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M. F.J.M. Kelelaars

CLADISS, a semiconductor laser modelling package for
static, dynamic and stochastic analyses

ABSTRACT

CLADISS is a semiconductor laser modelling package, developed at the Laboratory
of Electromagnetism and Acoustics at the University of Gent, Belgium. It takes
into a.ccount the longitudinal and time dimensions (z,t) of the multimode laser
rate equations.

With the CLADISS package threshold, static, small signal AC and stochas
tic analyses can be performed. Longitudinal variations are taken into account
accurately by dividing the laser in mnny small segments.

For use at the Philips Research Labs., Eindhoven, the Fortran source code was
rewritten into standard (ANS) Fortran 77. This enables a possible future transfer
to another computer system. Also the graphic subroutines were adapted for use
at the Philips Research Labs.

The source code has been adapled to be able to properly simulate the DC
behaviour of multisegment tunable lasers, that is known to exhibit mode transi
tions.

To demonstrate the abilities of the eLA DISS package, simulations were per
formed to investigate the influence of spatial/spectral hole burning, Auger recom
bination rate a,nd ga.in slope dG / dN on the second order harmonic distortion.

Also the influence of an externa.l cavity, formed by one branch of a double fibre
taper, coupled to a 3 section tunable DBR laser was investigated.

Keywords:
Semiconductor laser, Modelling
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Chapter 1

Introduction

In future telecommunication networks, optical communication will become more
and more important. At this moment optical systems are already in use, that
are based on on-off keying (OaK or ASK). To make even bettcr profit of the
available bandwidth and improve system sensitivity, coherent systems are now
being developed. The necessary modulation schemes (Frequency or (differential)
Phase shift keying, FSK or (D)PSK) pose several demands on the optical source,
the laser diode. These demands include output power, AM- and FM-response,
linewidth.

To be able to develop the laser diodes that meet these demands, a computer
tool should be available to simulate the behaviour of these lasers. Such a model
will be very complex when the electrical and optical equations (that a·re highly
nonlinear) are considered in a complete form (i.e. longitudinal, transverse, lateral
a.nd time dimensions). Therefore more simple approaches should be used, in order
to make the model comprehensive and easy to use. And even then such a model
will consume a lot of computer capacity, if it is to be accurate. [1]

Efforts have been taken to make a circuit-like description of the laser diode
equations, and analyze it with a circuit-simulator (Spice, Philpac, ... )[2,3]. This
kind of model can be useful if one is interested in the behaviour of the laser diode
in an eledrical circuit. The description as a network of lumped elements requires
a huge network to be able to obtain the internal distributions of several variables.

Another approach is a description of the optical field inside the laser. Working
in four dimensions (x, y, z and t) will make the model too complex to work
with. When you consider only the essential internal processes related to specific
structures and/or specific cha.racteristics, it is possible to diminish the number of
dimensions.

An example of such a model is based on the Beam Propagation Method (BPM)
in which only the longitudinal and lateral dimension are of interest (y- and z
dimension). This model can be used to a.nalyze gain guided lasers, laser arrays
and non-uniform structures.

The model discussed in this report is a (z,t) model, in which the longitudinal
and time dimensions are considered in the electrical carrier transport and optical
field problems.

This laser modelling package, CLADISS, was developed at the Laboratory of
Electromagnetism and Acoustics of the RijksunivNsiteit Gent, Belgium. CLADISS
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(Compound ca.vity LAser DIode Simulation Software) can be used to analyze the
static, dynamic and stochastic behaviour of a wide variety of multi-section laser
diodes, including active, passive sections and sections with a grating.

The software is written in Fortran, and was developed on a DEC VAX com
puter. My task was to make the packa.ge work at the Philips Research Laboratory,
and investigate the possible use in the Wideband Communication Systems Group
or other interested groups. For this the source code had to be modified to standard
(ANSI) Fortra.n 77 and the in- and output handling had to be adapted for use on
the IBM 3090 system at the Laboratory. Where needed or possible, additions and
changes should be made, in cooperation with the Rijksuniversiteit Gent.

This report first describes the features of CLA DlSS and what can be calcu
lated. Then, after a brief description of the theoretical background, the numerical
implementation is treated. Also the consequences of this implementation are con
sidered. Fina.lly a number of cases are treated to demonstrate the capabilities and
limitations of the CLADISS package.
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Chapter 2

General features of the CLADISS
package

2.1 Introduction

CLADISS is a laser diode simulation package that takes into account the longi
tudinal and time dimensions of the electrical and optical equations. It is based
on solving the multimode rate equations by calculating the (optical) field ampli
tudes, electron density a.nd the wavelengths along the longitudinal axis of the laser
structure. One of the important features of the CLADISS package is, that it takes
into account the longitudinal spatial hole burning, non-linear gain suppression and
multi-mode behaviour in its analyses.

Different types of lasers, consisting of active and passive sections, with or with
out grating, can be analyzed. The laser structure has to be defined as a number
of sections with uniform material parameters. The only non-uniformity permitted
is a periodic (mth order) grating. In this way different types of laser diodes can
be defined, such as DFB, DBR, external cavity and multisegment lasers. Fig
ure 2.] shows how a multisedion DBR laser diode structure is translated into a
sequence of sections. The interface elemen!.s are discrete reflections introduced at
the transition between two sections.

The package has the capability to perform threshold-, static-, small signal
AC- and noise-analyses. With these analyses most of the characteristics of laser
diodes of interest to the optical communication system developer can be predicted.
The threshold-ana.lysis calculates the thresholdparameters of the laser diode (cur
rent, wavelength, threshold gain difference) and the static a.nalysis gives the above
threshold parameters of the laser diode (power and wavelength vs. current char
acteristics). The AC-ana.lysis can predict chirp to power ratio and AM- and FM
response (including 2nd harmonic distortion). Finally, the noise analysis calculates
intensity- (RIN) and frequency noise, as well as the linewidth and power spectrum.

Because the model of the laser diode is divided into ma.ny sections in the
longitudinal direction, the spatial distribution of a number of variables can be
shown. (amplitude, power, Bragg deviation, electron density, etc.) This can be
very helpful in the detailed understanding of severa] mechanisms in the laser cavity.

The small-signal AC-analysis and the noise-analysis use the optical field and
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Figure 2.1: Structure of a multisection DBR laser diode and equivalent sequence
of sections

electron density distribution for the calculations. These distributions are cal
culated in the DC-analysis, therefore a. DC-analysis should precede an AC- or
noise-analysis. The DC-analysis (above threshold!) requires a good estimate for
the wa.velength so this a.nalysis should be preceded by a threshold analysis. This
scheme is depicted in Figure 2.2

Threshold analysis
At/. , i th

1
DC-ana.lysis
P, A VB. l
biaspoint

/ \It.
AC-ann.Jysis N(Ii~(" B.na.lysis IA.M, F'M response IRl IV , frequ€ncy noi.,c
2ud harmonic di!ltortion ~'l power spectrum

Figure 2.2: Scheme to be followed when using CLADISS

2.2 Theoretical description of the package

If we only consider the lowcst 'fE-mode of the elcctrical field inside the cavity,
t.he laser field can be described by a forw<lrd (+) ano a backward (-) propagating
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wave:

E;(z,y, z, t) = <I>(z, y)Re [~E;(Z, t) exp(.1wqt 1= .1.8rqZ)] (2.1)

The subscript q denotes the different longitudinal modes that exist in the laser. For
all these modes the same latera.l/transverse distribution function is used, <I>(z, y).
This function is independent of the longitudinal position and time and only influ
ences the optical power confinement factor r. r is defined as :

r _ J Jmclivelmver I <I>(z, y) 1
2 dz dy

- r~: J!: I <I>(z, y) 12 dz dy

The frequencies Wq are reference frequencies close to the expected lasing frequency.
In this wa,y the amplitude Ei will vary slowly in time with respect to wq and the
lasing frequencies of all modes can be calculated from the time derivatives of E;.
In a similar way .8rq is a reference propagation constant.

We can now define a set of forward and backward instantaneous frequencies
w;(z,t) as:

w;(z, t) = W q + :t arg[E;(z, t)]

When we realise that the dynamic excitation is slow as compared to the laser
roundtrip time, we can say that the instantaneous frequencies will hardly vary
a.long the laser axis. We can then define the laser frequency as the instantaneous
laser frequency of the backward field at the left facet:

Again a transformation is performed to separate the chirp or FM ~Wq from the
field amplitude R; :

E;(z, t) = R; eXP(j' ~Wq(T) dT)

with:R;(z, t) = r;(z, t) exp[}cP;(z, t)]
Both r; and cPt are real functions of z and t.
At this point a tra,nsition ca,n be made to the coupled wave equations derived

by Kogelnik e.a. [4], using the slowly varying amplitudes described above. The
result then becomes:

aR; + 1 aR: + ( Llw, + A a ....!..H......) R+ - R- + F+ }
8z ;- at J v JUfJq - IR+12 q - JKFB q q

_ 9 _ 9 q (2.2)
8R, + 1 8R, + ( Llw, + ~ a ....!..H......) R- - R+ +F-

- 8z vg 8t J vg J fJq - IRq-J2 q - JKBF q q

In these equations ~.8q is defined as ~.8q = .8rq - .8q+ r~;q - O.5}Q'inh where
.8q is a, reference propagation constant., and {3rq the effective propagation constant
of the unperturbed waveguide. In this formula ~;q is defined ac,
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with no the refractive index of the unperturbed waveguide, kq the wave number
wq/c a.nd 9 the gain in the active layer.

The term J,,,/IR; 1
2 represents the local average spontaneous emission that

couples into the forward a.nd backward propagating waves. The KFB and KBF terms
represent the coupling coefficients (forwaTd to ba.ckward propagating wave resp.
backward to forward). Finally, the Langevin force functions Fq± are introduced to
account for the photon shot noise. For a detailed description of the derivation of
the formula 2.2, and an expla.nation of the used variables see [5].

When a misadaption occurs between two sections, CLADISS introduces an
interface element to describe the boundaTy conditions (see Figure 2.1):

Here Pj is the reflectivity and tj the transmission coefficient at the interface.
are amplitude coefficients, therefore they should satisfy pJ + tJ = 1.

At the facets of the laser, these equations become:

(2.3)

These

The gain (g), refractive index change (~nr),cavity loss (aint) and spontaneous
emission (J,p) in the above formulas all depend on the carrier density N(z, t). The
carrier dynamics are determined by the electron rate equation:

The term TJJ /qd represents the inject.ed carrier density, where TJ is the injection
current efficiency, J the injected current densit.y [Aftm- 2 ], q the electron charge
and d and w resp. the thickness and width of the active layer. In the formula,
T is the electron lifetime, B the bimolecular recombination rate, C the Auger
recombination coefficient and FN( z, t) the Langevin force function representing
the carrier shot noise. Again refer to [5] for more detailed information.

All the optical properties of the sections, material gain, gain suppression, re
fractive index and internal a.bsorption, are described by a.nalytical expressions de
pending on wavelength, carrier density and temperature. These analytical expres
sions are dC'scribed in the CLADISS manual [6], and are obtained by curve-fitting
techniques.

The formulas above determine the characteristics of a large number of differ
ent lasertypes. Restrictions that aTe imposed aTe that the sections are current
controlled, that the optical field and carriers should be strongly confined in lateral
and t.ransverse dimension and that only the lowest TE-mode is considered. Ther
mal effects mentioned above are not yet implemented in the model.
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2.3 Calculations and implementation of CLADISS
units

2.3.1 Threshold calculations

In the threshold a.nalysis the formulas 2.2 and 2.4 reduce to static equations with
out the noise terms and spontaneous emission terms. When also the stimulated
recombination is omitted (i.e. no gain suppression or spatial hole burning) the
formulas 2.2 and 2.4 reduce to:

(2.5)

,.,J = N +BN2 + CN 3 (2.6)
qd T

The threshold-unit searches for a current through a section, for which there is
at least one frequency w so that the amplitude and phase condition for resonance
a.re fulfilled. For this the effective reflectivities to the left a.nd right side of a chosen
axis in the cavity, PL and PR, are calculated (Figure 2.3). This is done by means

I

I

I
I

Figure 2.3: Effective reflectivities for threshold calculation

of propagator matrices, discussed in [7,8]. CLADISS always takes the middle of a
section as the ahscis. These reflectivities depend on the current and wavelength,
therefore the problem reduces to finding the complex roots of:

Finding these roots is done in two steps. First, approximations for the most
important roots (the lasing wavelength and the nearest sidemodes) are obtained by
scanning over a wide enough frequency window. This window is determined by two
parameters in the package, i.e. the number of frequencies NX LO and the frequency
stepsize XLOGRD. The found approximations are used as initial estimates for a
Newton-Ra.phson algorithm that calculates the accurate roots. By this method,
the user can find the threshold without much effort by choosing the right window
position.
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A remark should be made with respect to the calculated side modes. In the
threshold analysis, CLADISS doesn't take into account the stimulated recombina
tion. So, ea.ch calculated root is not influenced by other roots.

. _. - .- - -- - ..-. - ,. - -

2.3.2 The static analysis

In the static Rna-lysis, the time-derivatives and Langevin noise terms of formulas 2.2
and 2.4 are left out. But in contrast to the threshold analysis, the spatial hole
burning (see section 3.2.1) a.nd nonlinear gain suppression, as well as stimulated
recombination should be taken into account to properly calculate the multimode
static behaviour of the laser diode. For this, each section of the laser is divided
into small segments, in which the carrier density is taken uniform (Figure 2.4a).
The segments should be small enough to accurately account for the spatial hole
burning and nonlinear gain, while the number of segments should be kept as small
as possible to reduce required CPU-time. The optical fields for a segment are as
depicted in Figure 2.4b.

segment i

\
\ ,

o section 1 section M
z

+
R (i-I)

m

R (i-I)
m

1- -
N(i)

.- .-

+
R (i)

m

-
R (i)

m

Figure 2.4: a Dividing a laser in segments b Variables related to each segment

For the static analysis CLADISS searches the power vs. current and wavelength
vs. current cha.racteristics. This boundary value problem is transformed into an
initial value problem, solved by an iterative shooting method in the following
manner. As in the threshold ana.Iysis, a· propagator matrix method is used, but
now a matrix is calculated for each segment. An initia.l value is given for the
amplitude of the backwa.rd propagating wave a.nd the wavelength a.t. the left. Ia..c:;er
facet (R;(O), ,,\q) for each mode. The first boundary condition (at the left laser
facet) determines the amplitude of the forwa.rd propagating wave (R:(O) = P1R;).

Now, both the ba.ckward and forward field amplitudes are 'propagated' through
the laser by su bsequently ca.lculating the propagator matrices and the fields for
each segment, thus ta.king into account the photon-carrier interaction. Once ar
rived at the right facet, the second boundary condition can be applied:

(2.7)

To find the roots of this set of complex equations, depending on R;(O) a.nd "\q,
a Newton-Raphson algorithm is applied (sec for instance [9]). The derivatives
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needed for this algorithm, ~~: and 8~~tO)' are calculated by an extra numerical
matrix propagation of these variables.

CLADISS calculates the static characteristics for a user specified current inter
va.] (above threshold!). The stepsize used in this current interval should be kept
small enough, because the solution of a certa.in point in this interval is used as
initial estimate for the Newton-Raphson algorithm calculating the solution of the
next current point. If the stepsize is too big, the algorithm might not converge to
a correct solution.

At each current point, output may be requested of the internal distribution
of several variables, such as carrier density, refractive index, Bragg deviation,
amplitude and power. Also this analysis calculates the linewidth according to the
modified Schawlow-Townes formula (see [10,11,12]):

(2.8)

where Iq is the number of photons of mode q inside the cavity, R,p the spontaneous
emission and a/tv the linewidth enhancement factor. K represents Petermann's K
factor [12].

With the calculated carrier and optical field distributions, the static analysis
unit can also calculate the complex roundtrip gain PLPR, explained in section 2.3.1.
With the aid of this, the onset of side modes ca.n be detected by checking if there is
another mode with equal or higher roundtrip gain. This means a smaller amount
of CPU-time required than a self-consistent. method that solves the laser equations
with more than one mode.

However, for certain types of lasers, especially tunable lasers, tra.nsitions to
other modes can occur frequently (mode hopping). A solution for this, that makes
the static analysis capable of dealing with this kind of lasers, is presented in section
2.4.

2.3.3 Small signal AC analysis

The usual approach to the small signal analysis is the sinus regime. For this the
complex field amplitudes R; have to be written in modulus and phase components,
r; and ¢J:, to be able to remove the complex notation with respect to the reference
frequency wq • After this the complex phasors related to the modulation frequency
O/21r can be introduced. The coupled wave equations then become:

{Jr: ~ {Jr: _ (fJ. ~) + __I I' ( + - _ +) + ){Jz + V
g

{Jt !:1~lm,q + (rtF rq - KFB sm ¢JFB + ¢Jq ¢Jq + F~q

{Jt/J: 1 {J¢J: 1 ~ I I (+ - +) +
{J + - a + ti..{J~e,q + -ti..wq = + KFB cos ¢JFB + ¢Jq - t/Jq + F~q

Z vg t vg rq

(2.9)
The same relations hold for r;; and ¢J;;.

The following relations are introduced, consisting of a static term with sub-
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script (0), and small signa.l terms:

r;(z,t}
<1';(z,t)
N(z,t)
Awq(t)
Jj(t)

= r:a(z)
= <1':O(z)
= No(z)
=AwqO
=JjO

~Re(Ar; (z, Q)eJOt )
+ Re(A<1';(z, Q)eJOI )
+Re(AN(z,O)eJOI )
+Re(Awq(O)eJOt )
+Re(AJjeJOI)

(2.10)

For the AC analysis, the noise terms Fr~ and Fiq are omitted, the only small
signal excitations are the modulation currents AJjo

By linearizing equations 2.4 and 2.9 a.round the static solution terms of equa
tions 2.10, we obtain a set of linear differential equations, that can be written in
matrix form as:

dX
d;(z, n) = A(z, O)X(z, 0) + B(~Jj, z, 0)

The squa.re ma.trix A and the column ma.trix B are depending on the static
solution, while X comprises the variables for each mode that have to be calculated:

x=(jJ (q = 1, ... , .M)

The set of equations is solved, using standard elimination techniques. The
solutions X q determine the FM and AM response. The FM is determined by the
~Wq, while AM is determined by the power with frequency o. This can be deduced
from the amplitudes at the facets (formula 2.10):

(r;)2 = (r~rl + 2r;o ReAr; eJOI + (ReAr; eJOI )2

Also the chirp to power ratio can be obtained.

For calculating the second order harmonic distortion, terms with frequency 20
are added to the formulas 2.10:

r± - r::l: +Re(Ar± eJOI +Ar± eJ2OI) ,
q - qO ql q2

<1'; - ¢J± +Re(A<1';leJOt +A<1';2eJ201)- qO

N =No +Re(AN1eJOI +AN2eJ201) (2.11)
AWq =AwqO + Re(AWql eJOI +AWq2eJ201)
J. = JjO +Re(AJjleJOI )J

Substituting these formulas in 2.4 and 2.9 and subsequently extracting the
terms with frequency 20, i.e. terms with frequency 20 and cross terms with fre
quency 0, will give another set of linear differential equations:

dX(2)
--(z, 20) = A(z, 20)X(2)(z, 20) + f(X(l)(O))b '. .
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p±(2) = 2r±6r± + (6r±)2
qO q2 ql

Both sets of equations are solved for a number of modulation frequencies,
supplied by user instructions. In this wa.y the AM , FM , Chirp to power ratio and
second order distortion characteristics of the laser diode in the specific working
point are calculated.

The excitation terms f(X(l)(O)) are determined by the first order solutions
X(l)(O). For this the ga.in and refractive index are considered independent of
frequency, so partial derivatives of these variables with respect to frequency are
neglected. This set of equations is solved in the sa.me way as the first order problem
and the variables X(2) determine the second order harmonic distortion in case of
AM· and FM. The optical second order harmonic power can be determined by
squaring the amplitude equations in formula 2.11 and extracting the terms with
frequency 20 , giving:

2.3.4 The noise analysis

The noise analysis is based on the introduction of Langevin noise sources in the
coupled wave equations and carrier rate equations. The quantities of interest,
relative intensity noise (RIN), frequency noise and linewidth, are determined by
slow variations of frequency and intensity « 10 Gllz). Therefore the Langevin
forces can be also be regarded as slow variations, and can be taken into account
in the small signal approximations discussed in section 2.3.1. The correlation
functions of the Langevin forces are derived in [5] a.nd can be written as:

(2.12)

O.5fg(wq )hwq n,p 6(z - z') 6(t - i')
(r±)-2 < F±(z t)F± *(z' t') >q ,.q"q'

~ (~+ BN2 +CN3) 6(z - z') 6(t - t')
F _" 2,.:Fi, _" 2'tF,-,

- S LJq IiwfWd LJq Aw,wcl

< F,.i(z, t)F"l*(z', i') > 
< F¢q(z, t)Ft/Jq *(z', i') >
< Fs(z, t)Fs(z', t') >
FN

An introduction of the small signal approximation can be justified by realising
that the Langevin noise sources perturbc the field quantities only a little bit. By
Fourier transforming equations 2.4, 2.9 and the Langevin forces 2.12, a set of linear
differential equations is obta.ined for each Fourier frequency O/21r:

dX
d;(z, 0) = A(z, O)X(z, 0) + C(z, 0)

Again, X is defined as in the previous section, but now the elements describe the
stochastic perturbations of the field quantities. The vector C contains linear com
binations of the Fourier transformed Langevin forces. Using the same technique
as with the AC a.nalysis, the correlation matrix < X(z,O) xt(z,O') > can be
calculated. The superscript t refers to the Hermitian matrix.
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From the elements of this matrix, the following quantities can be derived:

Relative intensity noise RIN <= < ~r;(O, O)~r; ·(0,0') >
or < ~r:(L, n)~r: ·(L, 0') >

FM noise, linewidth and powerspeetrum <= < ~Wq(O)~w=(O') >
= 2 Dw,(0)6(0 - 0')

The term Dw, represents the diffusion coefficient associated with the correlation
term of ~Wq.

The linewidth can be calculated in two ways. Tn the first approximation, the
FM noise spectrum is assumed to be white:

~v = Dw,(O)
q 2 7l"2

The second, more accurate approach, takes into account the relaxation oscillation
pea.ks. This formula is derived in [13]:

All the integrations needed are calculated numerically, using FFT and trapezium
rule integrations.

2.4 Self-consistent inclusion of mode-transitions

As discussed in section 2.3.2, CLADISS in its original form, is not capable of auto
matically detecting mode-transitions. These mode-transitions occur for instance
with tunable DBR lasers (see [14]). This inability is caused by the used Newton
Raphson algorithm, that iteratively searches the roots (A q , R;(O)) of the boundary
condition at the right facet (equation 2.7) for a certain current combination. This
algorithm calculates a sequence of solutions by su bsequcntly correcting the previ
ous estimates Aq and R; (0) by a factor determined by the error in equation 2.7.

The general description of the Newton-Raphson algorithm for a set of
equations is:

Let fl'l(z1:"" zn) = rl'l(~) = 0 ,(Ie = I! ... ! n) be the set of equations
given. Starting with an initial value ~o a sequence of points is calcu
lated, by solving:

The iteration carries on until the error (~ is small enough. For a further
treatment on this subject see [9].

Because of this, CLADISS traces the wavelength, and an erroneous solution
can occur.

In the following paragraph the method for solving this deficiency is given.
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• The program gives the opportunity to calculate the complex roundtrip gain
PLPR(A). With this, it is possible to manually check the onset of sidemodes.
This subroutine can also be used to check whether the current mode is the
mode with the highest roundtrip ga.in (that should equal 1 I).

• Taking in mind that the roundtrip gain is calculated in discrete points Ai,
an interpolation is needed to find the exact wavelength that satisfies the
roundtrip gain phase condition. Via the same interpolation the roundtrip
gain amplitude is calculated and compared to the value 1.

• In case there is a resonant wavelength with roundtrip gain amplitude higher
than 1, a static calculation is performed with this new wavelength as starting
estimate. R;(O), the other variable, is not changed, because at a mode
transition, the output power remains virtually the same (see [14]).

• As the final step the output powers of the two solutions are compared. The
wavelength that exhibits the highest output power is considered the lasing
mode. This compa.rison is needed to eliminate numerical noise, that can give
fa.ulty mode transitions.

Of course, these extra calculations consume an extra amount of CPU-time, but
they are necessary to accurately describe the static behaviour of tunable lasers.

Simulations were done with a 3 section tunable DBR laser to demonstrate the
created extension. The laser consists of a 250Jlm active region, a 50 Jlm phase
(tuning) region and a 300 Jlm long DBR region. As in [15] we can depict the
tuning characteristics in a diagram (Figure 2.5). Here the spectra for increasing
Bragg current at constant tuning current are plotted above each other, while the
tuning current is increased from block to block. Current in the a.etive region is 75
rnA.

Another way to present the results is with 3-dimensional plots of wavelength
and output power vs. the tuning and Bragg current (Figure 2.6).

2.5 Transfer of the CLADISS package

The CLADISS package was developed on a· DEC-VAX system in system specific
FORTRAN source code. Transfer of the source code was done on magnetic tape
and the first operation was translating the ASCII code on the tape to EBCDIC
code. The second operation to be performed was cha.nging the source code to meet
the ANS FORTRAN 77 standard (see [16]). This operation took a lot of time to
complete, although the necessary items to be changed are not so numerous:

• in ANS FORTRAN 77 string variables are bound to a maximum of 6 char
acters, while the original source code contained variables with no limitation
on the number of characters.

• in ANS FORTRAN 71 do-loops have to be labelled.

• in ANS FORTRAN 77 for-continue loops have to be labelled.
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Figure 2.5: Tuning characteristics for 3 section DBR laser

• in ANS FORTRAN 77 the syntax of READ/WRITE-statements is different
from the syntax used in the original source code.

The fad that the original pa.ckage contained close to 30000 lines of source code
made the conversion to standard FORTRAN 77 a time consuming job.

Of course, the grafic subroutines used in the original package, were not com
patible with the gra.phic terminals at Philips Research Lab. The routines are
rewritten with the help of the device independent plotting package DISSPLA. In
the same manner, some plot programs were written as post-processing tools. With
these tools, the data. saved in files can be retrieved and processed, for instance into
multiple plots and 3 dimensional plots.

Under IBM's operating system VM/XA (or VM/SP), filenames defined in
FORTRAN programs ha.ve to be connected to disk files via FILEDEF commands.
These were split in two parts, a genera.l definition program and a definition pro
gram specific to the AC analysis unit.

The compiled subroutines were grouped in 5 different text libra.ries, that con
tain object code:

• subroutines for I/O and general calculations

• subroutines for calculations for the AC and Noise analysis units

• subroutines specific to the threshold and static ana.Jysis

• su brou t.ines specific to the sma 11 signa.l AC a.nalysis
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• subroutines specific to the noise a.nalysis

This is done to save memory spa.ee, as the amount of memory space needed for
each analysis is very large. Together with the main program object eode a.nd
DISSPLA routines, the appropriate text libraries are loaded in the memory and
started.
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Figure 2.6: 3-dimensional plots of output power and wavelength vs. tuning and
Bragg current.
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Chapter 3

Investigation of factors affecting
second order harmonic distortion

3.1 Introduction

Optical broadband transmission systems are going to replace existing telecommu
nication networks. For example, Central Antenna TV (CATV) systems are being
developed, using Subearrier MuItiplexing (SCM) techniques to distribute a large
number of channels to the subscribers. Mostly, a simple analog modulation scheme
is used (AM or FM), because this simplifies the demodulation equipment necessary
for each subscriber.

Apart from poor bandwidth use, such a system is very sensitive to nonlinear
distortions. Especially the optical source, the laser diode, is a nonlinear element,
that can introduce intermodulation and harmonic distortions in the system.

Several methods of calculating harmonic and intermodulation distortion have
been published, using different a.pproachcs. Darcie e.a. have extended the pertur
bation analysis of [17] and calculated the intcrmodulation and second a.nd third
order harmonic distortion [18]. Hong e.a. tried to solve the coupled wave and
electron rate equations exactly by using Fourier-series expansion and an iteration
technique [20]. Another a.pproa.ch was taken by Czylwik, who made a nonlinear
circuit model derived from the monomode laser rate equations and performs a
distortion analysis using Volterra series [21].

The CLADISS pa.cka.ge has the possibility to calculate the second order har
monic distortion as an expansion of the small signal AC-analysis (see section 2.3.3).

In this chapter, the influence of several material quantities on the second order
harmonic distortion is discussed. These quantities are nonlinear gain suppression
(spatial and spectral hole burning), electron life time a.nd gain slope (dG/dN).

The simulations are done for a >../4 shift DFB laser with AR-coating on both
facets and a length of 300 11m.
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3.2 The effect of nonlinear gain suppression

3.2.1 Theoretical treatment of nonlinear gain suppression

The gain profile of a semiconductor laser is in general a parabolic curve as a
function of photon energy. There are two effects that can influence this profile,
both called nonlinear gain suppression.

The first effect is gain suppression caused by spectral hole burning. The
gain of a laser mode p at a. certain photon energy is suppressed by (other) laser
modes q at different photon energies. This can be described by a ga.in suppression
coefficient €.p that depends on the two different photon energies. The gain is then
to be multiplied by a fador (1- Lqf..p(Ep, Eq)Pq), where Pq is the power in mode q.
This effect is depicted in Figure 3.1.

Emission Spectrum
Mode p (in oscillation)

IE.P
Mode\

Gain Spectrum

Wavelength ).

+-----:':...-- Threshold Level

(3.1)

Figure 3.1: Schematic representation of spectral hole burning effect on gain curve

The underlying physics can be described as follows: Because of the laser oscil
lation at mode p there is a. strong photon-carrier interaction at the photon energy
Ep • As an effect carrier density at this photon energy decreases. This causes a
carrier depletion at this energy, which is refilled by carriers having slightly different
energies within a time constant of about 0.1 psec [19]. As a result, carrier densities
decrease, and because dg/dN > 0, gain suppression occurs at and around photon
energy Ep •

In the CLADISS package, the gain suppression coefficient f.. p can be described
as a constant, or as a function of linear a.nd third order nonlinear gain:

2f WqJlo g(3)
f.. p = -dfJ(i)

W JJq 9

In this formula. g(l) is the linear gain and .q(3) is the (third order) nonlinear gain
given by an analytical expression, depending on two photon energies and carrier
density (see [6]). The simulations are performed with gain suppression coefficient
f..p set to zero, and with the analytical expression 3.1, to investigate the influence
on the second order harmonic distortion (2110).
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Darcie e.a.. have calculated the second harmonic distortion to be [18]:

(3.2)

Here, C is the optical carrie intensity, OM D is the optical modulation depth, 11
the modulation frequency, Ir the relaxation oscillation frequency, f the nonlinear
gain suppression coefficient and go the gain slope. The function g(Jd is the inverse
of the small signal frequency response of the device. From this formula, we see that
the nonlinear gain suppression coefficient f introduces an extra damping term, as
well in first order response g(Jd-1 as in the second order response (equation 3.2).
This effect increases for higher modulation frequencies. Still, the first and second
order responses show maxima. for Ir and Ir /2 resp. , because the first term in
g(/l) then disappears.

The second effect is spatial hole burning. When the intensity distribution
inside a laser cavity is non-uniform, the photon-carrier interaction also varies along
the laser ca.vity. At places where the intensity is high, the stimulated recombination
rate R,t increases and carrier density decreases. As a result the refractive index
increases locally (dn/dN < 0), thus enlarging the optical length of the laser cavity,
and shifting the lasing mode wavelength to a larger value (red shift). The overa]]
gain wi]] decrease due to the loca]]y decreased carrier density (dg/dN > 0).

The CLADISS simulation packa.ge ta.kes the longitudinal spatial hole burning
into account self-consistently. Therefore the influence of spatial hole burning on
second order harmonic distortion is investigated by varying the I\:L product. A
measure for the non-uniformity of the field inside the laser cavity is the flatness
index, defined as:

( )

2
f.i. = I(z) _ 1 l

lamcalJitll (I) L
dz (3.3)

where I(z) is the field intensity along the laser and (I) the average intensity inside
the laser cavity. In Figure 3.2 the intensity distribution along the laser axis is
ploUed for three different I\:L va.]ues.

Simulations were performed for three different va.]ues of the I\:L product, to vary
the amount of spatial hole burning. As spatia.] hole burning is an effect related
to the spontaneous electron lifetime, influence is expected in the lower frequency
regions only. Because of the stronger coupling between forward and backward
propagating waves, the optical field is more confined to the laser cavity for higher
coupling coefficients. This will lead to lower threshold current injection level for
higher II:L product.

3.2.2 Results of simulations and discussion

The simulations were performed with a bias current of twice the threshold current
Ith and a modulation current of 1 rnA. The modulation characteristics (l,t and
2nd harmonic AM- and FM- response) are calculated for 100 discrete frequencies
between 10 MHz and 30 GHz.
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Figure 3.2: Intensity distribution in laser cavity for three different leL values

The results are depicted in Figure 3.5 a) for the lasers without spectral hole
burning (f,p = 0) and Figure 3.5 b) for the lasers with spectral hole burning. The
AM-response is shown in the upper part of the figures and the FM-response in the
lower part.

Introducing spectral hole burning showed a damping of the first and second
harmonic responses in the region around the rela.xation oscillation, as predicted
(cp. Figures 3.5 a) and b) ). As can be seen from the expression derived by Darcie
[l8] for the second order harmonic su ppression (equation 3.2) and the first order

[
2 2] _l

frequency response RU) = .9(/)-1 = ((t)2 - 1) + elr~ I) 2 the damping for

the second harmonic is stronger t.han for the first harmonic. For lower frequencies
the influence on second harmonic distortion was negligible for AM-response. For
FM-response, the second order harmonic distortion was better with spectral hole
burning, for low values of IdJ due to a much better first order response.

As explained in the previous section, threshold current decreases for a higher
leL product (see Table 3.1).

The effect of spatial hole burning ca.n be seen clearly for the AM-response at
low frequencies (f< 500 MHz). The laser with the smallest flatness index, i.e.
with the most uniform intensity distribution ( see Table 3.1), exhibits the best
second order harmonic suppression. This effect was also found by Sakakibara e.a.
for DFB lasers [22]. As already stated in the previous section, the effect of spatial
hole burning is restricted t.o lower frequencies, due to the carrier nature of this
effect.

For the FM-response no innuence on the second order harmonic distortion was
noticed.

28



The relaxation oscillation frequency shifts to a higher value for the laser with
lower II:L value. This is due to the higher intensity in the laser cavity. Agrawal
showed that the relaxation oscillation frequency is equal to [23]:

Here, GN is the partial gain derivative dG/dN and S the number of photons inside
the laser cavity. The number of photons can be taken proportional to the average
power in the cavity (P). The term fr/ J(P} should then equal VG GN • Taking
in mind that the laser wavelengths are close together, this term should not differ
very much for the different lasers, as the results in Table 3.1 confirm.

I II:L ~ I,,, (rnA) I f.i. ~ Pbp (mW) I (Pbp) (mW) Ifr (GHz) I fr/J(p} I
1.0 34.12 0.054 7.63 5.43 9.55 4.1

1.29 28.9'1 0.038 5.77 4.85 8.9 4.05
3.0 17.52 0.479 1.41 3.27 7.08 3.91

Table 3.1: Results for varying spatial hole burning strength, no spectral hole
burning (f = 0)

3.3 Effects of varying electron lifetime

The electron lifetime determines the carrier density through the electron rate equa
tion (equation 2.4). From this equation, we can define an expression for the elec
tron lifetime:

Te = (A + Bn + Cn2 )-t (3.4)

A is the recombination rate, B the bimolecular recombination coefficient and C
the Auger recombination coefficient. For high carrier density n, C is the most
important factor. This Auger recombination is due to nonradiative recombination
and will lead to a· nonlinear photon-carrier interaction, thus influencing the second
order harmonic suppression.

For the simulations, the Auger coefficient was taken 7.5 x 10-5 pm6 / s, a value
found by Wintner and Ippen for 1.55pm [24J and 20 x 1O-6 pm6/s, a value found
in [6]. To be able to distinguish effects of electron lifetime, simulations were
performed for lasers with low (II:L = 1.0) and high (II:L = 3.0) spatial hole burning.
Again the working point of the simulations was at twice the threshold current value
I,,,, with a modulation current of 1 rnA.

Because of the shorter electron lifetime Te , threshold current is expected to be
higher for high Auger recombination coefficient.

The results of the simulations are shown in Figure 3.6 a.nd Table 3.2.
From Figure 3.6 a) it can be seen, that the damping of the relaxation oscillation

frequency is higher for higher Auger coefficient. In the book of Agrawal [23] the
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teL Auger coeff. C I 'h Poul 2nd harm. 2nd harm.
~upp. AM supp, FM

J-tm6
/ s mA mlV dBc --

1.0 7.5 X 10-5 34.12 7.65 -73 1.2 x 10-2

20. X 10-5 67.68 13.98 -76 4. x 10-3

3.0 7.5 X 10-5 17.52 1.36 -47 1. x 10-3

20. X 10-11 31.84 2.28 -52 2.5 x 10-4

Table 3.2: Results for varying Auger recombination coefficient

relaxation oscillation damping coefficient f, is derived:

Here f N and f p are the small signa.l carrier and photon decay rates. The small
signal carrier decay rate is defined as:

As both Fe and photon number S increase for higher Auger coefficient, it is obvious
that the relaxation oscillation damping increases.

The results show that a higher Auger coefficient (smaller electron lifetime Te )

gives a· better second order harmonic suppression, as well for AM as for FM, over
the whole frequency region. This effect is the same for low and high spatial hole
burning.

The calculations of Czylwik [21] showed that a better second order harmonic
suppression can be obtained by simultaneously increasing the electron and photon
life time. The difference might be explained by the fact that in our simulations,
only the Auger recombination term in equation 3.4 was varied, while in [21] the
electron life time as a whole was varied, not depending on carrier density.

Another explanation might be the large difference in bias point, as this point
was taken at twice the threshold current in our simulations. As a result the
output power was larger for higher Auger coefficient, resulting in a lower optical
modulation depth. From equation (3.2) it can be seen that the second order
ha.rmonic distortion then will be lower, as the results of these simulations show.

3.4 Effect of gain slope

The gain spectra for 1.55 Ilm InGaAsP material, with the injected carrier density
as a. parameter, are depicted in Figure 3.3 according to measurements of Westbrook
[25].

In Figure 3.3 the net material gain .q - ai/f is shown, thegain 9 is found by
adding the loss ai/f, that was found to be ",,50 cm-1 [25].
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Figure 3.3: Measured net material gain 9 - ai/f as a function of photon energy

In the CLADISS package the gain as a function or injected carrier density a,nd
photon energy is approximated by an analytical function, for which the parameters
were found by applying curve fitting techniques to measured data [1,6]:

For this approximated function, the gain spectra are shown in Figure 3.4 for dif
ferent injected carrier densities.

From Darcie [18] we know that relaxation frequency and gain slope playa role
in harmonic and intermodulation distortion (equation 3.2). Agrawal [23] showed
that relaxation frequency and gain slope are related via the relation:

(3.5)

To investigate the influence of the gain derivative dG/dN, simulations were
performed with lasers ha,ving a different lasing wavelength. This was accomplished
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Figure 3.4: Approximated gam spectra and gam derivative, used In CLADISS
package
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by setting the Bragg grating period at different values (see Table 3.3). A small
Bragg grating period A (and small lasing wavelength) corresponds with a high
photon energy a.nd thus a higher gain derivative (see Figure 3.4).

For these simulations, the ",L product was set at ~.O . Again, the simulations
were done at a bias point of twice the threshold current, with a modulation current
of 1 rnA and in a frequency window from 10 MHz to 30 GHz.

r

0.2438 24.5 1.57903 0.785 3.24 6.31 1.62
0.2413 21.8 1.56289 0.793 2.99 6.76 2.1
0.2338 23. 1.51465 0.819 3.46 8.71 3.3

Table 3.3: Results for simulations with different Bragg grating periods

In Figure 3.7 the AM- and FM-responses from the different simulations are
shown. In Table 3.3 some other quantities are shown, derived from the simulation
results.

The laser with Bragg grating period A = 0.2413 has the lowest threshold
current value. This is because at the corresponding photon energy the gain is at
a maximum level (see Figure 3.4).

The relaxation oscillation frequency is higher for smaller A. Equation 3.5 shows
that the ratio of the square of the relaxation oscillation frequency and (I - I th ) is
proportional to the gain derivative dG/ dN. As can be seen from Table 3.3 this
ratio indeed increases for smaller Bragg grating period A.

The higher amplitude at the relaxation oscillation frequency for low Bragg
period, does not imply a sma.ller damping rate f r • This ripple is to be attributed
to the higher value of the relaxation oscillation frequency, as is derived in [23]:

8P(lm = Ir) Or
8P(lm = 0) = 2f r

In this equation, 6P(lm) sta.nds for the amplitude of the modulation response.
The influence of the gain derivative on the second order harmonic suppression

is only marginal, as shown by this simulations. Certainly when taking into account
the large difference in the lasing wavelength of the simulated models.

3.5 Conclusions

From the simulations with the CLADISS package it can be concluded that the
influence on the second order harmonic suppression of longitudinal spatial hole
burning is clearly present for low frequencies (1m < 500.M Hz). For highest sup
pression of the unwanted second order responsc, a lascr should be chosen with a
uniform intensity distribution. This effect was also found experimentally for DFB
lasers by Sakakibara e.a. [22].
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The Auger recombination rate seemed to have influence on the second order
harmonic suppression, although this might be explained by the difference in output
power.

Setting the laser at a different lasing wavelength by changing the Bragg grating
period, influences the second harmonic behaviour only marginally. The detuning
influenced the relaxation oscillation frequency !r, via the gain derivative dG/dN.

More simulations have to be performed to investigate the second harmonic
distortion behaviour of semiconductor lasers. CLADISS can be helpful in this,
as CLADISS is a very complete model, taking into a.ccount a lot of effects that
are not included in other models and calculations. In the same manner as second
harmonic distortion calculations, third order harmonic distortion calculations can
be implemented [26]. Besides the second and third order harmonic distortion,
research has to be done on higher order harmonic and intermodula.tion distortion,
as these are also important in analog optical transmission systems.

p.35:

Figure 3.5: 1-' and 2nd order AM- (above) and FM-response (below) for differ
ent teL products a.) without spectral hole burning (f = 0) and b) with spec
tral hole burning (f = 4.5)

p.37:

Figure 3.6: AM- (above) and FM- (below) response for varying Auger recombina
tion coefficient Cj a) absolute values (1" and 2nd order) and b) relative values

p.39:

Figure 3.7: 1" and 2nd order AM- (above) and FM- (below) response for lasers
with different Bragg grating periods.
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Chapter 4

Tunable DBR laser with fibre
external cavity

4.1 Introduction to tunable external cavity lasers

Optical communication systems have l\. vcry large bandwidth potential compared
to radiowave systems. To be able to use this large bandwidth potential, coher
ent systems have to be developed requiring optical sources with a large tuning
range. In recent years, 3 section tunable DBR lasers were developed, meeting the
requirements of a large tuning range [15,27].

Another requirement for the optical source is the maximum linewidth allowed.
For example, a heterodyne FSK system requires a linewidth-transmission speed
rat.io of 10-1 a. 10-2 . For more complex modulation schemes, using availahle
bandwidth more efficiently and having a better sensitivity, requirements on laser
linewidth are even more severe. Homodyne ASK or PSK systems require lasers
with a linewidth-tra.nsmission speed ratio of 10-4 (i.e. a linewidth of 100 kHz for
a 1 Gbit/s homodyne PSK system) [28].

VA

"

GR CL LD

Figure 4.1: Mecha.nicall~' tunable external cavity laser

An efficient method for linewidth reduction is coupling the semiconductor laser
to an external cavity [29,30]. If the passive extended cavity is terminated with a
grating reflector that is adjustable by set screws or piezo elements, a laser module
can be made with a. large tuning range and low lincwidths of about 100 kHz [31]
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(see Figure 4.1).
Although the performance of such a laser module is good, it has certain draw

ba.cks. The module is large and therefore mechanically and thermally sensitive.
Secondly, because the ext~rnal cavity and output coupling are on opposite sides
of the laser crystal, no monitoring is possible.

C.K. Wong e.a. suggested a different a.pproach, using a double fibre pigtail
coupled to the laser diode [32]. One branch of the double pigtail acts as the
normal output fibre, the other is used to make an external cavity. The end face
of the second branch ads as a reflector, of which the reflectivity can be increased
by coating the surface (M). The proposed configuration is shown in Figure 4.2.

I

DBR
I mI

-~~_:2!-,;-..=- - SMF ..
B P A

AR

Figure 4.2: External cavity laser with double fibre pigtail

The amount of optical feedba.ck can be set by adjusting the lateral position
of the double fibre pigtail. The other requirement, a large tuning range, can be
achieved by using a. 3 section DBR tunable laser diode. In this way, a compact
device can be ma.de using standard mounting techniques, with a large, electrically
controllable, tuning ra.nge. This in contrast with the former device, where tuning
is controlled mechanica.lly.

In this chapter the double fibre pigtail device is subject of a numbcr ofsimula
tions with the CLADJSS package. Investigated will be the influence of the length
of the external cavity on linewidth reduction, tuning range and tuning efficiency.
First, the throry describing these quantities will be discussed.

4.2 Theoretical background

4.2.1 Linewidth reduction

The linewidth of a semiconductor laser is thc result of phasc fluctuations AcP, as
we know from C.H. Henry [10]. The lincwidth is proportional to < AcP2 > and the
spontaneous emission rate R. Henry also showcd that an external cavity, coupled
to the active section without interface reflections, reduces the linewidth by a factor
[29]:

(4.1)
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The subscript 0 refers to the semiconductor cavity and the subscript 1 to the
externa.l cavity. Equa.tion 4.1 can be interpreted as the square of 1 plus the ratio
of the time a photon spends in the external cavity and the active section.

A more general derivation of the linewidth reduction factor F2 starts with
describing the external cavity feedback as a frequency-dependent field reflectivity.
In this way, interface reflections can be included in the calculations [30]. The result
of this derivation is:

1 d¢Jr a din r
F = 1 +--+--- = 1+A+B

T, dw T, dw
(4.2)

Here, T. is the semiconductor cavity roundtrip delay.
In Appendix A this result is further developed for a laser with a distant reflec

tor, as in the configuration of Figure 4.2. Also approximations are derived for a
weakly coupled external cavity. The exact solution for A and B in equation 4.2 is
derived according to Kazarinov [30]. Approximate solutions are found by Henry
[29] and Schunk [33] resp.:

, ~ __ (no) 1/2 (1 - Rm)
F = 1 + II:T"zt(cos¢J - O'sin ¢J) '"

Rm T,

( )

1/2

F = 1 + Ccos(¢J +arctan a) , C = T;:t ~: (1 - Rmh!l + 0'2

(4.3)

(4.4)

Here, T"zt and T, are resp. the external cavity and semiconductor roundtrip delay
times, Rm the semiconductor facet reflectivity, a the linewidth enhancement factor,
¢J the phase shift in the externa.l cavity and R-o and !"zt the fraction of the optical
power that is reflected b~' the external cavity. These two approximations for weak
coupling are identical (see Appendix A).

4.2.2 Tuning range and efficiency of 3 section DBR laser

The behaviour of a 3 section DBR laser (Figure 4.3) can be explained by regarding
each section separately.

The Active section (A) is the section where the stimulated emission takes place.
With the current injected in this region, the optical output power ca.n be set.

The phase control or tuning section (P) is used to tune the compound laser to
a certain wavelength. A lasing mode satisfies the roundtrip phase condition, that
can be expressed as:

fn(z)dz
A = k . 271" , k = mode number (4.5)

Because this section is passive, the carrier density N, and related to this the
refractive index n, is determined by the solution of the electron rate equation
(2.4). Index change is inversely proportional to the carrier density (dnJdN < 0),
so injecting current in this region will result. in a. lower refractive index. The lasing
mode (i.e. the mode number k) will be the same, so the lasing wavelength will
decrease, as shown by equation C1.5). The amount of change at a certain injection
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(4.6)

Figure 4.3: Schematic view of 3 section DBR tunable laser

level (the tuning efficiency) will then depend on the relative change in optical
length of the compound laser ca.vit.y:

6~ _ 6n"L"
~ - In(z)dz

This relation shows that a larger external cavity length will decrease the tuning
efficiency for the tuning section (P).

The Bragg section (B) acts as a wa.velength selective filter (Figure 4.4) .

...\.-- l.othet -----i.1-'len--i

I ~
G"IN. PH"SE REGION BRAGG REGION

BRAGG
REFLECTIVITY

PROFILE

Figure 4.4: Filter working of Bragg section

It can be repla.ced by a conventional mirror with power reflectivity
R = tanh2 (KL) at a distance LB,e!! = tanh (ICL)/2K from the beginning of
the grating [34]. This is only true inside the Bragg passband, of which the width
6~B can be derived from the stopband calculation of Kogelnik [4]. 1

Because the reflectivity profile is a function of the propagation constant f3 =
2rrnB /~, a change in refractive index by current injection in this section results in

1 from ~ = 2", = 2rr Ct;- - t) ~ t = (1 - :~d/~l ~ ~2 = ~1/(1 - :~.)

can be derived that 6~B = A2 - ~1 = :~U (1 - :~I) ~ :~~
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a wavelength shift A>"/>" = Ann/nn , not affected by a change in external cavity
length. The maximum wavelength shift that can be obtained is for the same reason
only depending on the maximum obtainable refractive index change.

The Fabry-Perot mode spacing of the compound cavity is determined by [34]:

>..2 fA>"FP = 2L ,Lopt::: n(z)dz = nALA+ npLp + nBLB,eJ! + neztLe~t (4.7)
opt

This is true when no reflections occur at the interface between the laser and exter
nal cavity. When there are reflections at the interface (Figure 4.5), two different
mode spacings will occur. One as effect of the total compound cavity length and
equal to equation (4.7), the other is the result of the cavity length of the semicon
ductor part of the laser. For this mode spacing, the term neztLezt in equation (4.7)
should be dropped.

z=o

laser diode cavity

r~1

z=L

external cavity

---------------i.._
z

Figure 4.5: Reflectivities in a laser diode with external cavity

4.2.3 Feedback effects on stability of the laser

Effects of reflections which feed light back into the semiconductor cavity have been
studied extensively. The occurrence of unstahle operation of the lasers at moderate
feedback levels was explained by Lenstra e.a.. [36] and called coherence collapse,
because the coherence length of the laser was drastically reduced.

Tkach e.a. [37] collected the various phenomena. caused by optical feedback
and derived five distinct regimes of feedback, each with its own effect on the laser
stability (see Figure 4.6).

The effects in each regime a·re:

Region I At very low feedback levels, broadening as well as narrowing of the laser
linewidth are seen, depending on feedback phase.

Region n At a certa.in feedback level depending on the distance to the reflector,
rapid mode hopping occurs.

Region III In a very narrow band of feedback levels, not depending on the dis
tance to the reflector; the laser opera.tes on a single narrow line. Due to the
small range of feedback, the laser is \'ery sensitive to other reflections.

Region IV At higher levels, coherence collapse occurs [36].
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Figure 4.6: Regimes of feedback effects

Region V At very high levels of feedback, laser operation with a very narrow
linewidth can be observed.

For stable operation of an cxternal cavity laser, it is therefore necessary to
maintain enough opticaJ power fecdback to remain in Region V. For the external
cavity laser configuration of Figure 4.2 it is therefore necessary to apply a high
reflective coating to the end surface of the cavity branch of the double fibre pigtail.

However, for laser configurations with a short external cavity, Schunk e.a. [38]
showed, that stable operation is possible even for fcedback levels in the coherence
collapse region IV . The external cavity can introduce noise peaks in the frequency
noise spectrum at multiples of l/Tez!. As long as these peaks are at frequencies
lower than the relaxation oscillation frequency f., that governs the internal laser
dynamics, the chaotic coherence collapse region can be reached, independent of
the external cavity length. When the peaks are at higher frequencies (Tezt < Iiir),
more feedba.ck is required to drive the laser in the coherence collapse region. Also,
a strong dependence on the external ca.vity length occurs.

In Figure 4.7 the coherence collapse region is shown as function of feedback
fraction fez! and externaJ cavity roundtrip delay Ted' Also shown is the abscissa
at Tezd. = 1 , above which the feedback level at which coherence collapse occurs
is independent of external ca.vity length. The broken line depicts the line at which
the feedback coefficient C, introduced by Schunk [33], equals onc. This is also
an a.bscissa for stable operation according to equation (4.4), but Figure 4.7 shows
that the area for stable operation is larger.
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Figure 4.7: Coherence collapse region as function of external cavity roundtrip
delay Tezt and feedback fraction fezt.

4.3 Modelling of the 3 section tunable DBR laser
with external cavity

4.3.1 Model of double fibre taper external cavity coupled
to laser

To be able to perform simulations with the eLA DISS package, the proposed ex
ternal cavity tunable laser configuration (Figure 4.2) should be modelled as a
sequence of J-dimensional sections. This because CLADISS is a z-dependent mod
elling package, that needs a sequence of sections with uniform parameters.

The double fibre pigtail configuration therefore is modelled as a sequence of
two sections T and E (see Figure 4.8).

Section T is the transmission section, accounting for the coupling loss from
laser to fibre taper and for the distribution of the optical power between the upper
(z) and lower (1 - z) branch of the double fibre taper.

Typical value for the transmission from laser to double taper is about 25 percent
[39], while z can be ta.ken 50 percent for an equal distribution of the power between
the two branches.

The resulting total loss ~ ca.n be modelled through the internal loss coefficient
a. The value can be calculated, starting with the general description of an optical
field:

a
E = Eo exp(J/3oz), /30 = koll = kO(11re + Jl1im) = kOll re + 1"2

In this formula, /30 is the complex propagation constant, ko the wave number, Jl the
refractive index and a the absorption coefficient.
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Figure 4.8: Modelling of the double fibre taper in CLADISS

For the transmission section T we can derive the absorption coefficient and the
length of the section by:

lexp(],Boz)1 =..;T; ~
exp(- kO/limZ) = exp( - ~ z) = JT; ¢}

az = -In It

The modelling of loss by the a.bsorption coefficient is to be preferred to modelling by
the imaginary part of the refractive index, because this would lead to a wavelength
dependent loss (via wave number ko).

In the CLADISS package, a is delimit.ed by a pa.rameter AOMAX. To minimize
the influence of this section, the length z should be as short as possible. As these
two parameters are sufficient to describe the wanted function for this section, the
rest of the parameters are given values that do not influence the physics. To make
the section passive, gain-, spectral hole burning, refractive index change and loss
coefficients are set to zero. X- and y-dimensions do not influence the fields in
CLADISS and can be chosen arbitrarily.

The extended cavity section E is also simple to model, as this is also a passive
section. As for the transmission section this leads to setting coefficients for gain,
spectral hole burning, refra.ctive index change and loss to zero.

The important parameters are the refractive index (set to 1.461 for the silica
fibre), the length LE a.nd the field reflection coefficient PE at the end of t.he ext.ernal
cavity.

The power at the (lower) output fibre of the double taper can now be calculated
from the power Pm at the mirror of the external cavity fibre (upper branch in
Figure 4.8):

(1 - z)
PoUI = Pm

Z
(4.8)

The optical feedback can be calculated from: (PE is field quantity, It is power
transmission !)
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In case of a coupling in the double fibre ta.per of 25 percent and an equal distri
bution between the two branches, this results in an optical feedback of 1/64 or
-18dB.

4.3.2 The 3 section tunable DBR laser in CLADISS

For the laser configuration of Figure 4.2, some considerations ha.ve to be taken
into a.ccount with respect to the 3 section tunable laser:

• As known from several sources (l 0,12,23] a long laser crystal results in a
smaller linewidth.

• The introduction of an external cavity reduces the mode spacing (equa
tion (4.7)). To be able to have a good single mode operation, the reflectivity
profile of the Bra.gg section should be as small 8S possible (see Figure 4.4).
From the expression for the width of the reflectivity profile:

can be seen that this is accomplished by a small value for K.

• The tuning section P gives a considerable attenuation under current injec
tion, and should be kept short.

The 3 section tunable ORR laser used in this configuration consists of an active
section (A) of 300 p,m, a phase control or tuning region (P) of 50 p,m and a DBR
section (B) of 300 p,m with a coupling coefficient of 0.003 p,m- 1

, leading to a KL
product of 0.9.

In Figure 4.9 the CLADISS model of the 3 section tunable laser configuration
with external fibre cavity of Figure ..1.2 is shown.

B

300pm
I •

150/Lm:
• •I ,
I P .• IA

I.
I •, ., .
:T:• IE
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/I«)
l" II . I · I ,

I
, · . ,

Figure 4.9: Model of 3 section tunable laser with fibre external cavity, used in
CLADISS simulations
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4.4 Simulations and results

4.4.1 Set-up of simulations

Simulations were performed with an ideal model of the laser configuration in Fig
ure 4.2 without reflections at the interface between laser crystal and external cavity.
Also simulations were performed with a model having a power reflection of 1 per
cent at this interface (i.e. a field reflectivity of 0.1). This reflection was introduced
at the interface of sections T and A of Figure 4.9.

First the threshold analysis was used to find the threshold values of wavelength
and injection current in the active region, with currents in Bragg and tuning region
equal to zero.

The length of the external cavity (E) was set at values of 0; 500pm; 2000llm
and 5000pm for the ideal model. For the model with internal reflection, only
the values 0 and 500pm were taken, because the CLADISS static analysis unit
wasn't able to find a convergent solution for the other two values. The value of
o p,m denotes the reference laser model, without external cavity, but with equal
reflectivity to accomplish an equal optical feedback.

The threshold values didn't vary much, threshold (active region) current was
about 68 rnA and wavelength about 1.5493 p,m for the ideal model. With internal
reflections, threshold current was lower (about 65 rnA) and threshold wavelength
slightly larger (about 1.5499 pm).

Secondly, the static behaviour was investigated. To investigate the influence
of the external cavity on laser linewidth, the current in the active region was
increased from just above threshold to 130 rnA.

A starting point for the further simulations was created at a power level of
1.7 mW at the output fibre. For all laser models this was reached at a active
region current of about 125 rnA.

From this starting point the injection current in the Bragg or tuning region
was increased from 0 to 20 rnA, keeping the injection current in the other region
at zero. In this way, the tuning efficiency and linewidth behaviour under current
injection in Bragg and tuning section can be im'estignted, without requiring the
large amount of CPU-time needed to calculate the total laser behaviour.

Still the simulations required a lot of CPU-time, as the model structure is very
complex. The simulations where the active region current was increased from just
above threshold to 130 rnA (about 120 current points) required about 30 minutes
CPU-time (IBM 3090). For the analysis of the static behaviour under Bragg or
tuning current injection (0..20 rnA, 100 points) a CPU-time of about 12 minutes
was needed.

4.4.2 Linewidth reduction by external cavity

In Figure 4.10 and 4.11 the linewidth versus inverse power is plotted for the differ
ent simulations. This linewidth is calculated with the modified Schawlow-Townes
formula. (equation (2.8) in the static analysis.

As can be seen from Figure 4.10 for the laser with no internal reflections, the
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Figure 4.10: Linewidth vs. inverse power for ideal models

linewidth versus inverse power curve is straight for the laser model without external
cavity and with 500 pm external cavity. For the lasers with longer external cavities,
some deviation of the straight curve can be noticed. In case of the 2000 pm external
cavity, the linewidth decreases more at high output powers. In case of the external
cavity of 5000 pm, the linewidth versus inverse power shows a periodical deviation
of the straight curve. This might be attributed to numerical noise in the calculation
of the linewidth with the modified Schawlow-Townes formula (equation (2.8)).

In Table 4.1 the linewidth at the starting point (Poat= 1.1 mW) is presented.
From the simulations, the linewidth is calculated with the modifi'ed Schawlow
Townes
formula. (6VST) a.nd with the noise unit of the CLADISS packa.ge, using La.ngevin
noise sources (6vd. The theoretical linewidth reduction factor F 2 is ca.lculated
with equation (4.1). In this formula., the length of the laser is taken 469 pm
(= LA + Lp + LB,eJl)'

These results show that in the case of coupling an external cavity to a laser
diode without reflections, a. substantiallinewidth reduction can be obtained, even
with very short external ca.vities. From the results (Iinewidth reduction factor) it
can be deduced that the calculation of the linewidth with the modified Schawlow
Townes formula is not as accurate as the calculation with the CLADISS Noise
unit.
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ext..cavity tiVST F2
tiVL F2 F2

length (Ilm) (MHz) (sim.) (MHz) (sim.) (calc.)
0 37.1 - 18.5 - -

500 20.5 1.81 9.62 1.92 2.2
2000 5.54 6.7 2.03 9.11 8.5
5000 2.37 15.7 0.53 34.7 33.6

Ta.ble 4.1: Linewidth and linewidth reduction factor F2 for ideal models

3 section DBR laser

:E" 'bj- -:::E
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Figure 4.11: Linewidth vs. inverse power for external cavity laser models with
interfa.ce reflection

For the laser models with internal reflection, the linewidth versus inverse
power curves are straight.. In comparison to the previous case, a beginning of the
linewidth bottom can be seen for high output powers.

The linewidth reduction for the laser with 500 11m external cavity deduced from
the calculations with the modified Schawlow-Townes formula, is 31.4/7.97 = 3.94
(linewidth values at Poul=l.7mW).

The linewidth calculated with the CLADISS Noise unit shows a slight linewidth
broadening. The linewidth changes from 16.5 MHz for the laser without external
cavity to 18.1 MHz for the laser with 500 Ilm external cavity. Again a difference
occurs with the linewidths calculated with the modified Schawlow-Townes formula.
In the case of the 500 Ilm external cavity laser, the working point is just before
a mode-jump. From the literature (e.g. [27]) we know that at this point a larger
linewidth can occur.

The a.pproximated linewidth reduction factor (see equations (4.3) and (4.4)) is
in case of strong feedback strongly dependent on the phase shift ¢J in the external
cavity. Ta.king l/J = 0, the linewidth is reduced by a factor 2.5 (a == 6), but max
imu m linewid th red uction (taking l/J == - a rctan a in equation (4.4)) is calculated
to be 21.

The exa.ct calculation of the linewidth reduction factor (equation (4.2) and
Appendix A) finds a vallie of 1.6 (l/J = 0). This value is lower than the approximate
value, as might be expected from [30] Rmi Figure A.l for small internal reflection.
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(4.10)

Here also a strong dependence on external cavity phase shift is present.
Because of the strong dependence on external cavity phase shift of the a.pprox

imate and exact calculation of the linewidth reduction, it is difficult to compare
these with the results found with the CLADISS simulations. Also, the value of
the linewidth enhancement factor (a = 6) is subject to discussion. This quantity
also influences the results of the calculations. Therefore we ca.n only conclude
that the linewidth reduction factors found in the CLADISS simulations are within
the range of values predicted by the a.pproximate and exact expressions (equa
tions (4.4) and (4.2).

4.4.3 Tuning range and efficiency under external feedback

Simulations to investigate the tuning range a.nd efficiency were performed by sub
sequently increasing the tuning and Bragg current from 0 to 20 rnA. The current
in the active region was kept constant during these simulations.

First we look at the simulations were the injection current in the tuning region
is increased from 0 to 20 rnA. Equation (4.6) shows that the tuning range depends
on the optical length I n{z )dz. The refracti\'c index cha.nge 6np will stay the same
when injected current is the same for the different simulations. Taking in mind
that the optical length in our simulations equals nELE+naLa+npLp+nBLB,eJ! we
can derive the ratio of wavelength shift in the laser with (6..\£) and the wavelength
shift in the lasers without external cavity (6..\0) :

6..\£ naLa + npLp+ nBLB,eJ!
~..\o = n£LE + naLa + npLp+ nBLn,e!!

In Table 4.2 the wavelength shift ratios are given, calculated with equation (4.10)
and derived from the simulations. \Ve can see that the results of the simulations
are in good agreement with the calculations.

laser models without internal reflections
ext.cavity 6..\E/6..\0

length [pm] (calc.)[A] {sim.}[A]
0 1 1

500 0.67 0.57
2000 0.34 0.30
5000 0.17 0.17

laser models with internal reflection
0 1 1

500 0.67 0.78

Table 4.2: Ratio of wavelength shift of laser without and with external cavity due
to current injection in tuning region

Another important parameter for wavelength tunable lasers is the mode spac
ing 6..\FP' This mode spacing is calculated with equation (4.7) taking ..\ =
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1.549pm. The results from the simulations are deduced from the .x vs. injection
current curves under Bragg control. For the case of the laser with internal re
flection~, two possible mode 'spacings occ'llr, one depending on the semiconductor
cavity length, and one on total ca.vity length (see Figure 4.5).

As can be seen in Table 4.3 the results from the simulations are in good agree
ment with the theoretical calculations.

laser models without internal reflections
ext.cavity tD..FP wavelength =#= modes

length rpml (calc. HAl (sim.HAl shift 6.xrAl
0 7.9 8 21.5 3

500 5.3 5.5 19.5 4
2000 2.7 2.7 20.2 8
5000 1.4 1.4 21.1 16

laser models with internal reflection
0 7.9 8.3 33.3 4

500 7.9 and 5.3 10 and 6 43.4 5

Table 4.3: Fabry-Perot mode spacing and wavelength shift due to Bragg current
injection

In section 4.2.2 was derived that the wavelength shift caused by current injec
tion in the Bragg section is independent of external cavity length. The wavelength
vs. Bragg injection current curves show mode jumps, separated by the Fabry-Perot
mode spacing (~~FP)' Because of this, the wavelength shift can vary slightly, de
pending on whether or not a. mode jump has occurred just for the end of the
current interval. For the simulations with lasers without internal reflections, a
Bragg current interval from 0 to 5 rnA is considered, for the case of lasers with
reflections at the semiconductor-external cavity interface the interval is from 0 to
20 rnA. The results are shown in Table 1.3.

From this we call see that wavelength shift caused by current injection in the
Bragg section is indeed independent of external cavity length.

4.4.4 Comparison of Iinewidth calculations

The CLADISS simulation package can calculate the linewidth with the modified
Schawlow-Townes formula (equation (2.8)) during the static analysis a.nd via the
inclusion of Langevin noise forces in the coupled wa·ve equations (noise analysis,
see section 2.3.4). For this noise analysis a biaspoint file is needed, containing the
lasing wavelength, injection currents in the different sections and the optical field
amplitude and electron densit.y distribution along the laser axis.

For compa.rison we produced a number of biaspoints during the static simula
tions of the ideal laser models with varying tuning current. Subsequently, a noise
analysis was performed for each biaspoint. Because this analysis is not as complex
8S the static analysis (no iterative technique used, see section 2.3), only 16 seconds
of CPU-time is needed to calculate the Jincwidth in this biaspoint.
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The results are shown in Figure 4.12, where the solid line connects the points
calculated with the modified Schawlow-Townes formu la and the broken line the
points calculated with the noise a.nalysis.
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Figure 4.12: Comparison between linewidth calculated with static analysis (solid
lines) and noise analy!'is (broken lines)

In general, the noise a.nalysis finds a smaller linewidth than the static analysis.
From section 4.4.2 we know that the linewidths calculated with the noise analysis
showed beUer correspondence with theoretical prediction.

For the linewidths calculated with the static analysis, a peak appears every
time a mode jump occurs. At the corresponding points in the linewidth curves,
calculated with the noise analysis, no peaks occur. This might be explained by
the fad that in the case of noise a.nalysis the linewidth was calculated at intervals
of 2 rnA, while in the static case the interval was 0.2 rnA

This shows the profit of calculating the linewidth with a simple equation (equa
tion (2.8)), as is done in the static a.nalysis {or every current point. To calculate
the linewidth in an equal number of points with the noise analysis requires a huge
number of biaspoint files and a lot of CPU-time.

In the case of no external cavity and 500 11m external cavity, the linewidth
versus tuning current curves for the two methods are somewhat alike. For the
laser configurations with longer external cavities this is not the case. The reason
for this is unknown and needs further investigation.
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4.5 Conclusions with respect to 3 section tun
able DBR laser with external cavity

When, in the ideal case, no reflections a.t the laser-external cavity interface are
present, the linewidth reduction factor can be predicted by equation (4.1).

In practice, there will be some reflections at this interface. The weak coupling
8.pproximations of the linewidth reduction factor (equations (4.3) and (4.4) are
not valid for low facet reflectivity. The exact calculation of the linewidth reduction
factor (equation (4.2) a.nd Appendix A) is complex, but accurate. Both approaches
are strongly depending on external cavity phase shift.

The wavelength tuning efficiency under current injection in the tuning region of
the 3 section DBR laser, is depending on the external cavity length, in agreement
with equation (4.6).

The wavelength shift due to current injection in the Bragg region is independent
of the external ca.vity length. While increasing the Bragg current, the laser jumps
to higher modes (smaller wavelength), that a·re separated by the Fa.bry-Perot mode
spacing (equation (4.7)). This mode spacing decreases rapidly for longer external
cavities (for a 5000 p.m external cavity it is only 1.4 A).

The static analyses with the CLADISS package are very CPU-time consuming,
because of the complexity of the laser configuration.

When introducing extra cavities by including internal reflections between the
semiconductor laser and the external cavity, it is difficult to find a convergent
solution with the CLADISS package.

The mode spacing for long external cavities becomes very small compared to
the lasing wavelength. In this case, errors occur due to the finite accura.cy of the
computer used, usually preventing the finding of a convergent solution.

Concluding we ca.n say that the proposed configuration of a 3 section tunable
DBR laser with a double fibre taper external cavity is possible. However, a trade
off has to be made between linewidth reduction factor and tuning characteristics,
i.e. tuning efficiency and easy Bragg mode selection.
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Chapter 5

Conclusions

The total CLADISS (Compound LAser DIode Simulation Softwa.re) package, con
sisting of units for threshold calculation, static analysis, small signal AC analysis
and stochastic analysis, has been transferred to the IBM 3090 mainframe at the
Philips Resea.rch Labs.

For this, all Fortran code of the pa.ckage, developed on a DEC-VAX, was rewrit
ten to standard FORTRAN 77. Beea.use of this, future transfers to other computer
systems are possible.

The graphic subroutines, used in the package, were adapted to be able to use
the graphic devices at the Philips Resea.rch Labs. Also, a number of graphic post
processing programs were written. One program makes it possible to show the
results of several simulations in one plot. Other programs were made to present
the results of simulations, where two currents were varied, in a 3-dimensional or
contour plot. These graphic subroutines and programs were written using the
CA-DISSPLA graphics software package.

Second and higher order harmonic response of semiconductor lasers is an in
teresting subject. So far not much resea.rch has been done to understand this
phenomenon, although knowledge of this is important for developing analog opti
ca..! communication systems.

The CLADISS package can be helpful in understanding the influence of sev
eral parameters on harmonic distortion, because these parameters can be easily
changed. Until now, only second order harmonic response is included in the pack
age, but third order harmonic response will be included in future.

With the CLADISS pa.cka.ge, simulations were performed to investigate the in
fluence on the second harmonic distortion of a number of factors. We found that
for best second order harmonic suppression, a laser with uniform intensity distri
bution (low spatia.l hole burning) should be used. Simulations showed that spectral
hole burning influences the damping rate of the relaxation oscillation. Auger re
combintion rate seemed to have influence on the second order harmonic response,
although further simulations are needed to confirm this. Other simulations showed
that the gain slope dG/dN has only marginal influence in this respect.
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Simulations were done to investigate the effect of an external cavity coupled to
a 3 section tunable DBR laser. This external cavity is formed by one branch of a
double fibre taper, according to a proposa.I by C.K. Wong [32].

It was shown that a stahle linewidth reduction could be achieved by a short
external cavity. The tuning range (determined by current control in the Bragg
section of the laser) was shown to be independent of external cavity length. Simu
lations showed that the tuning efficiency (the ratio of wavelength shift and current
injection in tuning section) decreased with increasing cavity length. A longer ex
ternal cavity length causes a smaller mode spacing, which can make the Bragg
mode control difficult.

As in the Fortran programming language no memory workspace can be allo
cated during run-time, the amount of memory workspace needed is dictated by the
size of the used arrays. In its current version, the threshold/static analysis unit
and the small signal AC a.nalysis unit require a memory workspace of 3 MByte,
the stochastic analysis unit even requires 4 MBytc.

This makes it almost impossible to really integrate the total package, but be
cause the units are functionally different, this poses no problem.

The small signal AC analysis and the stochastic analysis consist, numerically
seen, of solving a set of linear equations a number of times. Therefore they do not
consume very much CPU-time. E.g. the small signal AC analysis of a >"/4 shift
DFB laser for 100 discrete frequencies takes about 16 seconds.

The static analysis uses an iterative shooting technique to solve a set of nonlin
ear coupled equations. This can cause lengthy, CPU-time consuming simulation
runs, especially when the laser structure is complex. E.g. the DC-analysis of a
3 section tunable DBR laser (Active section current injection only), consisting of
calculating the static solution in ±120 current points, takes about 40 minutes.

It should be alwa.ys remembered that CLADISS is a model, of which the validity
is restricted by the correctness of the parameters describing the laser structure.
These parameters are still a point of discussion and research.

Concluding, we can say that the CLA DISS package is a powerful tool in the
range of semiconductor laser models. Especially the possibility to visualize the
internal distribution of several quantities can be helpful to understand physical
processes in semiconductor lasers.
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Appendix A

Derivation of linewidth reduction
factor in case of optical feedback

Kazarinov derived in [30] that the )inewiclth is reduced by a factor F 2 , when a
laser diode is coupled to an external cavit)·:

1 dl/Jr 0 dIn T
F = 1 + -- + --- = I + A + B

T, dw T, dw
(A.I)

By describing the external cavity feedback as an effective reflectivity at the laser
fa.cet :

rO + r~ exp(il/Jd (A.2)
r = 1+ ror~ exp(il/Jd

Here, r~ = rlt~ exp( -01 Ld is the external reflectivity corrected for attenuation
01 and field coupling loss tc and TO is the semiconductor facet reflectivity. These
reflectivities are field reflectivities, power reflectivities are found by squaring.

Differentiating equation (A.2) gives an exact expression for A and B in equa
tion (A.l) :

A _ . B _ vgOL I (l - T~)T~ exp(il/Jd (A.3)
t 0 - Vgl Lo (ro + T~ exp(itPd)(1 + Tor~ exp(il/Jd)

Both Henry [29] and Schunk [33] derived an approximation for weak coupling.
For this case the relation r~ «: TO , To =1= 0 holds and equation A.3 can be simplified
to:

A _ i B = vgOL I (1- TnT~ exp(il/Jd = vgOL 1 (1 - T~)T~(COStPl + isinl/Jd (AA)
o Vgl Lo TO Vgl L o TO

resulting in:

F = {I + VgOLL I (1 - T~)T~ (COSl/J1 + iSinl/Jd}
Vgl 0 TO

(A.5)
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This can be rewritten by using (uppercase R denotes power reflectivity):

ICH = r~ {I _ r~) VgO = ,j Ro (1 - Rrnt ,Tezl = !:l-
ro Lo Rm T, Vg l

where T, and Ted are resp. the semiconduet.or and external cavity roundtrip delay
times. This gives the result found by Henry [29]:

F = 1+ ICII Tezl (cos rPl - 0 sin rPI)

Schunk e.a. found a different expression [33]:

F = 1 + CCOS(rPl + arctan a)

(A.6)

(A.7)

where

and

K••I = ,j~:(1 -R".) =,j::: (I -Rm ) = KH· T.

Rewriting the formula of Schunk with variables used by Henry gives:

(A.8)

To prove that the results of Henry (equation A.6) and Schunk (equation A.7)
are identical, the following equality has to be proven:

cos rP - (}' sin rP = J1 + (}'2 cos( rP + arctan a)

Taking t/J = arctan (}' ,or (}' = tan t/J = lin ~, , we find:
COI't'

• -J. sin 1/J • -J.
cos rP - a sm rP = cos'P - -- sm 'P =

cos 1/J
cos t/J cos cP - sin t/J sin cP cos( cP + t/J)

cos t/J cos t/J
cos( cP + arctan (}')

cos(arctan a)

In Gradshteyn [35] can be found that:

{
a.reeos --1-; , z > 0

arctanz = ~
arccos ';1+z' ,z < 0

As in our case, a > 0, the first equality is used, leading to:

cos( rP + arctan 0) r-------::-

( ) = VI + 0 2 cos(¢ + a.rctan a)
cos arctan a

Q.E.D.
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The difference between the exact calculation with Kazarinov's expression (equa
tion (A.3)) a.nd the weak coupling approximations of Henry and Schunk (equa
tions (A.6) and (A.1)) is shown in Figure A.1 for a certain external cavity laser
con figu ration.

8,---.------.------,------,-----,•

L\' I Oem
r \ "10
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Figure A.I: Linewidth reduction factor F2 as function of external reflection TO,

exact calculation and weak coupling approximation
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