
2432 OPTICS LETTERS / Vol. 31, No. 16 / August 15, 2006
Control of an external-cavity laser diode operating
in the regular pulse package regime with a

frequency shift of the optical feedback
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I demonstrate numerically that the regular pulse package regime observed in an external-cavity laser diode
can be controlled by means of an adequate shift of the optical feedback frequency. This control leads to a
stable pulsed behavior. © 2006 Optical Society of America

OCIS codes: 140.1540, 140.5960.
Subject to external, delayed, optical feedback, semi-
conductor lasers exhibit a large variety of dynamical
behaviors, such as chaos, which can lead to severe
degradations of their performance. The so-called low-
frequency fluctuation (LFF) regime is characterized
on a slow time scale by irregular and sudden drop-
outs followed by much longer recoveries of the optical
intensity.1–3 They occur on a time scale much larger
than the period of the relaxation oscillations and the
feedback delay. This behavior, which is the slow en-
velope of trains of fast and irregular pulses, is typi-
cally observed when the laser is pumped close to its
threshold and coupled with a long external cavity.

The existence of a new dynamical regime, referred
to as the regular pulse package (RPP) regime, has
been recently reported.4,5 It shares some of the fea-
tures of the LFF but is typically observed when the
feedback delay is much shorter than the relaxation
oscillation period. It is characterized by the emission
of almost periodic packages of pulses interspersed by
time intervals during which the laser is turned off.
Within a package, the pulses are emitted regularly at
a frequency close to the inverse of the feedback delay
(in other words, the resonance frequency of the exter-
nal cavity) in a similar way than mode-locked lasers
but modulated by a slow envelope.4,5

In this Letter, I show that, when the operating pa-
rameters of a laser diode are within the range of the
RPP regime, the system can be adequately modified
to generate stable trains of pulses repeated at the
external-cavity frequency with relative amplitude
and timing jitters smaller than 0.1%. This can be
achieved by shifting the frequency of the light that is
fed back into the laser.

The present work is based on the following motiva-
tions, observations, and intuitions. On the one hand,
direct current modulation of a laser diode is limited
to a frequency of the order of its relaxation oscillation
frequency. When operating in the RPP regime, a laser
diode emits naturally and without current modula-
tion light pulses at the external-cavity frequency,
which is much higher than its relaxation oscillation
frequency. The pulses are nevertheless modulated by
a slow envelope. From an application point of view, it
is therefore interesting to modify the system to cor-
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rect the second feature while preserving the first one.
On the other hand, the application of conventional
chaos control techniques to obtain stable trains of
pulses would consist of the periodic modulation of the
injection current at the pulsing frequency,6,7 i.e., the
external-cavity frequency in the present case. How-
ever, these techniques are inefficient here because
the carrier dynamics does not respond to such high
modulation frequencies. This suggests that control
can only be achieved by acting on the fastest dynami-
cal variable of the system: the phase of the electric
field. Moreover, when the laser operates in the RPP
regime, the emission of each pulse of a given package
goes hand in hand with the progressive increase of
the phase difference between the electric field that is
fed back into the laser after a round trip in the exter-
nal cavity and the electric field inside the laser.4,5

This effect is the mark of a redshift of the laser out-
put and is a consequence of the strong coupling that
exists in laser diodes between the amplitude and
phase of the electric field.3 As a result, a possible con-
trol strategy would be to counteract this effect by in-
ducing a positive frequency shift in the feedback loop.

The system that I consider in the following consists
of a single-mode laser diode coupled to an external
cavity. The shift of the optical feedback frequency can
be achieved by placing an acousto-optic modulator
(AOM) within the external cavity. This device dif-
fracts the incident light into several orders. One of
the orders is selected by the external mirror and re-
flected back into the laser. After two passes in the
AOM crystal, the Doppler shift of the feedback field is
�. The system is sketched in Fig. 1. Without the fre-
quency shift, it can be described by the well-known

Fig. 1. Schematic of a laser diode subject to frequency-

shifted optical feedback.
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Lang–Kobayashi equations.8 Taking the frequency
shift of the feedback light into account and using the
same normalization as in Ref. 9, the system is mod-
eled by the following rate equations:

dE

ds
= �1 + i��NE + �E�s − ��exp�− i�� + i�s�, �1�

dN

ds
= P − N − �1 + 2N��E�2, �2�

where E�s�=A�s�exp�i��s�� is the slowly varying com-
plex amplitude of the electric field inside the laser
and N�s� the excess carrier number. Both variables
are normalized by following the lines of Ref. 9. The
dimensionless time s is measured in units of the pho-
ton lifetime �p :s= t /�p. The term E�s−��exp�−i��
+ i�s� in the right-hand side of Eq. (1) is the complex
amplitude of the electric field that is fed back into the
laser after a round trip in the external cavity and a
frequency shift due to the AOM. � is the normalized
feedback ratio. � is the ratio of �, the round-trip time
of the light in the external cavity or feedback delay, to
the photon lifetime: �=� /�p. �� is the external-cavity
round-trip phase. � is the normalized shift of the
feedback light from the angular frequency of the iso-
lated laser: �=2	��p. � is the linewidth enhance-
ment factor. It quantifies the coupling between the
amplitude and the phase of the electric field.10 P is
the dimensionless pumping current above solitary la-
ser threshold, and T is the ratio of the carrier lifetime
to the photon lifetime. I use typical values for the in-
ternal laser parameters, namely, �=5, �p=1.11 ps,
and T=1710. The operating parameter values are P
=0.01, �=0.1, �=250, and ��=0. The system oper-
ates, therefore, in a short cavity regime since the
external-cavity frequency fc=3.6 GHz is much larger
than the relaxation oscillation frequency fr
=490 MHz.

The model predicts that, in the absence of fre-
quency shift of the optical feedback (i.e., �=0), the la-
ser emits regular packages of pulses [Fig. 2(a)], simi-
lar to what was reported in previous numerical and
experimental studies.4,5 The pulses of each package
were separated by the feedback delay as they were
bouncing back and forth in the whole system of the
laser and the external cavity. The low-frequency en-
velope that modulates their amplitude is due to the
carrier dynamics. At the end of each package, the
pulses progressively die off until the laser is suddenly
turned on, marking the beginning of the next pack-
age. The gradual variation of the pulse amplitude is a
striking difference with what is observed when the
laser operates in the LFF regime. In the present case,
this behavior is due to the fact that the external-
cavity frequency at which the pulses are emitted is
much higher than the relaxation oscillation fre-
quency; as a result, the carrier population does not
have the time to relax between two pulses.

Although commercially available AOMs can typi-
cally shift the optical frequency from a few tens of

megahertz to several hundreds of megahertz, here I
numerically investigate the effect of frequency shifts
up to 5 GHz. The dependence of the laser dynamics
on the frequency shift can be summarized with the
bifurcation diagram presented in Fig. 3. It shows the
extrema of the intensity emitted by the laser as func-
tions of �. The diagram reveals that control is
achieved for positive frequency shifts from 120 MHz
to 4.2 GHz. By contrast, the dynamics becomes more
complex for negative frequency shift.

Numerical simulations predict that the relative
time jitter is smaller that 0.1% of the pulse period in
the range of control. However, it is so small that I did
not succeed in estimating it accurately, even with an
integration step as small as 0.05 ps. The pulse period
is barely affected by the frequency shift [Fig. 4(a)] but
is slightly larger that the round-trip time of the light
in the external cavity ��=0.28 ns�. Strictly speaking,
the laser’s dynamic behavior is not periodic in the
range of control but slightly quasi-periodic with a

Fig. 2. (a) Time trace of the laser output in the absence of
a frequency shift. (b) Time trace of the laser output in the
case of a frequency shift of the optical feedback �
=400 MHz ��=2.79
10−3�.

Fig. 3. Bifurcation diagram of the laser intensity. It shows
the extrema of the intensity with respect to the frequency
shift, �. The inset is an enlarged view of the bifurcation dia-

gram in the range �=0 GHz to �=1 GHz.
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relative amplitude jitter lower than 0.1% [Fig. 4(b)].
Figure 2(b) displays an example of the laser intensity
time trace for a frequency shift �=400 MHz, which
could be experimentally realized with commercially
available AOM. Comparison with Fig. 2(a) shows
that the pulsing frequency is almost identical when
the laser operates in the RPP regime, i.e., in the ab-
sence of optical frequency shift. The modulation am-
plitude is very large, and the contrast between the
peak and average intensities is slightly lower than
50.

In summary, I have numerically demonstrated that
shifting the frequency of the optical feedback can con-
trol a laser diode coupled to an external cavity. For an
appropriate shift, the laser operates in a stable
pulsed behavior. Additional numerical simulations
reveal that control can be achieved in a broad range
of operating and laser internal parameter values,
although these values must be chosen such that the
external-cavity frequency is much shorter than the
relaxation oscillation frequency. The external cavity
must, therefore, be shortened for higher injection

Fig. 4. (a) Period and (b) relative amplitude jitter of the
pulses as functions of the optical feedback frequency shift.
In (b), the amplitude jitter is normalized with respect to the
average amplitude of the pulses.
current. Continuous pulsing at the relaxation oscilla-
tion frequency can be obtained with external-cavity
laser diodes11–13 without AOM and with very weak
feedback ���5
10−3�. This behavior is, however, ob-
tained in small ranges of the feedback ratio and
external-cavity round-trip phase ��. A strong control
of these operating parameters is, therefore, required.
For the system studied here, the simulations predict
that the control extends over a very large range of
shift frequency, from a few hundreds of MHz to a few
GHz. This range is independent of the external-
cavity round-trip phase and can be realized in a large
range of feedback ratio (at least 1 order of magni-
tude). This suggests that the proposed control
method can be realized with existing state-of-the-art
commercially available acousto-optic modulators. Fi-
nally, it would be interesting in a nonlinear dynamics
perspective to investigate the parameter ranges
where the system emits pulses at the shift frequency
instead of the external-cavity frequency. Indeed, in
the limit of a vanishing feedback delay (i.e., �→0),
the reinjection of frequency-shifted light into the la-
ser cavity is similar to the modulation of the cavity
losses.
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