AR-coated laser is done to
estimate the parameter w. This parameter was found in Section 6.3.5 to
affect the amount of threshold current increase that is obtained for a
given change in facet reflectivity. According to Section 6.3.5, it
would suffice to estimate w from the amount of threshold current
increase that is obtained for a given change in facet reflectivity.
However, because a well-defined threshold current does not exist for
very low facet reflectivities, we had to model the LI-curve of the AR-
coated laser for a range of output power values and obtain from the
calculated LI-curve a value for the nominal threshold current, as
defined in Section 6.3.3. At the same time, modelling of a complete LI-
curve is a more stringent test for the model used in the calculations,
and this procedure assisted us in the selection of general laser

parameters. For one-side coated lasers, with a residual reflectivity of
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the coated facet above approximately 1%, a well defined knee in the LI-
characteristic is present. In this case, the tangent on the LI-curve
above threshold provides a single value of the threshold current
independent of the slope of the LI-curve. The fact that the slopes of
the LI-curves of these lasers are not predicted correctly with our model
does not, therefore, affect our estimate of w. In conclusion, we expect
our model to be sufficiently accurate to allow us to determine the

correct resonator loss versus threshold current and gain versus current

characteristics.

6.4.2. Deduced Gain vs. Current Characteristic

Figures 6.9(a) and (b) show the calculated peak-gain vs. current
characteristic for (i) the uncoated, (ii) the one-side coated and (iii)
the both-side coated devices of Figures 6.8(a) and (b). For the both-
side coated amplifier we assume in Fig. 6.9(a) and (b) residual
reflectivities of Ry=.1% and Ry,=.05%. The calculated gain vs. current
characteristic of the 6M3772 amplifier (trace (iii) of Fig. 6.9(b)) is
compared with measured values (dots in Fig. 6.9(b)) obtained by Enning
et.al. [106] for a travelling wave amplifier made from the same type of
laser (device 5F3432 of Table 6.2). Thevthreshold currents of the two
uncoated devices are I,y = 28.6 mA and 32.5 mA [113], respectively.
Both amplifiers reach a single pass gain of Gps-(l/Ro)- 2.8 at their
respective I .5, i.e. with an offset of 3.9 mA. Apart from this offset,
the measured data for the device of [106] and the calculated gain vs.
current characteristic for the 6M3772 device agree well over a wide

range of currents as is evident in Fig. 6.9(b).

6.4.3. Difference Between Individual Devices

The difference between devices of the same type is represented in
our model by different leakage characteristics. We note from Table 6.2
that n,.. does not vary significantly between different uncoated lasers,
in contrast to the threshold current ItO' Thus, the constant part of
the leakage current, I,, is the only parameter that changes signifi-
cantly between lasers. This parameter basically provides a current

offset for the power and gain vs. current characteristics for different
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Fig. 6.9: Calculated peak single-pass gain vs. current characteristic
for the two lasers of Fig. 6.8. The graphs show the characteris-
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[106] for a device of the same type (HLP5400) as the one used in
Fig. 6.9(b) are indicated by dots.
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devices of the same structure, those having constant value for w. The
current offset is equal to the difference in I.q of the individual
devices (e.g. Fig. 6.9(b). If we eliminate the different offsets by
plotting pover and gain vs. I-I.4, the characterlstics of lasers of the
same type are predicted in our model to be identical apart from the
small difference in the slope of the characteristics that is caused by

the variation of n,,, between different devices.

6.4.4. Change of the Nominal Threshold Current

We now return to the problem of determining the amount of optical
feedback from the change of the threshold current of the laser. After
the specific device parameters have been determined through curve-
fitting, our model can be used to calculate the Ll-characteristic of
this particular device for different facet reflectivities R, and the
nominal threshold currents, I g can then be determined (Fig. 6.5). The
graph of the R, vs. I, -I.4 characteristic given in Fig. 6.10 is for (a)
laser TY 224 with ng, Ig, Ip and w values given in Table 6.2 and (b)
laser 6M3772. The measured operating points for these two lasers,
marked by the rectangles Rl and R3 respectively, have to lie on the Ry
vs. I ,-I.q curve because they were used to determine w. The fact that
R3 does not lie exactly on this curve can be attributed to the limited
accuracy of the curve fit and uncertainty in the measured value of the
residual reflectivity of the coated facet, as discussed in Section 6.4.1
in conjunction with the solid lines (ii) in Fig. 6.8(a) and (b).

Measured operating points for a second set of devices (rectangles R2
and R4 for devices TH 557 and 6M3771 respectively) are plotted in Fig.
6.10 and are very close to the curve of residual reflectivity vs.
threshold current characteristic derived from the first set of lasers
(TY 224 and 6M3772). Thus, in our experiments, the characteristics of
devices of the same type become comparable if they are plotted using a
(I-Ito)-axis (Sect. 6.4.3). We suggest, based on the good agreement
between the operating points of the second set of devices with the
previously calculated Ry vs. (Itx-Ito)-characteristic, that this
characteristic can be used to estimate the residual reflectivity after

coating of a second device, if the second device is sufficiently similar
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Fig. 6.10: Plot of the reflectivity R, vs. increase in the nominal
threshold current 1..-I.q for the one-side AR-coated devices (a)
TY 224 and (b) 6M3772. Also, plot of the single pass gain Gps vs.
current increase with respect to the threshold current of the un-
coated laser, I-l.q, for the same two devices ((c) TY 224 and (d)
6M3772)). The rectangles indicate the measured values of (R2,It2)
for the lasers of table II, the circles indicate the measured
values of (Gps'I) obtained in [106]) for the device 5F3432,

(of the same type (w=const.)) to the device used initially to obtain the
Ry vs. (Itx'ItO) curve.

We will now use the R, vs. (Itx’ItO) characteristic to estimate,
from the change in threshold current, the amount of optical feedback
applied to the coated facet of a laser for example in the external
grating configuration of Fig. 5.2. From the measured threshold current

Itx
(Ieo-Tyo) characteristic of Fig. 6.10. In the case of frequency

with optical feedback we determine a value for R, using the R, vs.

selective optical feedback, if we ensure that in-phase feedback is
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provided (Section 5.4.1) and the wavelength of the returned light
coincides with the gain maximum (Section 5.4.2), which corresponds in
Fig. 5.15 to oscillation at P4, the value we obtain for R, is equal to
Ro (@) oy of (5.9) and the level of optical feedback is, from (5.9)

JE; - Jﬁz )2

R. & (—m ¢ ) (6.37)

" ORR

The conditions in the preceding paragraph for optical feedback are
easily met experimentally, by changing the wavelength of optical
feedback to determine the lowest observable threshold current, I... In
the case of Fig. 5.9, I, = 16.6 mA. If ve provide feedback that is not
wavelength selective, a5()) in Fig. 5.15 is replaced by a straight line
through P2 and P4, and the laser oscillates automatically under the
condition that provides the minimum threshold gain and (6.37) applies.

It has been suggested by [107] that the strength of optical feedback
can be estimated from the change of threshold current, assuming
proportionality between the threshold current and the resonator loss.
Therefore, [107],

Tex @pat - (1/2L3,) -1n(RgRy) (6.38)

Teo apae - (1/2Lin)-1n (RgRg)

where it is assumed in [107] that o . is equal to the scattering loss,

m

a_, in the laser. (6.38) leads to a straight line through point RO in

s’
Fig. 6.11. The slope depends on the values of I .4 and a .. If we
choose Apat = 30 cm'l for laser TY 224 (Ieo = 15 mA) and apae ™ 15 cm'l

for laser TH 557 (Ito = 11.7 mA), respectively, we obtain the solid line
in Fig. 5.11. In the range of R, = .3% to 35% this solid line is a good
approximation for the Ry vs. I, characteristic, the dotted line in Fig.
6.11 which was calculated from our detailed model for these two V-groove
lasers. This dotted line is identical to curve (&) in Fig. 6.10.

Therefore, if we use a in (6.38) as a curve-fitting constant, we can

mat
replace the complicated analysis of the last few pages with the much
simpler relation (6.38). It is interesting to note that [18] obtains

apae = 60 em™) from a fit of the tuning characteristic of an external
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Fig. 6.11: Plot of the reflectivity R, vs. increase in the nominal
threshold current I, .-I.q for one-side AR-coated devices. The
dotted line is identical to curve (a) in Fig. 6.10. (1) to (3)
arelcalculated from (6.38), using I = 15 mA and (1) Aat = 60
em *, (2) Cpat = 30 em™* and (3) Qpar = 15 cm”™*. Other pairs of
parameter values can be found that lead to the same graphs. For
instance, the values Io- 11.7 wA and @t = 15 cm'1 or ItO
= 21 mA and a . = 60 cem! produce a graph that is identical to

the solid line.

grating laser to a relation sir lar to (6.38). o . = 60 cm ! is

definitely larger tnan the typical value for a, of ~ 20 em™l [22]. The
feedback levels and the value of R, in the experiments of [18] indicate
that the value of 1., was ~ 20 mA in those experiments. However, a, . . =
60 cml and I.g = 21 mA used in (6.38) lead also to the solid line in
Fig. 6.11 and provides therefore a good approximation of the dependence
of threshold current on resonator loss for the particular laser used in

the experiments of [18]. W conclude that a as it appears in

mat’
(6.38), should be treated as a curve-fitting constant to obtain
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reasonable agreement of (6.38) with the observed dependence of the
threshold current on the resonator loss. In a physical sense, ap.. is
not strictly equal to ag;. The strong dependence of (6.38) on ap,,
precludes a reliable estimate of the veflectivity based on the threshold
current change and (6.38), unless a method is devised to determine o .,
for the particular laser used in the experiment. Only for threshold
currents of the solitary laser in the range of I,5 = 11 to 15 mA, the
value of ap.¢ that leads to reasonable estimates of the reflectivity, is
found to be comparable to the value of a; (Fig. 6.11, trace (2)).

A comparison of the reflectivity vs. threshold-current characteris-
tic with the calculated gain vs. current characteristic (the dashed
lines (c) and (d) in Fig. 6.10 correspond to graph (iii) in Fig. 6.9(a)
and (b), respectively) indicates that the assumption of gain = loss at

the nominal threshold current I,
Gps(Ipp) = (Rg'R)™H?2 (6.39)

is accurate for R, > 1%. In (6.39), Gps(ItZ) is the single pass gain at
Ap when the optical amplifier is operated at the current I,,. The
measured single pass gain vs. current shown in Fig. 6.9(b) is indicated
by circles in Fig. 6.10. The measured and calculated values for this
gain versus (I - I.qg)-characteristic agree well. This was anticipated

in Sect, 6.4.3.

6.5. CONCLUSION

A new method to calculate the gain vs. current characteristic of an
individual laser amplifier has been presented. The method applies to
travelling wave amplifiers that are derived from semiconductor lasers by
AR-coating both facets. It relies on a knowledge of certain general
parameters, the LI-characteristics of the laser before and after the
first coating has been applied and a measurement of the residual
reflectivity of the first coating. These measurements are normally done
during the coating process and therefore require no additional

experimental effort.
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The gain vs. current characteristic is different for each specific
laser amplifier. Therefore one of the main objectives in this vork was
to determine which parameters account for this difference. We found
that it was necessary to determine the leakage characteristics of each
laser separately. A relatively simple relationship between terminal
current and active region current, containing three independent
parameters, proved to be sufficient. All three parameters can be
determined from the Ll-characteristic of the uncoated laser. A fourth
parameter, the effective width of the active region, is derived from the
observed change of the Ll-characteristic due to coating and a knowledge
of the residual reflectivity. We found that these four parameters,
along with a set of fixed general parameters, were sufficient to provide
good agreement between calculated and measured results for different
lasers.

It was observed that both the power and gain vs. current
characteristics of different devices of the same structure become
comparable if plotted against I-I.4, where I.q is the threshold current
of the uncoated device. The reflectivity R, was plotted for a specific
laser against the change in threshold-current I, -I,4 and it is proposed
that this dependency can be used to estimate the strength «f optical
feedback for this and any other laser of the same type. Compared to
other methods that rely on estimating the optical feedback from the
change of the threshold current [107], the proposed technique is
expected tc De more accurate since it makes use of experimental data
(operating points) on the R, vs. (I .-I¢p) characteristic of the
specific laser used in the feedback arrangement. Reassuringly, the
values of optical feedback determined with the proposed method lead to
good agreement between the calculated and the measured tuning

characteristics of an external grating laser (Chapter 5).



7. RING LASER

7.1. INTRODUCTION

The unidirectional fiber ring arrangement, used for our experiments
with weak optical feedback in Chapter 4 and shown in Fig. 4.1(a), has to
our knowledge not yet been reported in the literature. We found in
Section 4.3 that the behavior of the laser in this arrangement for weak
feedback is the same as for an arrangement with reflective feedback,
essentially because the Fabry-Perot cavity of the semiconductor is the
dominant cavity for weak feedback. Nevertheless, the ring feedback
arrangement has certain experimentally attractive features as described
in Chapter 4. When strong optical feedback is applied in a ring
arrangement, the ring cavity dominates over the semiconductor cavity and
the resonance condition is satisfied not only by a standing wave but
also by a travelling wave.

The discussion in the literature as to whether or not the standing
wave pattern in the solitary laser cavity has a significant effect on
the laser behavior, has not come to a satisfactory conclusion (see for
instance [115]). Of particular interest regarding the spectral behavior
of the semiconductor laser is whether the standing wave pattern induces
spectral holeburning due to a spatial modulation of the gain in the
semiconductor cavity. Spectral holeburning in turn, would reduce the
stability of single-mode oscillation of the laser. Therefore, a laser
that relies on travelling waves as opposed to standing waves is likely
to have improved single mode stability. The ring feedback arrangement
with optical isolator described in this chapter, is an arrangement that
supports only travelling waves.

Resonance in a fiber ring cavity that includes a semiconductor laser
as the gain medium as shown in Fig. 7.1 requires that the gain of the
semiconductor compensates the fiber to laser coupling-losses on both
sides of the laser and the loss provided by coupling part of the light
out of the fiber ring. At this level of gain, which is expected to be

between 50 and 100, the semiconductor cavity itself has to be well below
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Fig. 7.1: Sketch of (a) the semiconductor-fiber ring laser and (b) its
spectral characteristics.
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lasing threshold. We therefore require high quality AR-coatings on both
facets of the laser. These coatings convert the semiconductor laser to
a semiconductor travelling wave amplifier (TWA). During the last three
years, three research groups [116]-[118] have published experimental re-
sults on the behavior of a travelling wave amplifier in a bidirectional
fiber ring. Fiber ring lengths of 1 to 3 meters were used by all three
authors, which resulted in a close spacing of the longitudinal modes.
Wang et. al. [117] observed accordingly, oscillation of their fiber ring
laser in a large number of longitudinal modes. However, single-mode
operation at 1.55 um was observed by [116], employing polarization
preserving fiber, and by [118] at 870 nm, employing a multiple quantum
well (MQW)-laser. The requisite frequency selectivity was provided by
birefringence in the polarization preserving fiber [116] and by the
narrow gain profile of the MQW-laser used by [118].

A ring resonator has to be unidirectional if standing waves are to
be suppressed. We achieved unidirectionality in our experiment by
inserting an optical isolator in the ring. In the following we compare
the properties of a semiconductor fiber ring laser that contains an op-
tical isolator, to the properties of the same ring laser without optical
isolator. Our investigations are limited to a description of experimen-
tal results, which are the LI-curves and the spectral properties of the
ring laser, observed with a monochromator, Fabry-Perot interferometer
and a self-heterodyne setup, Fig. A.l, to obtain various degrees of

resolution.

7.2. LI-CHARACTERISTICS

The semiconductor TWA used in the following experiments was device
# 6M3772 of Table 6.2, with Ry = .07%, determined from the ASE-spectrum
of the one-side coated laser., Using (13) and (16) of [98], a value of
(R1R2)1/2 ~ .1% can be determined from the measured gain, G ~ 23 dB, and
amplifier passband ripple, 3 dB, at this value of gain of the two side-
coated laser. The experimental data on the device was provided by [113].
The fiber ring consisted of the 1.3 um single-mode fiber-pigtails of

a fused fiber coupler. The circumference of the fiber ring was 17 cm,
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including the optical-isolator assembly shown in Fig. 7.1. The laser to
fiber coupling efficiency was ~ 20% at the front and at the rear facet
of the laser amplifier. 50% of the light was coupled out of the fiber
ring by the fiber coupler. Sihce we did not use polarization preserving
fibers in the fiber ring, additional loss of ~ 40% is encountered due to
the polarization mismatch of the light after ome roundtrip. The bending
loss was measured to be ~ 20%. The above valucs lead to a total expec-
ted loss of light in the fiber ring by a factor ot ~ 100. An increase
of the laser to fiber coupling efficiency from 20% to 25% reduces this
loss factor from 100 to 65.

From the threshold current of 63 mA (Fig. 7.2) of the ring laser
with optical isolator, the threshold current of the uncoated laser of
28.8 mA, and Fig. 6.10, we estimate the single pass gain of the ring
laser at the threshold current to be Gps =~ 52, Since oscillation takes
place at the frequencies where the resonance of the semiconductor cavity
and the ring cavity are in phase, (6.37) applies and we obtain, using R,
= 1/52 and Ry = .1%, an equivalent external reflectivity of R, = 1.2%
which leads to a loss factor in the fiber ring of ~ 83. This is a
reasonable value, considering the loss budget discussed in the preceding
paragraph.

Traces (1) and (2) in Fig. 7.2(a), recorded at port #1 and #2 (Fig.
7.1(a)) respectively, show clearly that the laser emits light above
threshold predominantly towards the output port #l. Traces (1) and (2)
were recorded simultaneously as also were traces (3) and (4). Traces
(2) and (4) show little change in power in port #2 due to the presence
or absence of stimulated emission of radiation towards port #l. We
conclude that our attempt to build a unidirectional ring laser was
successful.

The power coupled out of the fiber ring and travelling in the
single-mode fiber toward port #l1 is high. At 5 mA above lasing
threshold we observe an output power of 400 uW from port #1 when the
isolator is in the ring. This output power corresponds to an estimated
optical power passing through the left facet of the TWA of ~ 4mW (3 dB
coupler loss, 20% laser to fiber coupling efficiency) and to an external
quantum efficiency of 0.080 mW/mA including coupling losses. This value

compares favorably with the external quantum efficiency of 0.175 mW/mA !
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Fig. 7.2: Light versus current (LI-) curve of the ring laser with an
optical amplifier (# 6M3772) in the fiber ring. (a) with an
optical isolator as part of the ring and (b) without isolator. The
length of the ring is 17 cm. The 4 traces in each graph are: (1):
output of port 1, (2) output of port 2. The traces (3) and (4)
correspond to the output of port 1 and 2, respectively, when the
ring feedback is interrupted by misalignment of the right (3) or
left (4; tapered fiber (see Fig. 7.1).
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for the uncoated solitary laser without coupling losses. The slope of
the LI-curve of the power from port #1 of the unidirectional ring laser
is approximately equal to the sum of the slopes of Ll-curves from port
#1 and #2 of the bidirectional ring laser. The unidirectional ring
laser allows us therefore to collect the power normally emitted in a
Fabry-Perot laser in two directions, and to realize this power in only
one direction. An increase of the output power at port #1 above the
value of 400 uW is possible, but we were not certain about the laser to
fiber coupling efficiency and therefore about the power travelling in
the laser. The fear of destroying the laser amplifier prevented us from
experimenting at higher injection currents. However, according to
Thompson ([22], p.273), the absence of standing waves at the facets,
which is ensured in the unidirectional ring laser, leads to a three
times increased damage threshold for the laser facets. We would
therefore expect that the amplifier output can be increased in our
configuration until about 2 mW of optical power is detected in the fiber
at output port #l1, without affecting the facets of the TWA.

7.3. SPECTRAL CHARACTERISTICS

The spectral characteristics of the fiber-ring laser were examined
with the experimental arrangement shown in Fig. A.1l. The monochromator
provided the absolute values of wavelength with a resolution of 0.3 nm.
With and without the optical isolator, the ring laser oscillates in two
to three longitudinal modes of the semiconductor cavity, Fig. 7.3,
separated by 0.73 nm or 130 GHz. The presence of the spectral
components, labelled "-1" and "+1" in the beat spectrum observed with
the self-heterodyne setup, Fig. 7.4 and 7.5, indicates that the ring
laser also oscillates in several ring cavity modes. The external cavity
modes are separated by 1.2 GHz from the center mode in the beat spectrum
(the center mode is at 80 MHz (Appendix A and B)). The value of 1.2 GHz
agrees with the separation of longitudinal modes of the 17-cm long ring.
The linewidth of each mode is seen from Fig. 7.6 to be ~2 MHz for the
ring laser with optical isolator. This value for fhe linewidth is

obtained noting from (B.1) that 3 dB below the maximum of the beat
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Fig. 7.3: Optical power spectrum of the fiber-ring laser, (a) with and
(b) without optical isolator as part of the fiber ring, as
recorded with a monochromator. The travelling wave amplifier
# 6M3772 is operated at 66 mA injection current and is part of the
17 cm long ring-laser arrangement
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Fig. 7.5: Self-heterodyne beat spectra of the fiber-ring laser, (a)
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The same operating conditions apply as in Fig. 7.3 and 7.4, except
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linewidth for the mode displayed at 80 MHz and low power for the
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spectrum the full width of this spectrum is 2-Avg or 10 dB below maximum
the full width is 6-Avg. Fig. 7.1(b) provides a sketch of the optical
power spectrum of the ring laser. In conclusion, although the linewidth
of the individual modes in the fiber-ring laser is low, the presence of
several longitudinal modes in the optical spectrum is not desirable,

The self-heterodyne spectra shown in Fig. 7.5 were recorded for an
alignment of the fiber-taper positions, i.e. for a fiber ring length,
that leads to narrowest linewidth of the center mode and lowest power in
the neighboring ring cavity modes. For the ring laser without optical
isolator, it is possible to find an alignment that leads to oscillation
in one ring cavity mode only (Fig. 7.5(b)). However, the stability of
this operating point is poor and fluctuations away from the point of
single-mode stability occurs within a few seconds. A closer look at the
beat spectrum at 80 MHz for this ring laser, shown in Fig. 7.6(b),
reveals the presence of external cavity modes separated from line-center
by 25 MHz., We attribute those modes to reflections off the fiber cleave
at the end of the 4m-long fiber section that connects the optical
amplifier through the two fiber couplers "CA" and "CB" to the acousto-
optic frequency shifter, Fig. A.l. These external cavity modes are
clearly not present when the optical isolator was used, Fig. 7.6(a). Ve
conclude that the intermittent oscillation in a single mode for the
laser without isolator is achieved when the ring cavity resonances, the
4-m long reflective-cavity resonance and the semiconductor cavity
resonance are aligned to provide a common resonance at one frequency.

The reduction in the frequency stability of the ring laser without
isolator compared to the ring laser with isolator is evident from Fig.
7.7(a) and (b). For the ring laser without isolator, Fig. 7.7(b), the
optical spectrum as recorded with a Fabry-Perot Interferometer is
clearly broader, indicating oscillation in about 30 ring cavity modes,
and 1ess stable than for the ring laser with isolator. Fig. 7.7(a) and
(b) show two traces each, recorded for different fiber-alignment with
respect to the optical amplifier to show the degree of dependence £
this alignment on the spectrum.

With the optical isolator as part of the assembly, the fiber ring
laser is protected from optical reflections entering the laser through

its main port #l. Therefore, a stable optical spectrum is to be
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expected. Three frequency selective mechanisms determine the
oscillation frequency of the ring laser, namely the gain profile of the
semiconductor medium, the resonance of the semiconductor cavity and the
resonance of the ring cavity. An added degree of frequency selectivity
is required to ensure single mode oscillation of the ring laser, much
the same as provided by the optical grating in the case of an external
grating laser (Section 5). The optical grating provides selectivity
upon reflection of light and is therefore not practicable for the ring
laser. A transmission filter that provides a degree of frequency
selectivity similar to the grating, for instance a narrow band
interference filter that can be tuned by tilting [119], can be expected
to transform the ring laser into a stable narrow linewidth source
emitting at a single frequency.

The considerations of Section 5 on tunability and stability of the
external grating laser would apply in the same way to a ring laser with
frequency selective in-line filter. The use of a wavelength dependent
optical coupler in the fiber ring is proposed as another option to
obtain an added degree of frequency selectivity for the fiber ring
laser. The width of the passband of the overcoupled fused Iiber coupler
[120] is in the range of several tens of nm or larger, and therefore mnot
sufficient to provide discrimination between ring cavity modes,
separated by 1.2 GHz or .0067 nm. However, the integrated resonant
optical transformer proposed by [121], which is essentially an
integrated optical coupler with FWHM of the passband of ~ 10 GHz,
provides even better frequency selectivity than the optical grating used
for the external grating laser and would therefore be sufficient for |

stabilization of the ring laser.

7.4. CONCLUSION

The LI-curves and the spectral properties of a semiconductor fiber
ring laser have been investigated. With an optical isolator as part of
the ring, the optical field due to stimulated emission was cbserved to
travel only in one direction in the ring. The external quantum effi-

ciency of the unidirectional ring laser was equal to the sum of the



external quantum efficiencies per facet of the bidirectional ring laser.
The ring laser was observed to oscillate in two to three longitudinal
modes of the semiconductor (130 GHz separation) and for each semiconduc-
tor cavity mode in several modes of the ring cavity (1.2 GHz geparation)
with linewidth ~ 2 MHz.

Our experiments do not reveal a significant difference in the
spectral behavior of a unidirectional and bidirectional semiconductor
ring laser, apart from the increased stability for the ring laser with
an optical isolator due to the prevention v optical reflections,
external to the ring laser, from affecting thu laser.

To aéhleve oscillation in a single ring cavity mode, additional
frequency-selectivity has to be provided. For this purpose ve propose
the use of an in-line transmission-type optical baiidpass filter with a
few tenths of nanometer spectral width, such as an interference filter
[119] or a wavelength dependent optical coupler [121]). With this
additional optical filter we expect the ring laser to achieve spectral
stability similar to the external grating laser. Unfortunately, the
required in-line bandpass filters are not commercially available to
date. An advantage of a tunable ring laser compared to the external
grating laser would be the improved stability of the optical feedback
path, which would be comprised of optical waveguides, and the simplied
alignment, requiring only laser to fiber coupling procedures,

Apart from the spectral properties of the ring laser in steady state
operation, we suggest that further study is desirable on the dynamic
properties of the unidirectional ring laser. A modulation of the
injection current of the travelling wave amplifier with a period that is
equal to the inverse of the roundtrip-time in the ring cavity is
expected to lead to mode-locked operation of the ring laser. Even with
sinusoidal modulation of the injection current of a one-side coated
laser, coupled to a passive external cavity of 7.5 cm length, modelocked
pulses of 7.7 ps FWHM at a repetition rate of 2 GHz were observed by
Eisenstein et.al. [63]. Eisenstein's assumption is that the pulse width
in his arrangement is ultimately limited by the transit time of the
pulse through the active cavity. 1In a unidirectional ring arrangement
the pulse travels only once through the active region and we therefore

expect even shorter pulses.
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8. CONCLUSIONS

This thesis has been concerned with the effects of optical feedback
on the characteristics of semiconductor lasers. The work was aimed at
improving the spectral performance of the semiconductor laser by
providing optical feedback. A sufficiently detailed treatment of the
feedback properties is provided, so as to enable the range of parameter
values best suited for the improvement of the spectral characteristics
of the semiconductor laser to be determined, Experimental results are
provided for devices under these optimized feedback conditions.

The delay-differential equations describing the laser with optical
feedback provide an accurate degcription of most of the properties of
the semiconductor laser with optical feedback. However, these equations
need to be solved numerically, or analytically using small sipgnal
analysis, for a certain set of parameter values and do not provide an
overview of the spectral properties that are to be expected under
certain feedback conditions. Our discussion of the effect of the value
of the feedback parameter on the spectral characteristics and stability
of laser operation has been based on a different solution technique,
namely a graphical representation of the resonance conditions of a laser
in a gain versus frequency chart, when this laser is coupled to an
external resonator. This type of plot is found to be effective because
the coupling between gain and resonance frequency of the semiconductor
cavity, described by the linewidth enhancement factor a and represented
clearly in the gain versus frequency chart, is responsible for many of
the unusual effects observable in a semiconductor laser with optical
feedback, including the presenze of several external cavity modes for
weak feedback and bistability for strong feedback.

‘ Without anti-reflection coating of the semiconductor laser, one is
restricted to work in the domain of weak optical feedback, where the
semiconductor cavity is dominant compared to the external cavity. The
maximum feedback level that can be applied without inducing "coherence
collapse" [13] of the optical output of the laser is ~ -40 dB. This
feedback level was found to be related to the frequency span of the
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external cavity modes and to the relaxation oscillation frequency of the
laser. Because this feedback level is very low and dependent only on
the fixed parameters of the laser, the linewidth reduction obtainabl~
with weak feedback is small.

The presence of a large number of external cavity modes in the
optical power spectrum is another problen associated with a laser
exposed to weak optical feedhack from an external cavity. The spectrum
of a laser with weak optical feedback has been measured with sufficient
resolution to show the frequency of the external cavity modes with
respect to the oscillation frequency of the solitary laser and the
distribution of power in these modes. From a comparison of the measured
spectrum with the predicted frequency and chirp reduction of the
individual external cavity modes, as derived from the oscillation
condition graph, it is found that the mode with the minimum linewidth is
also the mode with maximum output power. A longer duration of stay in
the mode with minimum linewidth and therefore higher averzge power in
this mode is predicted by the frequency fluctuation model proposed in
this thesis. The model is found to provide also an estimate of
experimentally observed mode-hopping frequencies and an explanation for
the presence of a regime with stable single mode operation, Regime III
of [17], which is a weak feedback regime. Agreement is found hetween
the functional dependence of the feedback level that leads to coherence
collapse and the feedback level that leads to a frequency span of
external cavity modes equal to the relaxation oscillation frequency.

We found that stable narrow linewidth and single » °~ operation in
the weak feedback domain could be obtained by choosing an external
cavity length short enough to provide an external cavity mode spacing in
the GHz range, and to chlioose a feedback level just below the level that
leads to coherence collapse. Starting from a solitary laser oscillating
in several longitudinal semiconductor cavity modes, we obtained single
mode oscillation with a sidemode suppression > 1:20 and a linewidth
reduction of ~ 50, i.e. from 100 MHz to 2 MHz, with a feedback level of
~ 43 dB from a fiber ring assembly of 17 cm length. The fiber ring
assembly was found to be easy to align and, with an optical isolator in
the ring, was insensitive to unwanted optical reflections entering the

laser assembly through the main output port of the fiber ring.
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A second stable domain of operation exists under strong optical
feedback conditions. To realize strong optical feedback, it is necessary
to apply an AR-coating to one facet of the laser and to apply strong
optical feedback through the AR-coated facet. A large number of
external cavity modes are present in this domain of operation if
frequency selective optical feedback is not provided} When a frequency
selective reflector is used, such as a diffraction grating, single mode
operation with a side-mode suppression ratio greater than 30 dB and
linewiths below 10 kHz are realized [37]). Also this arrangement allows
tuning of the optical frequency to anywhere within a band of 50 nm
(2000 THz).

The effect of the value of the residual reflectivity on the tuning
range of the external grating laser, the tuning characteristic and the
stability of single mode oscillation has been analyzed in this thesis.
It has been shown that bistability in the tuning characteristic of an
external grating laser can be explained using the loss versus frequency
graph plotted for different carrier density levels. A periodically
repeating domain of stable single mode oscillation was identified for
the high reflectivity laser, which coincides with the condition of large
detuning from the solitary laser mode and with the regime of high output
power due to large detuning. For the low reflectivity laser, stable
single mode operation was found to be independent of the detuning from
the solitary laser mode provided grating and lens are carefully
aligned.

A comparison between the stability of the laser with weak and strong
frequency selective feedback provides us with the following findings.
For strong feedback, a fraction of a wavelength change in the external
cavity length alters the oscillation frequency of the device within a

range of Av where Av,, is the separation of external cavity modes.

ex’
However in contrast to the laser with weak optical feedback, the
stability of oscillation of the extended cavity laser is not affected by
this change in the external cavity length. If the external grating
laser is used as a local oscillator, this means that a change of
feedback phase leads to a drift in the beat-frequency between the
received signal and the local oscillator signal, but never to a total

loss of signal. 1In addition, small changes in the operating conditions
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of the semiconductor laser, i.e. changes in the injection current and
temperature of the semiconductor cavity, are, to first order, not
affecting the oscillation frequency of the device and in particular are
not affecting the stability of oscillation. This is again not true for
the laser with weak optical feedback, where changes in the injection
current and temperature of the laser do affect the oscillation frequency
of the compound cavity and since the arrangement is sensitive to changes
in the phase of the returned light, do affect the stability of
oscillation,

For weak feedback it is of little consequence whether the optical
feedback is provided by ar external mirror having frequency independent
reflectivity or by an external grating. Single mode oscillation can be
obtained in both cases, however as mentioned above, with very limited
stability. For strong feedback, frequency selective optical feedback is
necessary to obtain single-mode oscillation. Wavelength independent,
strong optical feedback provides a large number of external cavity modes
under all operating conditions and is therefore undesirable. In
conclusion, the laser with strong, wavelength dependent, optical
feedback has not only better spectral characteristics than the laser
with weak optical feedback, but is also substantially more stable and
frequency tunable.

To be abl: to compare theoretical and experimental results, it was
necessary for us to determine the strength of optical feedback applied
to a laser. For this purpose a detailed study of the change of the LI-
characteristic of different semiconductor lasers due to AR-coating of
one of their facets has been performed. As a result of this study a
method was developed to- predict the gain versus current characteristic
of individual semiconductor laser amplifiers and the amount of optical
feedback applied to a one-side AR-coated laser.

Finally, the spectral properties of a unidirectional semiconductor
optical-fiber ring laser have been investigated. The optical power
spectrum indicates oscillation of the ring laser in several longitudinal
modes of the semiconductor cavity and several external cavity modes. To
reduce the number of longitudinal modes that are oscillating, the
insertion of two types of in-line optical bandpass filters has beén

suggested for further studies.



174

A main conclusion of this thesis is that whenever the purity of the
optical spectrum is crucial in a transmission scheme, the laser has to
be protected from unwanted optical reflections to realize a level of
unvanted feedback of less than ~ -70 dB., With intentionally applied
optical feedback, the most effective way to increase the spectral puvity
of a given laser is by means of strong frequency selective optical
feedback. This type of feedhack does provide the added benefit of
providing tunability of the laser frequency.

A prantical implementation of frequency selective optical feedback
calls for integrated solutions, which are presently sought after by a
variety of research labs in the form of multisection DFB and DBR lasers
[6]. Integrated solutions based on those devices exhibit substantially
higher linewidths, because the cavity lengths of those devices are very
short and the energy stored in a short cavity is low. Also, the tuning
range obtained to date is approximately 10 times less than for an
external grating laser with a low residual reflectivity of the coated
facet. For further investigation we suggest the development and use of
frequency selective fiber optic components that are not based on
semiconductor cavities to apply strong optical feedback. Examples of
these devices, already being investigated, are wavelength dependent
couplers [120], and passive wave guides that provide evanescent wave
coupling to gratings adjacent to the wave guide [121]). To provide

tunability, those gratings could be created by surface acoustic waves.
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APPENDIX A: EXPERIMENTAL SETUP

The experimental setup shown in Fig. A.l was used to determine the
spectral characteristics of the laser with optical feedback. The two
ports Bl and B2 of the fiber coupler CB are the input ports to the
measurement setup, providing simultaneous access to a self-heterodyne
setup, a Fabry-Perot interferometer and a monochromator, each having a
different spectral resolution. The Fabry-Perot interferometer is a
Burleigh model RC 110 and the monochromator a McPherson model 270, .35
meter monochromator. The self-heterodyne setup consists of the two
fiber couplers CB and CC, the two optical paths between these couplers
one of which contains a fiber delay line of 800 m length and a
polarization controller [122], and the other an acousto-optic frequency-
shifter (Matsushita, shifter EFL-M080Y03, and driver SPC 080Y03), also,
at the output, the APD (Antel AR-G15), electrical amplifier and spectrum
analyzer. The portion of the light from the upper output port of
coupler CC is divided into two parts with the fiber coupler CD. The
collimated light from the output ports of coupler CD is passed to a
monochromator and Fabry-Perot interferometer.

The external grating laser was coupled to port B3 of coupler CB, in
addition to the laser with fiber ring feedback, which is already shown
in Fig. A.1, to determine the spectral characteristic of the external
grating laser and to obtain a beat spectrum between the two lasers.
Depending on the laser that is turned on, the configuration with two
lasers allows us to observe the self-heterodyne beat spectrum of either
laser and the optical spectrum with the Fabry-perot interferometer or
monochromator. To observe a beat signal between the lasers, both are
turned on and the frequency of the external grating laser changed until
the spectral components of the two lasers are indistinguishable with the
monochromator and Fabry-Perot interferometer. In this situation, the
two laser frequencies are close enough to yield a difference frequency
visible on the spectrum analyzer shown in Fig. A.1. The components in
the beat spectrum that are due to the two paths in the self-heterodyne

setup can be eliminated be turning off the acousto-optic frequency.
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shifter. This interupts the lower optical path between couplers CB and
CC completely.

All fiber couplers in Fig. A.1 have approximately 50% coupling
ratio. Couplers CA, CB and CD have been manufactured by Gould (model
1300 BA) and coupler CC by Opto-Electronics Inc.(model FS10-1300-1).

The data from the manufacturer specifies a coupling ratio (C.R.=
B4/(B2+B4)) and excess power loss (E.L.= -10 log[(B2+B4)/B3]) for
coupler CB, C,R. = 58% and E.L.= .27 dB, for coupler CC, C.R. = 52% and
E.L.= 1,0 dB and for coupler €D, C.R.= 59% and E.L.=» .03dB. For the
coupler used in the short fiber ring experiment (17 cm ring length) the
values were C.R.= 58% and E.L.= 1,17 dB. 93 uW of input power into port
B3 resulted in a power level of 38 uW measured in B2, 52 uW in B4, 25 uW
in C1, 8 uW in C3, Pgy ~ (3.8 + 11.9) uW, Ppp ~ (1 + 3.1) 4W and Py ~
(1.5 + 4.5) uW. At a bias level of 28 V the APD dark current due to the
power transmitted through the fiber delay line and the acousto-optic
frequency shifter was measured to be 17.5 puA. We note that the above
power budget includes the coupling losses of fused fiber splices, at B2
and Cl, and V-groove butt coupled fibers at Bl and C2.

A mechanical chopper wheel and lock-in amplifier, Ithaco 397E0 and
Stanford SR530, were used with, respectively, the Fabry-Perot
interferometer and the monochromator, to increase the signal to noise
ratio. The choppers were mounted to interupt the optical signal
appearing at the output of the Fabry-Perot and the input to the
monochromator. It was necessary to mount these mechanical choppers
separately from the optical tabl. to prevent mechanical vibrations from
affecting the external cavity lasers.

The lens at the input of the Fabry-Perot interferometer was an
Ealing achromat, NA = .4, f = 16 mm, AR-coated for 1.3 um operation.
The Fabry-Perot output lens was an AR-coated, 25 cm focal-length unit
from Burleigh Instruments. The collimating lens at the input of the
monochromator was a x40, NA = .65, uncoated microscope objective. The
input and output slit widths of the monochromator were set at 50 or
80um, depending on the desired spectral resolution. All GRIN-rod lenses
were .23 pitch AR-coated, number SLW1.8-23-B2-130 from Nippon Sheet
Glass Co., except for the lens closest to the laser which was a plano

convex .18 pitch AR-coated GRIN-rod lens model PCH1.8-22-B/BC-130,
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selected to provide a lower level of reflections back into the laser and
higher laser to fiber coupling efficiency.

In the fiber-ring feedback arrangement, a Hitachi 1.3 um BH-laser,
model HLP 5400, Serial No 5B 2398, was used. The optical isolator, NEC
OD 8313-B (~30 dB isolation), and the GRIN-rod lens on each side of the
isolator, were mounted as one unit on a single xyz-translation stage
with additional axial fine control provided by a piezo micrometer,
Physik Instrumente model P-280.1, having 30 um travel. Fractional
wavelength control in the axial position of optical components relative
to the laser facets allows us to identify spectral changes in the laser
output caused by reflections off the surfaces of the GRIN-rod lenses and
the optical isolatox. The tapered fiber ends on each side of the laser
were mounted on xXyz translation stages with additional fine control
provided by P-280.1 piezo electric block translators. The physical
dimensions of the optical feedback arrangement need to be kept constant
within a fraction of an optical wavelength during the time taken for the
measurements. Also, the resonance frequency of the semiconductor cavity
has to be kept sufficiently constant during the measurements to prevent
significant changes in the resonance frequency of the semiconductor
cavity compared to the external cavity mode spacing, Avgoy. The
resonance frequency of the semiconductor cavity depends on the injection
current and the temperature. From typical dependencies of -3 GHz/mA and
-20 GHz/°K [9] and a 1 m long ring cavity that has v, = 200 MHz, we
can conclude that current control [123] and temperature control [124]
are required. The current and temperature control circuits developed
and used in the present work stabilized the current to within a few mA
and the temperature to within ~ .001°K.

Details on the external grating laser are provided in [37]. The
collimating lens is a critical element in this setup. In addition to
the AR-coated Ealing achromat (N.A.= .4, f = 16 mm) mentioned in [37],
v: have also obtained good results with a Melles-Griot 06 GLC 001 lens
(N.A.= 615, f = 6.5 mm). The collimating lens was mounted in our
experiments on an xyz-translation stage with additional fine-control
provided by P-280.1 piezo-micrometers.

If the linewidth of the laser is of the order of MHz, the power in

the beat signal in the self-heterodyne spectrum is distributed over a
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large frequency band and the amplitude of the spectral density is
therefore low. Also, we had to observe external cavity modes separated
from the center frequency of oscillation of the laser 5y up to. 1.2 GHz.
A low-noise wideband amplifier was therefore required to amplify the
output signal from the APD in order to obtain observable traces on the
spectrum analyzer. This amplifier was built with three Avantek MSA-
0370-21 amplifier chips each containing a two stage amplifier. The
total gain was 37 dB over a passband defined by the -3dB frequencies of
10 MHz and 1.8 GHz. The amplifier chips were mointed on Duroid board of
.01 inch thickness and 50 Ohm microstrip design procedures were used.
The frequency response of the amplifier was determined by measuring its
step response. Time domain data for the input and output signals were
obtained with a sampling oscilloscope. A discussion of the Extended
Function Fast Fourier Transform (EF-FFT) method, used to obtain the
frequency response from the time domain data, and the application of
this technique to the characterization of the three stage amplifier
describhed above, is contained in [124] and [125].



APPENDIX B: SELF-HETERODYNE TECHNIQUE

The self-heterodyne method for high resolution measurement of the
spectrum of semiconductor lasers was first described by Kikuchi and
Okoshi [126], [127].

A frequency shifted component of the output signal of the laser is
heterodyned with a time delayed output signal of the same laser (Fig.
A.l). If the delay time is large compared to the coherence time of the
laser output, two uncorrelated signals with equal linewidth are combined
and mixed by the photo detector. In the case of a Lorentzian output
spectrum of the laser with FWHM, or linewidth, of Avg, (2.62), the beat
spectrum Wgy(w) also has a Lorentzian shape, however with a FWHM of 24v(
[Kik],

bxdvg

WSH(w) - (B.l)

(2ravg)? + (0 - wgy)?

Here wgy = 2n°80 MHz is the frequency shift imposed by the acousto-
optic frequency shifter. Kikuchi et.al. [126] showed that (B.1l) pro-
vides a good approximation to the observed beat spectrum (which is the
power spectrum of the APD current) as long as Avg > 514, where r,4 is
the differential time delay between the two optical paths. In our case,
Avg > 130 kHz. The assumption of a white FM noise spectrum for the
laser leads to the general expression for the beat spectrum of [127]-
[129)

- ZﬂAVo‘rds (f) AVO
Wsn(f+fgy) = Wo-q e AT S
x{f +(Auo) )
-2xAvnt avg
- {1 - e -[cos(Ztrdf) + ———°Siﬂ(2lfdf)]) (B.?2)
f

The error in eq. (1.4.15) of [126] is corrected in (B.2). Wo in (B.2)

is a proportionality factor. Curve fitting of the measured beat

191



192

(a) -20.000
2
&
172}
-80. 000 . . ' v . . . . .
79.00 81.00
FREQUENCY (MHz)
) ~20.000
E
m
3
- 3
B
2
a.
wv
-80. 000 . . . , v .

79.00 ' ' T 81.00
FREQUENCY (MHz)

Fig. B.1: Plot of the measured delayed self-heterodyne beat spectrum of
the external grating laser in (a) Regime III and (b) Regime IV of
Section 5.2.1. Also, calculated functions using (B.2) for (a) av
= 52 kHz and (b) Av = 5.4 kHz.
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spectrum, Fig. B.l, to the calculated spectrum from (B.2) allows us to
determine linewidths below the resolution limit of the self-heterodyne
setup. The shot noise and receiver noise are taken into account in the
curve fitting procedure by adding a constant noise floor W, to the
calculated power spectrum.

The noise floor displayed on the spectrum analyzer, after the
accousto-optic frequency shifter was turned off, provided the value of
wn = -76 dBm, which was used in the curve fit of Fig. B.1. Wo was taken
as the factor necessary to obtain equal areas under the linear plot of
the calculated and measured beat spectrum. We note that this area is
proportional to the optical power in the output of the laser,
irrespective of the laser-linewidth. Ay, was the curve fitting
parameter. (B.2) contains a delta-function at 80 MHz. The output from
the spectrum analyzer provides us therefore at 80 MHz with a copy of the
filter characteristic of the IF-bandpass filter of the spectrum
analyzer. Since (B.2) does not include the effect of the spectrum
analyzer filter on the displayed spectrum, we restricted our curve-
fitting algorithm to operate on the frequency band of 79 MHz to 79.85
MHz in Fig. B.1l '

The self-heterodyne technique provides a version of the laser output
spectrum, that has the center frequency shifted to 80 MHz. For a laser
exposed to weak optical feedback, the overall width of the laser output
spectrum can be large compared to 80 MHz because the laser oscillation
fluctuates between external cavity modes as shown in Figs. 4.3 and 4.4.

The shift of the spectra shown in Fig. 4.3 to lower frequencies
centered on 80 MHz leads to spectral components in the negative
frequency domain. These components are displayed by a spectrum analyzer
as components in the positive frequency domain. To give an example,
Fig. B.2 shows three recordings of the self-heterodyne beat spectrum of
a laser with optical feedback from a 129 cm long fiber ring ('ex-l = 180
MHz) for 3 different levels of optical feedback [24]. These beat
spectra can be directly compared to the beat spectra shown in Fig. 4.3,
obtained for the same laser with fiber-ring feedback, however recorded
using a reference laser,

We designated the spectral components in the self-heterodyne beat

spectrum with positive integer numbers for external cavity modes at
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Fig. B.2: Delayed self-heterodyne beat spectra for a laser with fiber
ring feedback (Lgy, = 129 cm) for three different levels of optical
feedback (a) Rex ~ -65 dB, (b) -55 dB and (c) -40 dB.
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frequencies above the center mode and with negative integer numbers for
external cavity modes at frequencies below the center mode. The
external cavity mode separation in Fig. B.2(c) is ~ 165 MHz. The
frequency of the component labelled "-1" is therefore -85 MHz, but is
displayed by the spectrum analyzer at +85 MHz. Finally, we note that
all beat spectra of lasers considered in this thesis show the envelope
of the noise power spectrum displayed by the spectrum analyzer. Posi-
tive and negative frequency components can be considered uncorrelated
noise components and can be added in the power spectrum to obtain the
one-sided power spectrum.

Fig. 4.7 shows the heterodyne beat spectrum between the optical
signal from a laser with fiber ring feedback and a reference laser. The
original trace displayed by the spectrum analyzer is reproduced in
Fig. B.3. External cavity modes are spaced apart with frequency
intervals Av_,. The constant spacing allows us to identify negative
frequency components labelled "N" in Fig. B.3 in the spectrum analvzer
trace, and redraw the beat spectrum, as shown in Fig. 4.7, with positive
frequency and negative frequency components of the external cavity modes
separated.

Let us now consider the case of the acousto-optic frequency shifter
being omitted from the setup. Whenever the output of a laser is split
into two paths of different paths, a shifted version of the laser
spectrum is displayed. Without one path being frequency shifted, the
two-sided beat spectrum is centered on DC. Accurate detection of the
DC-component in RF-spectrum analyzers is generally not possible. The
linewidth of the laser, the ratio between the center mode amplitude and
the external cavity mode amplitudes in the laser spectrum can therefore
not be determined accurately using the latter method. However, the
spacing of external cavity modes can be observed and the origin of
undesired reflection determined.

In conclusion, the self-heterodyne beat spectrum is the result of a
convolution of the laser output spectrum with itself and not a precise
representation of the laser spectrum shifted from optical frequencies to
electrical frequencies. Nevertheless, the self-heterodyne technique is
a useful tool to observe the linewidth and the external cavity mode

spacing in the output spectrum of a laser.
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Fig. B.3: Original recording of the heterodyne beat spectrum shown in
Fig. 4.7.



APPENDIX C: LI-CHARACTERISTICS OF THE EXTERNAL GRATING LASER

LI-curves are shown in Fig. C.1(a) and (b) for laser TY 224 at ~15°
(1) before AR-coating, (2) after coating and (3) after coating and with
optical feedback from the grating applied at different wavelengths.

Fig. C.1(a) and (b) are copies of the original recordings that were used
to obtain Figs. 5.8(a) and (b). The Ll-curves in Fig. C.l(a) and (b)
where obtained using an xy-plotter, with a voltage proportional to the
laser drive current being applied to the horizontal drive of the plotter
and a voltage proportional to the optical output power of the laser
applied to the vertical.

In Chapter 5 we found that the compound cavity loss of the external
grating laser depends on the position of the frequency of maximum
feedback, wg, relative to the resonance frequency of the semiconductor
cavity, w,. The resonance frequency of the laser changes as the current
is increased due to (1) a change in the temperature of the semiconductor
and (2) a change in the carrier density. In order to obtain the LI-
curve of the laser for the case of both in-phase optical feedback and
out-of-phase feedback, the grating was rotated by small amounts several
‘times during the recording of one Ll-curve to yield a maximum of optical
output power (in-phase feedback) and a minimum of optical output power
(out-of-phase optical feedback). Each LI-curve was recorded several
times on the same graph. This procedure leads to the "rough"
appearances of the LI-curves shown in Fig. C.1(a) and (b). Figs. 5.8(a)
and (b) are obtained from recordings like Fig. C.1 by plotting only the
envelope of highest and lowest output power for a given LI-curve.

Unfortunately, Figs. C.1(a) and (b) also contain a trace of an
invalid LI-curve, interrupted at ~ 50 mA, and several vertical lines
attached tc¢ the LI-curve, that were caused by accidental interruption of
the optical feedback path.
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Fig. C.1: Original recordings of the LI-characteristics of the laser
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