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A theoretical (using rate equations) and experimental study of the nonlinear dynamics
of a distributed feedback multiple quantum well laser diode is presented. The analysis is
performed under direct modulation. Period doubling and period tripling are identified
in both the measurements and simulations. Period doubling is found over a wide range
of modulation frequencies in the laser. Computational results using rate equations show
good agreement with the experimental results.
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1. INTRODUCTION

Multiple Quantum Well (MQW) laser diodes are
widely used in many applications because of their
superior performance characteristics over bulk
laser diodes. These include higher modulation
bandwidths and lower threshold currents, both of
which are desirable qualities for high-speed
optical fibre links. Directly modulated laser
diodes are operated under conditions that can
lead to a wide variety of nonlinear behaviour,
including period doubling [1] and chaos [2]. It is

therefore vital to have an accurate model of
nonlinear behaviour that is numerically efficient,
and for the most part rate equations are used by
most workers. However, in contrast to a large
volume of work using rate equations for non-
linear modelling of bulk structures, little such
work exists for MQW lasers. This paper presents
a detailed theoretical and experimental study of
the nonlinear dynamics of an InGaAsP/InGaAs
MQW 3,/4 shifted Distributed Feedback (DFB)
laser diode with 16 quantum wells [3] under direct
modulation.
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2. MQW LASER DIODE MODEL

To account for the carrier dynamics in quantum
well lasers, a rate equation model based on that
proposed by Nagarajan et al. [4] is used in our
numerical simulations. The rate equations for the
carrier density in the quantum wells (N) and the
barriers (NB) and the photon density in the optical
cavity (S) can be written as,

FqNdNB_FqI NB (1)
dt eV Tc Te

dN NB N
[

dt FqTc 7"n 7"e
vgG(N, S) S (2)

IL I, where PRF is the incident RF input power,
FL is the reflection coefficient of the laser and Z0 is
the characteristic impedance. The quantum wells
have one conduction subband so that the relation-
ship between the carrier density and the junction
voltage Vj can be approximated [5],

NkT m2cTrh Lzln[l+exp( eVj-Eph)kT (6)

where me is the electron effective mass, Lz is the
quantum well width and Eph is the photon energy.
The MQW material gain G (N, S) is modelled by [6]

Go N
G(N, S)=ln-- (7)No

dS [rvgG(N’ S) S + (3)

where Fq is the fraction of the MQW region filled
by the quantum wells, NB/7-c is the loss rate of
carriers from the barriers to the quantum wells and
N/7"e is the loss rate of carriers from the quantum
wells to the barriers. 7-p is the photon lifetime, V is
the active region volume, F is the mode confine-
ment factor, and Vg is the group velocity. The
dependence of the carrier lifetime (-n) on N is
modelled as,

1
A + BN + CN2 (4)

7"n

where the terms BN and CN2 model bimolecular
and Auger recombination respectively. The output
power per facet P is related to S via,

where R is the facet reflectivity ( 0.32) and L is
the cavity length. The injection current (I) can be
expressed I Ioc + IRv sin (27rft), where Ioc is the
bias current, IRV is modulation current amplitude
and f is the modulation frequency. Using an
isolator between the microwave source and the
laser to minimise impedance mismatch problems
enables IRF to be approximated, IRF v/2PRF/Zo[

where e is the nonlinear gain coefficient, No is the
transparent carrier density and Go is a constant
dependant on well structure.

It is known that the fraction of the spontaneous
emission coupled into the lasing mode (/3 factor)
plays a large part in determining the nonlinear
dynamics of laser diodes [2,7-9] and it has
recently been found that bulk DFB laser diodes
can exhibit a reduced /3 factor [2] compared to
their FP counterparts (8 10-7 compared to 10-in typical FP lasers). The value of used in our
simulations was therefore measured using the same
technique described in [2]. Other parameters which
were not material or dimensional in nature were
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FIGURE Measured (solid lines) and simulated (points)
small-signal modulation frequency response of the laser with
increasing output power.
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extracted from the small-signal measurements
shown in Figure 1. The parameter values used in
the simulations were: V 5.1 10-17m3 I 0.22,
Fq 0.66, -p 1.3 ps, fl 10-6, Go 141107m-1,
N0=2.411024m-3,e=3.24 10-23m3,A= 108
s -1 B 10 -16 m3s -1 C 3 10-41 m6s -1

-c 20 ps, and 7"e 191 ps. Simulations were per-
formed by solving (1)-(3) using a fourth order
Runge-Kutta scheme.

3. NONLINEAR, DYNAMIC ANALYSIS
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3.1. Results

So as to study the nonlinear dynamics resulting
from direct modulation of the laser alone, optical
feedback into the laser was minimised by the use of
an optical isolator. The experimental setup used to

analyse the nonlinear dynamics of the lasers is
shown in Figure 2. The incident RF input power to
the laser (PRy) was monitored through a direc-
tional coupler and the problem of laser mismatch
to 509t was minimised through the use of a
microwave isolator.
For a range of output power levels * (Pout) and

modulation frequencies (f), PRy was swept
between -5 and 22 dBm and the regions where
nonlinear behaviour occurred recorded. These
regions are shown in Figure 3 along with the
simulated results. There were both regions of
period doubling and period tripling. Period

tripling occurred when the laser was biased with
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FIGURE 2 Experimental setup used to investigate the non-
linear dynamics of the laser.
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FIGURE 3 Regions of where nonlinear behaviour were
recorded for (a) the measured laser, (b) the simulated laser.
PD denotes the regions where period doubling were recorded
and T the region where period tripling was observed.

Pout levels of between 0.7 mW and 3.6 mW. In the
region where period tripling occurred, as PRF was

increased, the route to period tripling was always
via period doubling. Figure 4 shows the measured
and simulated output frequency spectrum of the
laser under conditions of single period, period
doubling and period tripling behaviour.

There were features of the period doubling
which were common to both simulated and
measured lasers. Namely the upper and lower
modulation frequency limits of the period dou-
bling regions seemed to follow one and two times

* Corresponding to a range of bias currents.
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the relaxation frequency of the laser (fR) respec-
tively. For a fixed ratio of modulation frequency to
relaxation frequency the value of PRy required to
produce period doubling increased almost linearly
with Pout. These features are illustrated in Figure 5
where the calculated values of PIF required for
period doubling to occur in the laser are displayed
versus Pout and the modulation frequency normal-
ised to f. The measured and simulated values of

PF required for period doubling to occur in the
laser versus Pout are displayed in Figure 6. When
obtaining the data displayed in Figure 6 the
modulation frequency was adjusted at each Pout to
keep the ratio of modulation frequency to relaxa-
tion frequency constant, which for Figure 6 was
1.5. It is expected that this relationship is due to
the corresponding increase in relaxation damping
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FIGURE 4 Measured and simulated frequency spectrum of
the laser under conditions of single period (P 1), period doubling
(P2) and period tripling (P3) behaviour.
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FIGURE 5 Three dimensional plot displaying the calculated
values of PRF required for period doubling to occur in the laser
versus Pout and the modulation frequency normalised to J,.
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FIGURE 6 Measured (points) and simulated (solid line) RF
input power required to produce period doubling versus output
power per facet. The modulation frequency to relaxation
frequency ratio is kept constant at 1.5.
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FIGURE 7 Simulated dependence of nonlinear behaviour on

PRF and /3 in the laser. Simulations were performed with a
modulation frequency of 6 GHz and Pout set at 0.6 mW. The
black areas in the diagram indicate regions of higher order
bifurcations.

with power level which is known to be an

important factor in characterising the nonlinear

dynamics of laser diodes [9].
Liu et al. [2] suggest that the promotion ofperiod

tripling in their bulk DFB laser was due to .the
unusually low value of/3 measured in their laser. To
investigate whether this was the case in our MQW
DFB laser we analysed the effect of variations in/3
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on our simulation results. Figure 7 shows the
regions of nonlinear behaviour as/3 and PRF are
varied. It is clear that as/3 is reduced the period
tripling behaviour becomes more prominent. It
would therefore seem likely that the observed period
tripling in our DFB laser can be attributed to the
low value of/3 measured in this laser compared to
that measured in typical Fabry Perot lasers.

4. CONCLUSION

In summary, we have performed a detailed
theoretical (using rate equations) and experimental
analysis of the nonlinear dynamics of a MQW
DFB laser diode under direct modulation. We
observed period doubling and period tripling in
both measurements and simulations. Period dou-
bling was evident over a wide range of modulation
frequencies. Computational results using rate

equations show good agreement with the experi-
mental results.
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