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ABSTRACT
This paper presents both a theoretical and experimental investigation of a novel asymmetric ring mode

locked laser configuration with two saturable absorbers. Theory shows that by increasing the separation distance
between the saturable absorbers one enhances the extinction ratio between the counter propagating pulses. It
is also shown that the extinction ratio is greatly reduced by the introduction of internal butt-joint reflections,
and therefore extinction ratios above 3dB are not observed in experiments. This indicates that unidirectionality
cannot be achieved for passively mode locked lasers when butt-joint reflections are present.
Keywords: Mode Locked Lasers, Unidirectionality, Ring Lasers, Indium Phosphide Photonic Integration,
Active-Passive Integration, Reflections.

1 INTRODUCTION

Mode locked lasers (MLL) have a wide range of different applications, such as optical clock distribution
[1], optical analog-to-digital conversion [2] and optical frequency metrology [3]. The different applications rely
on different properties of the MLL. One important parameter for lots of applications is the stability of the
generated pulse train, i.e. the phase and amplitude noise of the RF frequency determined by the cavity round-
trip time. A popular structure for integrated MLLs is the ring configuration, since this can be made entirely
from a lithographic process, without the need for cleaving any facets, as for Fabry Perot lasers.

One disadvantage of the ring MLL is the output of light in two directions, since this results in energy
inefficient devices when only one direction is used. Another disadvantage, which generalizes to all monolithically
integrated lasers on a photonic chip, is the lack of integrated optical isolators. This leaves the laser sources
unprotected from back-reflections, which might cause instabilities [4]. In the case of MLLs the instability might
be seen as an increase in the pulse train timing jitter [5]. Lots of research has been done to try to solve this
problem. However, a feasible solution which is accessible at established photonic chip foundries is not seen yet.
In the case of active-passive integration schemes one also observe that butt-joint reflections inside a multi-section
laser are present and alters the performance of the MLL [6].

By making the ring MLL operate in a unidirectional fashion, one might both make the laser more energy
efficient and increase the immunity towards internal and external reflections. In this paper we propose a novel
asymmetric ring MLL with two saturable absorbers (SAs) for eliminating one of the lasing directions in the
cavity. The reasoning behind the setup is two-fold: 1) asymmetry assures that the gain section amplifies the two
circulating pulses differently [7] and 2) the separation of the SAs assure that the bleaching of the absorption
cannot be synchronized by the two counter propagating pulses. A gain difference between two propagation
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Figure 1: Sketch of the asymmetric ring MLL with
two SAs.

Figure 2: Microscope image of a realized MLL design
with ∆zSA = 1020µm.

Figure 3: Net gain for both CCW (solid) and CW
(dashed) direction at different injection currents when
Vbias = 4V and zSA = 750µm.
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Figure 4: (a) Extinction ratio re = 10 log(PCCW /PCW ) vs. separation distance ∆zSA. The operating point is
ISOA = 50mA and Vbias = 4V. (b) Extinction ratio vs. reflection with ∆zSA = 400µm.

directions when cascading several SAs was shown in [8] and a unidirectional MLL with two externally modulated
SAs was proposed in [9], and thus this work may be viewed as an extension of the work in these papers. The
schematics of the proposed MLL is shown in fig. 1. The cavity consist of one 750µm long semiconductor optical
amplifier (SOA) which provides the amplification of the circulating pulse, and two 25µm long SAs which are
bleached when the optical power is high and thus forces the concentration of energy into a circulating pulse.
The circulating pulse is coupled out from the cavity to an external waveguide through a 2x2 3dB-splitter. The
length of the cavity is 4.2mm resulting in a pulse repetition rate of approximately 20GHz.

2 RESULTS

A bidirectional numerical model based on the gain rate equations presented in [10] and the slowly varying
envelope approximation was build in order to simulate the performance of the MLL design. The entire laser
cavity was divided into spatial segments of 5µm, each described by separate rate equations. The limited gain
bandwidth was implemented with a digital IIR filter in each segment. Spontaneous emission was modelled with
a normal distributed complex random generator.

For one round trip period the gain dynamics in both directions, in steady state, are extracted from the
numerical model and shown in fig. 3. All the operating points are chosen to be within the mode locking (ML)
regime of the CCW direction. It is clear that the gain window is different for the two directions. The explanation
of this lies within the fact that only the CCW direction is lasing, which means that only the CCW pulse is
modulating the non-linear elements, i.e. the SOA and the SAs. The CCW pulse forms the gain window and thus
the CCW net gain exhibits only one peak for the bleaching of both SAs. On the other hand, the CW direction
does not hold any energy, and thus the gain window in this direction comes solely from the monitoring of the
non-linear elements in reverse. This causes two peaks in the CW gain window from the bleaching of the two
SAs made by the CCW pulse. The unidirectional operation is verified from fig. 4a which shows the extinction
ratio between the two directions as a function of the separation distance ∆zSA. A steep increase is seen in the
extinction ratio for small ∆zSA, and a nearly constant extinction ratio is seen for ∆zSA > 200µm. It must be
noted that for these results the butt-joint reflections inside the laser cavity were omitted. By including these
reflections at the locations shown in fig. 1 and sweeping the reflection magnitude the plot in fig. 4b appears.
A linear reduction in the extinction ratio starts around −80dB and brings the extinction ratio below 15dB for
reflections above −50dB which is a value that can be expected in active-passive integration schemes [11].

In order to investigate the validity of the theoretical predictions, variations of the MLL design were realized
on an InP chip through a multi project wafer run at SMART Photonics. A microscope image of one MLL is
shown in fig. 2. When the output of the MLL exhibited a RF peak around the fundamental frequency, combs
in the optical spectrum, and pulse shapes in the autocorrelation trace, mode locking was assumed. The output
power from the two directions of the MLL were monitored using two optical power meters.

Experimental investigation of the unidirectional properties, i.e. the extinction ratio between the two directions,
is shown in fig. 5b. The best results were seen for a SA length of 30µm, which is slightly larger than the value
in the numerical model. It is seen that splitting the SA into two parts benefit the unidirectionality when the
ML regime is entered. It is however seen that the extinction ratio does not exceed 3dB, and that increasing
the injection current only gives a small improvement at the beginning of the ML regime. When comparing the
experimental results to those obtained from the numerical model presented in fig. 5a it is clear that they do not
agree in a quantitative way. However, the sharp increase in extinction ratio when the ML region is entered is
both seen in the numerical model and in the experiments, as well as the enhanced extinction ratio when the SA
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Figure 5: Extinction ratio vs. injection current for (a) the numerical model and (b) experimental data.

is separated into two. The extinction ratio for the numerical model reaches a much higher value than what was
achieved experimentally, but this is when internal butt-joint reflections are not considered. These are expected
in the realized MLLs and this degrades the extinction ratio significantly as was seen in fig. 4b. Moreover a
large region with different operating regimes between threshold and ML is seen in the experiments. This is
not seen in the numerical model which enters ML right above threshold. Thus, for comparison, one should not
consider these regions but only the regions which are in common. At maximum extinction ratio around 90mA
and ∆zSA = 1020µm the measured output power in the CCW direction was ∼ 0.8mW, the autocorrelation
trace FWHM ∼ 3ps and the pulse repetition rate ∼ 19.2GHz.

3 CONCLUSION

It has been shown both theoretically and experimentally that the extinction ratio of an asymmetric ring MLL
can be enhanced by separating the SA into two parts. However, theory also showed that the extinction ratio
decreases significantly for small internal reflections comparable to the magnitude of butt-joint reflections. This
is believed to be the main reason for the low extinction ratio seen in the experiments. Thus, this indicates that
unidirectionality cannot be achieved in a passive MLL with the current butt-joint reflection magnitudes, and
that feedback insensitivity is limited to extremely small reflections below −80dB.
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