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Abstract In this paper a model and simulation results of integrated semiconductor
passively modelocked ring lasers are presented. The model includes nonlinear effects such
as two-photon absorption and a non-linear refractive index, a logarithmic gain-carrier rela-
tion, and concentration dependent radiative and non-radiative carrier recombination rates.
The optical bandwidth of the system is controlled by a digital filter. The model has been
used to simulate two geometries of ring modelocked lasers. The first is a symmetric design,
where the two counter propagating pulses in the cavity experience the same amplification and
absorption. The second is an asymmetric design where the differences for the two directions
of pulse propagation are maximised. Simulation results show that a symmetrical cavity shows
a several times wider window for its operating parameters for stable modelocking.

Keywords Integrated optics · Mode-locked lasers · Modelling · Optical pulse generation ·
Semiconductor lasers · Semiconductor optical amplifiers(SOA)

1 Introduction

Semiconductor modelocked lasers (MLLs) at 1.55 µm can be useful devices for a number
of applications (Williams et al. 2004). In particular for high speed optical communication
systems they can be used as pulse sources in OTDM systems (Takara 2001), multiwavelength
sources in DWDM systems or all optical clock recovery (Ohno et al. 2004). Other applications
can be e.g. in optical fibre based sensor systems. Passively modelocked devices are of interest
due to the fact that they require relatively low cost DC electrical supplies to operate. In such
devices typically a short section of the active waveguide is reversely biased to form a saturable
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absorber (SA) (Derickson et al. 1992). An important advantage of semiconductor devices
is not so much that they can be more robust and smaller than solid-state laser sources, but
that such lasers can be more easily mass-produced and integrated on a single chip with
other optical devices such as optical switches, filters and amplifiers using active–passive
integration technology. At the COBRA Research Institute we are pursuing the development
of such integrated optical circuits. The ring laser geometry for the semiconductor MLL is of
particular interest for two reasons. The first reason is that is can be easily located in the middle
of a chip somewhere without the need to fabricate etched mirrors. Secondly, a modelocked
ring laser, as also will follow from the work presented here, will typically operate in a
colliding pulse modelocking mode. This will provide more stable modelocking and a more
deeply saturated absorber. Active–passive integration however also brings additional design
freedoms. One can design ring cavities where the total length of the cavity, the amplifier and
the absorber can be set more independently than in an all active device since part of the cavity
can be a passive waveguide. Also the relative position of the amplifier, absorber and output
coupler can be varied.

In this paper we present a model to simulate semiconductor MLLs that can be realised
with active–passive integration technology to get to an understanding of the mechanism of
passive modelocking and to be able to design advanced devices. In particular we investigate
the possibility of influencing the modelocking stability and the balance of optical power in the
two directions by the positioning of the amplifier, absorber and output coupler. The model that
has been developed and which is presented here is a bi-directional time domain model for ring
modelocked lasers (RMLLs). The modelocking mechanism studied is a passive modelocking
using a slow SA. The SA is a short semiconductor optical amplifier (SOA) section that is
reversely biased. The model is applied to the bulk 1.55 µm InGaAsP active medium, which
is used in the active–passive integration scheme presented by Barbarin et al. (2005a). The
model may also be used, with the appropriate parameter values, with quantum well gain
media. The passive components are passive waveguides and passive couplers and the active
components which all have an SOA layer structure and which can form an amplifier, a SA,
or an isolation section between amplifier and SA.

The first reported work on the modelling of modelocking using a slow SA is from Haus
(1975). Then the research in this field has grown with the development of semiconductor
MLLs in the 90s. As was identified and discussed by Avrutin et al. (2000), there are two
main types of time-domain modelocking theories. There are the lumped-element models
(Koumans and van Roijen 1996; Leegwater 1996) and the fully distributed time-domain
models (Yu et al. 1998). Another approach that is well developed is a travelling wave
model (Zhang and Carroll 1992; Radziunas 2006; Bandelow et al. 2006). Recently Heck
et al. (2006) presented a model with a lumped-element approach where the propagation of
the pulse through the SOA and the SA were calculated using a distributed time-domain model.
The SOA rate equations used in his model are based on a model from Tang and Shore (1999)
which includes carrier heating (CH) effects, two photon absorption (TPA) and ultrafast non-
linear refraction (UNR). These non-linear effects are included in the same way in the model
presented in this paper. The model is fully in the time domain except for the bandwidth limi-
tation in the laser. It is bi-directional to describe realistic laser systems which usually operate
with pulses travelling in both directions. For the description of the SOA, the model of Tang
and Shore has been extended with bidirectional fields, separate radiative and non-radiative
carrier recombination processes (Olshansky et al. 1984) and a logarithm gain-carrier relation.
This gain relation has been validated for the bulk material used in the RMLL described in
Barbarin et al. (2006). The effect of the limited optical bandwidth of the SOA is not included
in the rate equations of the SOA, but in a separate element in the model. This element is a
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bi-directional digital low-pass filter which stabilizes the system by limiting the bandwidth
each roundtrip, in accordance with the spectral gain profile of the SOA/SA combination.

The model and study presented in this paper is similar to the model and studies presented
by Yu et al. (1998). In that work the effects of the relative position of the amplifier and
absorber sections, as well as multiple absorber sections are investigated in all-active ring
lasers using a travelling wave model. The main differences with the model and work here are
that we have included non-linear effects in the amplifier, applied our model to extended cavity
lasers with passive sections that are several times longer than the amplifier and we have used
a digital filter for bandwidth control. The simulation results and operating modes found are
discussed in detail. Avrutin et al. (1999) have also reported on the simulation and experiments
concerning modelocked semiconductor ring laser configurations. They have described ring
lasers with multiple absorbers in order to obtain higher modelocking frequencies through
harmonic modelocking. The simulations presented there were however based on a frequency
domain model using cold cavity modes.

The remainder of this paper consists of two main sections. In the following section, the
model for RMLL is described in detail. In Sect. 3 the model is used for the simulation of
symmetric and asymmetric 20 GHz modelocked ring lasers and the results are discussed.

2 The integrated MLL model

A bi-directional time domain model of a modelocked ring laser was developed that is based
on a set of rate equations for a SOA. This system of differential equations relates the density of
photons and charge carriers in the device to the injection current. Five different components
are used in the extended cavity RMLL: passive waveguides, amplifiers, absorbers, isolation
sections and a coupler. In this model, the ring laser is divided into segments that we assume
equal in optical length (Fig. 1). There are five types of segment required for the different
components. Uniform photon and carrier densities (for active components) are assumed in
each segment. The time for the light to travel through one segment is 25 fs which is the
discretization time (Tseg). Each 25 fs the evolution of the photon densities (clock wise (CW)
and counter clock wise (CCW)) and carrier densities is calculated for all segments. Then the
photon densities are transferred to the neighbouring segments and the carrier density values
are kept in the same active segments for the next step.

The SOA rate equations of the model presented here include the nonlinear effects CH,
TPA and UNR in the same formalism as Tang and Shore (1999). The rate equations have
been extended to take into account bidirectional fields (CW and CCW). Also, the model
presented here makes the distinction between radiative and non-radiative carrier recombi-
nation processes (Heck et al. 2006). Finally, in the rate equations of the SOA a logarithmic
gain model is used that has been validated experimentally by us (Barbarin et al. 2006). The
gain-carrier relation used is given in Eq. 1, where aN is the linear gain coefficient, N0 the
material transparency carrier density and N the carrier density. The relation is illustrated in
Fig. 2. The average carrier density in the amplifier inside the laser above threshold is around
two times N0 in the systems modelled. A linear gain-carrier relation is commonly used in
lasers since the typically the variation in carrier density in the amplifier in time is over a
limited range. However it can be seen that the slope of the curve becomes smaller at higher
values of N and that the linear gain coefficient would need to be corrected (Koumans and
van Roijen 1996). Using the logarithmic relation, no correction is needed. Furthermore, this
relation is more flexible for the simulation of various type of RMLL with different amplifier
length and thus different averaged carrier densities.
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Fig. 1 Diagram of the symmetric ring modelocked laser segmented for the simulation. The connections
between the coupler, the ring and the Bessel filters are shown

Fig. 2 Plot of the logarithmic gain carrier density relation. The average carrier densities in the amplifier and
the SA in a modelocked ring laser are indicated

gm = aN · N0 · ln

(
N

N0

)
(1)

Each SOA segment is described by the following rate equations:

∂S1

∂t
= S1 ·

CS0 · ln
(

N
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)
− CS1 · (S1 + S2)

2

1 + C2 · (S1 + S2)
− CS3 · S2

1

−Loss1 · S1 − Loss2 · N · S1 + CS4 · N 2 (2)
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Here S1 and S2 are the CW and CCW photon densities, φ1 and φ2 are the CW and CCW
phases. In the two photon density equations for CW (2) and CCW propagation (3): CS0 gives
the linear gain; CS1 gives the nonlinear gain compression due to two-photon absorption; C2

gives the nonlinear gain compression due to spectral hole burning and carrier heating; CS3

gives the two-photon absorption; Loss1 is the scattering loss and the free carrier loss in the
cladding; Loss2 is the free carrier absorption within the active layer (Williamson and Adams
2004); CS4 is the bimolecular recombination contribution. In the carrier density equation:
CN−0, CN1 , CN3 and C2 are similar contributions as CS0 , CS1 , CS3 and C2; A is the inverse of
the carrier lifetime; B is the bimolecular recombination rate; C is the Auger recombination
coefficient and Wp is the pump rate. In the two phase equations: Cφ0 , Cφ1 , Cφ3 and C2 are
the same contributions as CS0 , CS1 , CS3 and C2, Cφ4 is the UNR coefficient.

In detail:

CS0 = aN · � · V g · N0 CN0 = aN · V g · N0

Cϕ0 = 1
2 · αT · ε1 · aN · h̄ · ω · V g · Sur f · N0

CS1 = ε2 · h̄2 · ω2 · V g3 · Sur f 2

�2 CN1 = ε2 · h̄2 · ω2 · V g3 · Sur f 2

�3

Cϕ1 = 1
2 · αT · ε2 · h̄2 · ω2 · V g2

C2 = ε1 · h̄ · ω · V g · Sur f
�

CS3 = �2 · β2 · h̄ · ω · V g2 CN3 = �2
�

· β2 · h̄ · ω · V g2

Cϕ3 = 1
2 · αN · aN · � · V g · N0

Loss1 = (Losss cat+Lossclad )·Lseg
Tseg

Loss2 = Loss f reecar ·Lseg
Tseg

CS4 = B · � · β

Cϕ4 = �′
2 · ω

c · n2 · h̄ · ω · V g

Where � the linear confinement factor, Vg the group velocity, ε2 the nonlinear gain compres-
sion factor to TPA, ω the photon frequency, ε1 the nonlinear gain compression factor, Surf
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Table 1 Parameters used in the model

Symbol Description Value

aN Linear gain coefficient 4.05·10−20 m2

N0 Transparency carrier density 0.4·1024 m−3

� Linear confinement factor 0.259
�2 Confinement factor for TPA 0.5
�′

2 Confinement factor for UNR 0.4
Vg Group velocity 80·106 m/s
ε1 Nonlinear gain compression factor 0.2 W−1

ε2 Nonlinear gain compression factor to TPA 200 W−2m−1

ω Pulsation / wavelength 1.55 µm
Surf Surface of the active region 0.12 x 2.0 µm2

n2 Nonlinear gain refractive index −3.5·10−16m2/W
Tseg Time segment 25 fs
β Spontaneous emission coupling factor 10−5

β2 Coefficient for TPA 37 cm/GW
A One over the carrier life time 1.67·10−9 s−1

B Bimolecular recombination rate 2.602·10−16 m3 s−1

C Auger recombination coefficient 5.269·10−41 m6 s−1

αT Temperature linewidth enhancement factor 2.0
αN Carrier density linewidth enhancement factor 4.0
Loss1 Scattering loss and free carrier loss in the cladding 2000 m−1

Loss2 Free carrier absorption within the active layer 5.0·10−22 m2

the surface of the active region, �2 the confinement factor for TPA, �′
2 the confinement factor

for UNR, c the speed of light, Tseg the time segment, Lseg the physical length of one segment,
β the spontaneous emission coupling factor, αN the carrier density linewidth enhancement
factor and αT is the temperature linewidth enhancement factor. β2 is the coefficient for two-
photon absorption and n2 is the nonlinear gain refractive index. All the parameters used are
listed in Table 1.

The SA is a short SOA that is reversely biased (Lau and Paslaski 1991). It is described with
the same rate equations as the amplifier without carrier injection. In the SA in an operating
MLL the carrier density varies in time between low background values and the transparency
carrier density value. In Fig. 2, it can be seen that within this range, the slope of the gain-
carrier relation curve varies by a significant amount. The logarithmic gain-carrier relation
has its limit when the carrier density in the SA is very low. The absorption then becomes
unrealistically high. This is prevented by introducing a minimum carrier density background
value in the SA. It has been reported that the carrier lifetime of a SA depends of the reverse
bias voltage applied (Karin et al. 1994), but such a relation has not been implemented in the
model. The carrier lifetime is the only parameter that is tuned. The model presented here
is bidirectional, thus two pulses can meet in the SA. For a very short SA (less than a few
wavelengths), coherent effects need to be taken into account. However for MLLs with ridge
waveguides, the coherent effects are small in the SA (Derickson et al. 1992) and therefore
have not been implemented in the model. The isolation sections between an amplifier and a
SA are considered as non-reversely biased SAs with a fixed carrier lifetime of 200 ps and
no current injection. In passive waveguides, only the passives losses are taken into account.
Intensities of pulses are not sufficiently high to introduce non linear effects in the passive
waveguides (Van Thourhout et al. 2001).

In this paper, a RMLL cavity where the two counter propagating pulses experience the same
optical path, but in opposite direction, is called a symmetric cavity. If not, the cavity is called
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asymmetric. Besides, a modelocked laser which has two counter propagating pulses meeting
in a SA, is in a colliding pulse modelocked (CPM) (Bischoff et al. 1997) configuration. This is
automatically the case for a RMLL (in case there are no provisions to make it unidirectional).
Shorter pulses are generally obtained with such a configuration (Bischoff et al. 1997). Figure 1
presents a diagram of a possible RMLL symmetric configuration. At the top of the figure,
a coupler element couples the light in and out of the ring. This is done coherently for both
directions in the model. At the bottom of the figure, in the middle of an amplifier is a SA
isolated by two isolation sections. The white segments are passive waveguides. The bandwidth
limitation obtained by filtering is done for each direction just before the light is coupled out
of the ring.

2.1 Bandwidth limitation using a digital Bessel filter

The effect of the limited optical bandwidth of the SOA has not been included in the rate
equations of the SOA presented above. The limitation of the optical bandwidth is brought
separately at each roundtrip using a bi-directional digital low-pass filter (Hamming 1989).
This method has the advantage that the model is fully in the time domain. The filter parameters
have been set so that the transmission curve is close to the measured gain curve (Barbarin
et al. 2006) as can be seen from Fig. 3a. The bandwidth of the SOA has been measured to
be 21.6 THz (0.086 in a normalized frequency). Important is also that such a digital Bessel
filter introduces a very low distortion of the phase. The filter is a digital difference Eq. 7.
The difference equation computes the output electrical field strength and phase at the time
n, based on past and present input electrical field and past output electrical field.

y [n] =
order∑
k=0

bk · x [n − k] +
order∑
l=1

−al · y [n − k] (7)

In Eq. 7, x[ ] is the array with the present and past input signal (complex field amplitude),
y[ ] is the array with the past output signal (complex field amplitude), a is a vector of filter
feedback coefficients, and b is a vector of filter feedforward coefficients. These coefficients
determine the properties of the filter. One possible signal flow graph for the filter is given in
Figure 3b. The storage of past samples is represented by boxes labeled “Z−1”. This diagram
is used because it can be directly converted to the frequency domain by replacing all time-
domain signals by their respective Z transforms (Jury 1973). The idea contained within the
Z-transform was previously known as the “generating function method”.

The MathCad� software package has been used to calculate the feedback and feedforward
coefficients of the Bessel filter. The 14th order for the filter turned out to be sufficiently robust
for our application. In the calculations the a and b coefficients need to be used with an accuracy
of that is two orders of magnitude greater than the order of the filter. This type of digital filter
conserves the causality of the signal but it has a delay. The delay is one over the normalized
frequency cut, which in our case corresponds to approximately 22 segments of 25 fs. This
delay can be compensated in the passive region of the ring where only the passive losses are
playing a role. The use of a digital filter is much more simple than using a Fourier Transform
(FT), spectral filtering and a back FT.

3 Simulation of symmetric and asymmetric 20 GHz ring modelocked lasers

The model has been used to study a symmetric and an asymmetric 20 GHz RMLL design. The
results are presented in the two following sections. These RMLL designs can be realized with
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Fig. 3 (a) The transfer function of the digital filter used, plotted with the measured bulk SOA gain as a function
of the normalized frequency (	 = ω· Tseg / 2π ). (b) Signal flow graph of a digital filter. “Z−1” represents a
Z-Transform. “a” and “b” are the feedback and feedforward coefficients of the filter

Fig. 4 Design of a symmetric 20 GHz modelocked ring laser on an active passive wafer. The active region is
1000 µm long and centred is a 22 µm long SA. The isolation sections are 16 µm long

the COBRA technology (Bente and Smit 2006). The choice of the design parameters studied
has been guided by the results obtained experimentally from an 18 GHz integrated extended
cavity Fabry-Pérot MLL (EC-FPMLL) (Barbarin et al. 2007). Indeed the dimensions of the
RMLL amplifier and SA studied are similar to the experimental design of the EC-FPMLL.

3.1 Simulation of a symmetric RMLL

The design of a 20 GHz symmetric RMLL is plotted in Fig. 4. The total length of the ring
laser is 4 mm (2000 segments). The two amplifiers are 472 µm long (236 segments). The
choice of the length of the SA is based on the length of the SAs in successfully modelocked
FPMLL devices (Barbarin et al. 2005b): absorber lengths of 10 and 12.5 µm. In a ring cavity,
there are two counter-propagating pulses which meet in the SA. It can be seen as two FPMLL
lasers joined at the SAs; the resulting SA is then two times as long. For the simulation, the
SA was set at 22 µm long (11 segments). It is isolated from the amplifiers by two 16 µm long
(8 segments) isolation sections. The light is coupled in and out from the ring with a coupler
with 50% out-coupling ratio.

123



Modeling of integrated extended cavity InP/InGaAsP semiconductor modelocked ring lasers 139

Fig. 5 Simulated output power and calculated pulse width of the laser as a function of time. The laser is
self-starting. I=65 mA τSA =11 ps

Fig. 6 Different regimes of the symmetric 20 GHz RMLL function of amplifier current and SA carrier lifetime.
The pulse width is given in picoseconds if the laser is modelocked

As the model includes spontaneous emission, the self-starting of the laser can be simulated.
As an example, a simulated output power during start-up of the laser is plotted in Fig. 5 for
settings that lead to a stable modelocked state. Three aspects can be identified in the start-up
of the modelocked laser. The laser starts with relaxation oscillation behaviour which ends
after five or so oscillations. The second aspect is that the modelocking action of the absorber
can be seen right from the start and after only 2–3 ns the laser produces pulses and only a
small amount of CW background light. Then the pulse length decreases further in time as
shown in Fig. 5 (right axis). After that the third aspect can be seen. The short pulse length
makes that the self-phase modulation becomes important. The short pulse may break-up a
couple of times before its phase profile becomes stable. The laser then settles to a stable
modelocked state.

Simulations of the symmetric RMLL have been performed for different amplifier current
and SA carrier lifetime values to establish the stability region for modelocking. To save
computing time, two low power 2 ps pulses with a null phase have been injected into the
cavity to start the simulations. For a limited number of working points this has been tested
to lead to the same results as starting from only the ASE. The laser threshold is 57.5 mA.
The different regimes of the laser are plotted in Fig. 6. The laser is properly modelocked for
amplifier current values between 62 and 75 mA and SA carrier lifetime values between 9
and 15 ps. The results obtained for parameters in the modelocked regime on the boundary of
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b)a)

Fig. 7 (a) Simulated output pulse shape and chirp and (b) the corresponding calculated optical spectrum.
Width=0.95 ps, Peak power=70 mW; Chirp=65 GHz (∼ linear); Bandwidth=2.6 nm; for I=65 mA &
τSA =11 ps

the stability region are stable over 5 ns. At high current injection (>75 mA) and for any SA
carrier lifetime, the modelocking in the laser becomes unstable due to pulse break-up, but
in a regular way. For short SA carrier lifetime (<7ps) and a current in the amplifier which
is not too high, the laser goes into an intensity modulated modelocked state. This regime is
a two dimensional quasi-periodic dynamic (Ott 1993). There are two other regions where
the laser is also unstable. In the first unstable region around 65 mA amplifier current and
15 ps SA carrier lifetime, a second pulse in the roundtrip time attempts to be present. In
the second region unstable around 72.5 mA amplifier current and 9 ps SA carrier lifetime,
the laser switches irregularly between a pulse break-up regime and more stable modelocked
state. Each regime is studied in more detail in the following paragraphs.

In the stable modelocking region, as can be seen in Fig. 6, the pulse width increases with
the current, except next to the unstable region. At lower current, the pulse is less intense;
it saturates less the SA which vice-versa narrows down the pulse more efficiently. In the
same way the pulse width decreases with the carrier lifetime of the SA, except close to
the unstable regimes. The most stable modelocked regime (over 20 ns simulated) has been
found for 65 mA amplifier current and 11 ps SA carrier lifetime. The measured pulse width is
constant after 8 ns and the amplitude modulation is small (<10%). The output pulse obtained
is plotted in Fig. 7a together with the corresponding calculated optical spectrum in Fig. 7b.
The pulse is 0.95 ps wide with a 70 mW peak power and it is slightly down-chirped (65 GHz).
Unidirectional simulations of Heck et al. (2006) predicted up-chirped pulses with higher chirp
values. The low values and sign change found in the model here, is attributed to the CPM
configuration. Using a Fourier Transform (FT), the optical spectrum has been calculated with
100 pulses. The calculated spectrum is 2.6 nm at FWHM: the pulse is near transform-limited.
The chirp of the pulses stays limited due to the extended cavity.

The two-dimensional quasi-periodic regime at a short SA recovery time (<7ps) is illustra-
ted by the simulated output power of the laser in Fig. 8. This regime is stable after 5 ns. The
peak intensities of the pulses vary from 120 to 60 mW every 1.3 ns (770 MHz). In the same
way, the pulse width varies from 0.75 to 1.05 ps. The narrowest and the widest pulses are
plotted in Fig. 9a and b. In both cases the chirp is small (<60 GHz) and there is a down-chirp.
The evolution of the pulse width in time is shown in Fig. 10. In this regime the SA recovers
faster and the absorption is higher. The amplitude modulation can be reduced by increasing
the gain in the cavity. Indeed, simulations with a higher injection current in the amplifier
show that the modulation decreases and pulses narrow down. But, if the current is increased
further, pulses start to break-up. No proper modelocking without amplitude modulation has
been simulated for this design at such a short SA recovery time.

123



Modeling of integrated extended cavity InP/InGaAsP semiconductor modelocked ring lasers 141

Fig. 8 Simulated output power of the 20 GHz symmetric RMLL as a function of time with a relatively short
SA lifetime. Two low power 2ps pulses with a phase null were injected in both direction of the cavity to speed
up the start of the laser. I=67.5 mA τSA =5 ps

Fig. 9 Simulated output pulses for the two extreme cases, I=67.5 mA τS A =5 ps: (a) Peak power=
122 mW, width=0.75 ps, down chirp=30 GHz (nonlinear) (b) Peak power=58 mW, width=1.05 ps, down
chirp=50 GHz (∼linear)

Fig. 10 Simulated pulse width function of time for I=67.5 mA τSA =5 ps
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Fig. 11 Simulated output power of the 20 GHz symmetric RMLL as a function of time at higher current
values. Two low power 2 ps pulses with a phase null were injected in both direction of the cavity to speed up
the start of the laser. I=80 mA τSA =7 ps

Longer timescale variations in output power are observed in combination with short pulse
output with repetitive pulse break-up. These phenomena that occur in the modelocked laser
at high injection current (over 76 mA in this design) can be understood by analyzing the
simulated time series in detail. The short pulses tend to become more intense and narrower.
This makes that the short pulses start to break up. In some cases there is a continuous cycle
of the short pulse breaking up, then a new similar short pulse emerges which in turn breaks
up again, and this continues. An example of such behaviour is shown in Fig. 11 over a 10 ns
span. The pattern repeats itself every 2.55 ns (450 MHz) in this example. The envelope of the
time series is not a single frequency oscillation (Ott 1993), thus this regime is a quasi periodic
dynamic state with high dimension (>3). The evolution of the pulse break up and subsequent
emerging of another pulse from the tail of the initial pulse during the 2.55 ns period is shown
in Fig. 12.

The unstable region at the top of Fig. 6 where the SA carrier lifetime is 15 ps and the current
lies between 64 and 68 mA, can be explained. At such SA carrier lifetime, the absorption is
not always sufficiently high to prevent a second pulses to build up. A second gain window
appears after the first pulse due to the relatively slow absorber recovery with respect to the
roundtrip-time. This makes the regime unstable (see Fig. 13). For the same carrier lifetime,
at around 62 mA in the amplifier, the gain is not sufficient to supply a second pulse, thus it
is stable. At 65 mA there is sufficient gain to have a small second pulse in the tail of the first
pulse which makes the laser unstable. Above 70 mA, the two counter propagating pulses in
the cavity are more intense and deplete the gain in the amplifier more deeply. Therefore no
other pulses can build up.

The influence of the non-linear effects in the equations on the zone of stable modelocking
was studied for the symmetric laser design. In the optimal modelocking point, removing
the two photon effects (absorption and gain compression effects) and non-linear refractive
index, led to very much the same output only at a slightly higher output power. When going
to higher current values effects of pulse break-up (Fig. 6) also do occur but at somewhat
higher currents (in the order of 5 mA typically). Similarly the modulated modelocking at low
SA lifetimes also still occurs but now at lifetimes of 6 to 6.5 ps instead of 7 to 7.5 ps. Thus
removing these non-linear effects leads to an enlarged stability region for modelocking in
the simulation. The differences are relevant but not particularly large.
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Fig. 12 Pulse break-up evolution. The pulse shape in shown for a series of roundtrips. I=80 mA τSA =7 ps

Fig. 13 Simulated output power
of the 20 GHz symmetric RMLL
in dB scale as function of time for
one selected roundtrip,
τSA =15 ps. Depicted are the
results for three different
amplifier currents

3.2 Simulation of an asymmetric RMLL

The next laser design studied is asymmetric for the two counter-propagating pulses, and is
depicted in Fig. 14. When two counter-propagating pulses are in the cavity, they meet in
the SA and in the passive waveguide at the right-hand side of the coupler. The CCW pulse
enters the SOA which has just been depleted by the CW pulse. Such a design is intended to
investigate the possibility of having an integrated RMLL operating in a unidirectional regime
since there is a roundtrip gain difference expected for the pulses in the two directions. It is of
interest to achieve unidirectional operation without the use of an optical isolator which is not
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Fig. 14 Design of an asymmetric 20 GHz modelocked ring laser on an active passive wafer. The active region
is 1000 µm long, at the side is a 22 µm long SA. The single isolation section is 16 µm long

Fig. 15 Simulated output power (CW and CCW) of the laser as a function of time. The time reference is the
SA. In the CCW direction a pulse builds-up that is synchronized to the CW pulse, both pulses meet in the SA.
(I=65 mA τSA =11 ps)

available for integration at the moment or without external feedback. The SA is positioned at
the side of the amplifier. A 16 µm long (8 segments) section isolates the SA from the amplifier.
The length of the SA is the same as the symmetric device studied in the previous section:
22 µm (11 segments). The simulation results show that depending on the driving conditions
of the RMLL, the laser can have two counter-propagating pulses with different intensities or
operates in a near-unidirectional regime.

The simulation of the self-starting of the laser gave an interesting result. The output power
levels of the laser in the two directions as a function of time are plotted in Fig. 15. Here the
time axis has been shifted for one of the output signals such that when two pulses in the two
plotted output channels coincide, the two pulses travelling inside the laser cavity overlap in
the SA. In this example, the RMLL supports two counter-propagating pulses in the cavity.
The long time scale modulation of the CW and CCW output powers is similar to the one in
the symmetric case that has been presented in Fig. 5. However in the asymmetric case the
building up of the pulses is different. First, it can be seen that the CW output power is more
powerful than the CCW one. Then, the CW pulse builds-up in the same way as the pulses
in the symmetric design, but not the CCW pulse. The initial “coarse” CCW pulse is not
synchronized in the SA with the CW pulse. As the CW pulse is more powerful, it suppresses
the CCW pulse, but a second CCW pulse builds-up that overlaps with the CW pulse in the
SA. At the end, the laser has two counter-propagating pulses with different intensities.
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Fig. 16 Different regimes of the asymmetric 20 GHz RMLL as function of amplifier current and SA carrier
lifetime. If the laser is modelocked the ratio between the CW and CCW pulses is mentioned with the pulses
width

Simulations of the asymmetric RMLL have been performed for different amplifier current
values and SA carrier lifetimes similarly as in Sect. 3.1 For this design, the lasing threshold
is 55 mA. The first general observation is that, this configuration is much less stable than
the symmetric design. The instability originates directly from the competition between the
CW and the CCW modes. Amplifier current and SA carrier lifetime settings that gave rise to
states which showed stable behaviour over 5 ns have been analyzed further. These operating
points are presented in Fig. 16. For operating points where two counter-propagating pulses are
supported, the ratio in peak power and the pulse widths for the two directions are indicated.

Different modes of operation can clearly be seen. Like the symmetric device simulation
results, the pulse widths of the counter-propagating pulses increase with the current in the
amplifier and decrease with τSA. The chirp of the pulses stays limited due to the integrated
extended cavity. At high current injection (>70 mA) and for all simulated carrier lifetime
values the laser shows pulse break up and related variations in peak power intensity, just
as the symmetric device. For a relatively short SA carrier lifetime (<9 ps) and a current in
the amplifier which is not too high (<65 mA), the laser produces short pulses modulated in
intensity. The modulation depth of the envelope is indicated as a percentage in Fig. 16. This
modulation increases at higher amplifier current and at lower SA carrier lifetime.

The most stable states are indicated as the light grey areas in Fig. 16. From the location
of these areas the conclusion can be drawn that the SA carrier lifetime (τSA) is the most
important parameter to control the asymmetry between the CW and CCW output pulses. At
low τSA(<9 ps) the laser operates in a near-unidirectional regime as shown in Fig. 17a. The
resulting pulses are plotted in Fig. 18 for I=60 mA τSA =8 ps. The CW pulse has a peak
power of 95 mW and a width of 0.95 ps. The down chirp is 60 GHz, but with a plateau near
the maximum intensity. The CCW pulse has less than 5% of the energy of the CW pulse.
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Fig. 17 Simulated output power of the asymmetric 20 GHz RMLL as a function of time. (a) After 8 ns, the
laser is quasi unidirectional (CW). I=60 mA τSA =8 ps. (b) Stable operation at I=67.5 mA τSA =5 ps

Fig. 18 Simulated CW and CCW output pulses of the asymmetric 20 GHz RMLL when the laser is quasi
unidirectional. I=60 mA τS A =8 ps (a) CW: Peak power=95 mW, width=0.95 ps, down chirp=60 GHz
(nonlinear) (b) CCW: Peak power=6 mW, width=0.75 ps, down chirp=30 GHz ( nearly linear)

For 9 ps < τSA < 13 ps, two pulses with different intensities and pulse widths can be
supported by the laser. For I=67.5 mA and τSA =11 ps the CW pulse is more intense and
wider than the CCW one. The CW pulse has a peak power of 120 mW, a width of 1.45 ps
and a non-linear 50 GHz down chirp. The CCW pulse has a peak power of 45 mW, a width
of 0.95 ps and a nearly linear 50 GHz down chirp.

For τSA >13 ps the two counter-propagating pulses can have almost the same peak power
but the CCW pulse width is slightly narrower. The energy balance between the CW and the
CCW regimes is not really constant. A modulation with a period larger than 4 ns is commonly
observed from the simulation.

A regime which was not perfectly stable in the symmetric regime is however more stable in
the asymmetric case. The region is indicated in dark grey areas in Fig. 16, it is for τSA = 5 ps
and 65 mA < I < 70 mA. At the same settings, the symmetric laser produces pulses heavily
modulated in intensity. The simulations of the asymmetric laser show pulses of different
intensities and pulse widths with a modulation in peak power <15%. The CW and CCW
time series over 14 ns are shown in Fig. 17b. The CW pulse has a peak power of 115 mW, a
width of 1.35 ps and a non-linear 50 GHz down chirp. The CCW pulse has a peak power of
65 mW, a width of 0.8 ps and a nearly linear 50 GHz down chirp.
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4 Conclusion

A time domain bi-directional model for ring modelocked laser has been presented. The model
includes nonlinear effects and a logarithmic gain-carrier relation. The optical bandwidth of
the system is controlled by a digital filter. The model has been used to simulate two types of
RMLLs (symmetric and asymmetric). Simulation results show that a symmetrical cavity is
better for stable modelocking. In that configuration, transitions from the modelocked state
of the laser to other operating regimes have been explored with the model. The pulse width
increases with the current in the amplifier and decreases with SA carrier lifetime. The 20 GHz
design that was simulated contains long passive waveguides, which limits the amount of self
phase modulation in the amplifiers, thus the pulses are near transform limited, thus not highly
chirped. An asymmetric design has been proposed in order to investigate the possibility of
having an integrated RMLL operating in a unidirectional regime. The simulation results of
the asymmetric RMLL show that a modelocking regime is more difficult to achieve, however
depending on the amount of absorption in the SA in the cavity, the laser can operate with two
counter-propagating pulses with significantly different peak intensities.
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