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Analysis and simulation of dynamic properties for the DFB laser
Abstract. The numerical analysis of dynamic properties of the distributed feedback laser (DFB) is presented. The model is based on coupled rate
equations, which can describe mutual relations between a photon number, an electron number and an optical phase in the active region of the DFB
laser. The presented numerical approach includes intrinsic fluctuations of laser parameters and laser noises caused by these fluctuations to the
model using the fourth order Runge-Kutta method. The DFB model can be consequently applied for a purpose of advanced simulations performed in
the complete optical transmission model.
Streszczenie.Zaprezentowano analizę numeryczną właściwości dynamicznych lasera typu DFB. Model bazuje na sprzężonych równaniach
opisującychwzaje,mne relacje miedzy liczbą fotonów, liczbą elektronmów I fazą optyczną cześci aktywnej lasera. W modelowaniiu wykorzystano
metodę Runge-Kutta czwartego rzędu. W opracowanym modelu uwzględnmiono możliwość fluktuacji parametrów lasera i wynikające stąd szumy.
Analiza i symulacja właściwości dynamicznych lasera typu DFB
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Introduction
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Constantly increasing end-user requirements lead to (2)
1+εS t
dt
q τn
increased demands for the data transmission speed and
thus to the need to develop new technologies used in
Φ α
optical transmission networks. Recently, the focus has been (3)
=
N(t)-N +Fθ (t)
2
paid to the transmission systems with capacity in excess of
-1
100 Gb.s per one channel [1]. This amount of capacity can
The rate equations can be obtained heuristically by
be only reached using high order modulation formats,
taking into account physical phenomena through which the
multiplexing techniques, such as the wavelength division
number of electron N and the number of photons S change
multiplexing (WDM), the spatial division multiplexing (SDM),
with time inside the active region, as illustrated in fig.1.
and high-quality optical sources with a very narrow spectral
linewidth [1-4]. Laser noises [5-7] are one of the most
limiting factors of the optical transmission system.
Therefore, is necessary to create a model of the DFB laser
that can represent behavior of the light source including its
limitations. The DFB laser model must be based on
measured parameters in order to predict its corresponding
system performance. In general, the intent of creating an
optical transmission system model is important for testing
optical modulation and/or coding techniques, noise
thresholds, etc. [8-9]. In this paper, the complete numerical
approach used in a simulation model for the DFB laser is
Fig.1. The single-mode laser model expressed by the rate equation
presented, as improvement in existing optical transmission
Equations (1) – (3) represent laser rate equations for a
system developed before [10-11]. Laser output
single-mode laser. These rate equations are used to
characteristics as the electron number, the photon number,
compute simulation of the photon number S(t), the electron
the optical phase, the optical power and laser noises
number N(t) and the optical phase Φ(t). Parameters of
caused by fluctuations of these characteristics are obtained
these rate equations are presented in Table 1.
as results from the laser rate equation model based on
parameters extracted by I. Fatadin and his team in [12]. We
Table 1. Extracted parameters used in rate equations
propose a mathematical methodology that can be used to
Parameter name
Parameter
model the DFB laser’s behavior under different operating
gain slope constant coefficient
g
conditions. In the Section I., the laser rate equation model
carrier density at transparency
N0
including noise fluctuations is introduced. In the Section II.,
gain compression factor
sp
results of numerical simulations are presented and, finally,
photon lifetime
τp
spontaneous emission coupled into lasing mode
β
a conclusion of our work is situated.
The Laser Rate Equation Model
The inner dynamics of DFB lasers can be modelled by a
set of rate equations, which describe the interaction
between photons and electrons inside the active region with
added extra noise term, known as the Langevin noise
source. This equation model is originally derived from
Maxwell’s equations [13].

injection current
electron charge
electron lifetime
group velocity
linewidth enhancement factor
time-averaged carrier number

I.

(1)

dS(t)
=
dt

N t -N0
1+εS t

1
βN t
S t +
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τP
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In the rate equations used above, the diffusion [5] and
nonlinear effects [6] are lumped together as an effective
field-dependent optical gain compression. This rather
simple form is commonly employed by many authors [12–
16]. The optical feedback [17] into laser is also not
accounted by this model. However, the optical feedback
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can be reduced experimentally by a sufficient optical (15)
FN(t) =FZ(t) - FS(t)
isolation.
where xs, xΦ, xz, are three independent random numbers
The fluctuation of the lasing frequency ∆v(t) is described
obtained from a Gaussian distribution with zero mean
by a variation of the optical phase as:
values and unity variances and ∆t is the sampling time
1 Φ
interval [19].
(4)
Δv(t)=
2
The optical output of the DFB laser is given by amount of
emitting photons as follows:
The random noise function in (1) - (3) representing
S(t)η0
intensity, phase and frequency fluctuations are caused by (16)
p(t)=
noise mechanisms (the spontaneous emission and the
τp
electron hole recombination). They are assumed to be the
where η0 denotes the total differential quantum efficiency
Gaussian process with zero mean value. Under the
and hv denotes the photon energy.
Markovian assumption, the correlation function of the form
given by the Markovian approximation can be expressed
The threshold current of the DFB laser is given by:
as:
(17)
〈Fi (t)Fj (t')〉=2Dij δ(t-t')
(5)
qVa
1
where i, j = S, N or Φ , δ is the Dirac’s delta function
angular, brackets denote the ensemble average, Dij is
called the diffusion coefficient and is listed as:
(6)

(7)

(8)
(9)

2DSS =
2DNN =

2βN t S(t)
τn

2N t
[1+βS(t)]
τn

2DΦΦ =

-2βN t S(t)
τn

2DSN =

‐2βN t
τn

Ith =

τn

N0 +

gτp

II. Simulation Results and Discussion
All simulations are realized in Matlab R2017A. Two sets of
simulation are computed to obtain output characteristics of
the DFB laser. The first simulation is focused on steadystate characteristics as the L-I curve and the power
dependency on the central lasing wavelength.

t

Obtaining explicit forms for the functions FS(t), FN(t),
FΦ(t) is necessary due to numerical integration in (1) - (3).
Unless these noise sources are cross-correlated, we could
numerically simulate them with three independent random
generations using their auto-correlations. Because of the
cross-correlation between S and N in [18-19], the new
variable FZ(t) can be defined as:
Fig. 2.
Optical power dependencies on the central lasing
wavelength
for
different
bias
currents

(10)
The noise functions FZ(t), FS(t) are mutually orthogonal
without the cross-correlation between them so that we can
define them independently and hence obtain FN(t) from (10).
Then, the diffusion coefficient for variable Fz can be
expressed as follows:
(11)

2DZZ =

2N(t)
τn

and appropriate noise sources can be expressed as:
(12)

FS (t)=

2Dss (t)
xs
Δt

(13)

FΦ (t)=

2DΦΦ (t)
xΦ
Δt

(14)

FZ (t)=

2DZZ (t)
xZ
Δt
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Fig. 3. Optical power dependencies on the input bias current for
different wavelengths

In the fig.2, it can be seen how output power varies, when
the central lasing wavelength is changed. In the fig.3, there
are shown input-output characteristics (output power
dependencies on the bias current) for three different central
wavelengths.
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Fig. 4 Photon number fluctuations during the transient

Fig. 8. Photon number fluctuations after the transient

Fig. 5 Electron number fluctuations during the transient

Fig. 9. Electron number fluctuations after the transient

Fig.67 Central lasing frequency fluctuations during the transient

Fig. 7 Output power fluctuations during the transient

Fig. 10. Central lasing frequency fluctuations after the transient

Fig. 11. Output power fluctuations after the transient
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The second simulation is dedicated to the continuous
wave lasing. Numerical results for output fluctuation characteristics are obtained using values of extracted parameters
presented in Table 2. The fourth-order Runge-Kutta
algorithm is used to compute the numerical integrations of
(1) – (3). The time interval is set to ∆t = 10 ps.
Table 2. Values of extracted parameters used in simulations
Parameter name
Parameter
Value
-9

electron lifetime

τn

0.33 x 10 s

photon lifetime

τp

7.15 x 10

gain compression ratio

-12

s

-8

3

6

-3

ε

4.58 x 10 m

N0

8.20 x 10 m

β

3.54 x 10

η

0.21

central wavelength

λ

1550 x 10 m

gain slope constant
coefficient

g

1.13 x 10 s

carrier density at
transparency
spontaneous
emmision factor
total differential
quantum efficiency

-5

-9

4

-1

In fig.4 – 11, it can be seen time evolutions of the
photon number S(t), the electron number N(t), the central
lasing frequency fluctuation ∆v(t) and the output power
fluctuation P(t) during and after transients. The numerical
simulations were performed with injection current I =
12,9 mA. Due to noise operators mentioned above, physical
quantities are fluctuating around their steady state values.
The noise operators are less visible during the start- up
transient.
Conclusion
We have presented a detailed mathematical methodology in
order to simulate a DFB laser’s behavior using the laser
rate equation model. The simulation is divided in two parts.
The first part of simulation is focused on the steady-state
approach, where L-I curves and wavelength dependencies
can be obtained. The second part of simulation is devoted
to the CW lasing. The presented steady-state equation
model contains only values of parameters extracted from
measurements. This approach can be also used to simulate
a direct modulation of the DFB laser.
In the next contribution, this simulation will be compared to
real DFB laser measurements. This DFB laser model is a
component of the complete optical transmission system
performed in Matlab R2017.
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