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The dynamics of a semiconductor laser with two optical feedbacks is studied in this paper. A new set of nonlinear

rate equations that can describe external cavity semiconductor lasers with any amount of two optical feedbacks is

proposed.

feedback can induce low-frequency fluctuations.

It is found that when the laser is biased above the threshold and subjected to one feedback, the other
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1. Introduction

Semiconductor lasers have many useful properties
that are desirable for applications in the field of optical
communication.!"? Semiconductor lasers subjected to
a single external feedback exhibit a rich variety of non-
linear behaviours. For instance, either weak or strong
feedback can be used to realize single-mode narrow
linewidth operation, while moderate feedback causes
the linewidth to increase dramatically up to several
This drastic linewidth broaden-

ing is called coherence collapse.[!! At moderate feed-

tens of gigahertz.

back level, intermittent drops in light intensity, each
followed by a gradual increase, have been observed
near the threshold and in frequency domain, these
drops manifest themselves as the low-frequency fluc-
tuation (LFF).[*? The dynamics of semiconductor
lasers with a single feedback have been studied exten-
sively and the basic mechanism for LFF occurrence is

well understood.[6:7]

The idea of using a second delayed optical feed-
back was initially proposed as a means to stabilize a
chaotic laser diode pumped far above the threshold in
the coherence regime. Rogister et all®! investigated
this scheme theoretically at a pump level near thresh-
old, paying close attention to the steady-state solu-
tions. In this paper, we report that the second feed-
back may cause LFF when the laser diode is biased

above the threshold and subjected to one feedback.

2. Theory model

The single-mode semiconductor laser subjected to

http://www.iop.org/journals/cp

a weak or moderate external optical feedback is de-
scribed by the Lang and Kobayashi equations. These
equations were extended to describe semiconductor
lasers with two optical feedbacks under the condition
of weak or moderate feedbacks.[®! In this paper, we
give a set of rate equations that can be used to de-
scribe semiconductor lasers with arbitrary amounts of
two optical feedbacks. We assume that the two optical
feedbacks return back to the laser cavity by front facet
and back facet according to the model of Fig.1, where
Reyt1 and Reyio are the reflection coefficients of two
external cavities, R; and Ry are reflection coefficients
of the two laser facets. R.g; and Rego are effective
reflection coefficients of two facets after multiple re-

flections, which can be described by the well-known

expression, Rif/é = Rl/2 fi, R éf/fg = Rl/2 f2. Here
f1 and fy can be calculated as follows.[g]
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where 7 and 75 are the round-trip times in the two
external cavities respectively, w is the frequency, ¢(%)

is the output phase at the laser facet, p is an integer,
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which represents the pth reflection. The facet losses
of the semiconductor laser are given by the effective

reflectivity,

Vg 1
go=n(— ), 3
21 <R1sz1|2|f2|2> ®)

where v, is group velocity, [ is length of laser cavity.
From the derivative equation of electrical field,[*% the

rate equations of photons (s) and phase (¢) are de-

rived as
s 1 In|fi> In|fol?
s _ 1 S+Ruy+Fs(t),
% <(n,s) tp+ y + i +Rsp+Fs(t)
(4)
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where |f1|, |f2, arg f1 and arg fo are the complex mag-
nitudes and phase angles of f; and fs, respectively, t.
is the round-trip time of laser cavity, ¢, is the pho-
ton lifetime, (. is the linewidth enhancement factor,

g(n,s) is the gain in the laser cavity.

Rext1 Ry Ry Rexi2
Fig.1. Model of the semiconductor laser with two
feedbacks.

The rate equation for the number of carriers is

unaffected by the optical feedbacks. It remains the

well-known expression.[10-11]
dN I N
Ezg_t__f’("’S)SJFFN(t)’ (6)

where Fi(t), Fy(t) and Fg(t) are the Langevin noise
sources associated with the carrier, photon, and phase
respectively. I is the injection current, ¢,, is the car-
rier lifetime. Their detailed expression and calculation
method can be found in the Ref.[9]. Rate Egs.(4),—(6)
account for the case of semiconductors with two ex-
ternal cavities. In the following research work, this
set of rate equations are used as a theoretical model.
The nonlinear rate Egs.(4), (5) and (6) are solved us-
ing the sixth-order Runge-Kutta algorithm. Because
we intend to investigate the deterministic dynamics of

external cavity semiconductor lasers in this paper, the

Langevin noise sources are omitted in the numerical

simulation.
3. Simulation and result analysis

The dynamics properties of semiconductor lasers
subjected to a single external feedback have been stud-
ied extensively in Refs.[5]-[7]. We present the simu-
lation results for the single feedback laser to validate
the new model.

The semiconductor lasers with an external cav-
ity have four different operation regions as shown in
Fig.2. The external-cavity laser shows different dy-
namic properties in different operation regions. When
the external reflectivity is less than —30dB, the laser
operates stably and the linewidth is narrower than
that without external feedback (region I). Region II is
the chaotic region, where the coherence collapse hap-
pens. When the external reflectivity lies between —10
— —5dB, the laser operates in region III, where the
low-frequency fluctuation appears. Region IV is char-
acterized by the stable operation at a high feedback
strength. This region can be reached when the output
facet of the laser is antireflection coated. The simu-
lation results approve our new model for the external
cavity laser, because it is very close to the theoretical

results given in other papers.
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Fig.2. Operation regions of semiconductor lasers with

a single feedback.

In our simulation, firstly, the rate equations are
solved without the second feedback, Rqyt1 and 71 are
set at 0.1 and 2ns, respectively. The averaged output
power is stable and the laser diode shows an exter-
nal mode characteristic. As shown in Fig.3, the peaks
near the inverse of external cavity round-trip time and

the higher harmonics are found in the power spectrum.
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Fig.3. Power spectrum of semiconductor lasers with

a single feedback.

It can be seen that the laser operates in region II
in Fig.2, where the averaged output power is stable
and no LFF appears. Then the second feedback is in-
troduced in the simulation, and Rext2 and 75 are set
at 0.25 and 1 ns, respectively.

It is found that the second feedback with a shorter
round-trip may cause LFF. The sudden dropouts of
the output power occur at aperiodic intervals, and are
followed by gradual stepwise recoveries, as shown in
Fig.4(a).
trip time of the second feedback and the steps needed

The recovery time steps equal the round-

to reach the high-intensity state are about 10-20. In
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the LFF system with two external cavities, the aver-
aged output power drops to the power level near the
stable value without feedback, while, in the conven-
tional LFF system, the intensity drops to the value
near zero. The un-averaged time trace of the photon
numbers shows erratic pulses in the process of build up
after dropouts. We found the same numerical phase
trajectories as those found in the LFF system near the
threshold, as shown in Fig.4(b). AN = N — Ny, Ny,
is the number of carriers at the threshold. According
to the phase space trajectories, the intensity drop and
build up process can be expressed by Sano’s theory.!¢!
Starting from zero feedback, where only there is one
stable point, the number of the fixed points increases
in pairs when the feedback is increased. Of each pair,
one shows instability (known as antimode) and the
other does not (known as compound-cavity mode).*?!
The drops are initiated by the collision between com-
pound cavity modes and the associated antimode (cri-
sis). After the crisis, the carrier number increases to a
value near that at the threshold and the phase differ-
ence shifts to a smaller value, which is almost equiv-
alent to the stable-state value without feedback. The
intensity build up process originates from the change
in the lasing mode, from the smaller phase difference

modes to larger phase-difference modes.
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Fig.4. (a) Time trace of the number of photons. (b) Numerical phase space trajectories of the LFF system.

It is found that the time interval between two drop
events depends on the feedback power of the second
feedback. The dropout events become more and more
infrequent when the feedback power from the second
external cavity increases, as shown in Fig.5(a). When

Reyt2 increases to 0.6, the drop events disappear in

the calculation duration. Here, parameters of the first
reflection and round trip time of the second reflection
The dropout

events are frequent when the bias current is in the

are the same as those used in Fig.2.

range of 2—-3 times of the laser solitary threshold, as

shown in Fig.5(b). < T > increases dramatically when
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the pump current decreases to a value near the laser
diode solitary threshold. The dropout events become
more and more infrequent when the bias current in-

creases to the value larger than 3 times of the laser
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diode solitary threshold. When the pump current in-
creases to 3.5 times of the laser diode solitary thresh-

old, the dropout events disappear in the calculation

duration.
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Fig.5. < T > is the average of the time of dropout intervals (ms). (a) < T > versus Rext2,

(b) < T > versus I/I.

4. Conclusion

In conclusion, we have proposed a new set of

nonlinear rate equations that can describe the exter-

nal cavity laser with any amount of two optical feed-
backs. We found that another feedback can induce
low-frequency fluctuations when the laser is biased
above the threshold and subjected to one feedback.

[8] Qing H R and Ping T S 1989 IEEE J. Quant. Electron.
25 1580

References
[1] Wang C L, Wu J and Lin J T 2002 Chin. Phys. 11 1033
[2] Wu L and Zhu S Q 2003 Chin. Phys. 12 300
[3] Salathe R P 1979 Appl. Phys. 20 1
[4] Lang R and Kobayashi K 1992 IEEE J. Quant. Electron.
16 347
[5] Rogister F and Sokow D W 2000 Opt. Lett. 11 808
[6] Sano T K 1994 Phys. Rev. 50 2719
[7] Jesper M, Bjarne T and Jannik M 1992 IEEE J. Quant.

Electron. 28 93

(9]
[10]

(11]

(12]

Nikolaus S and Klaus P 1986 IEEE J. Quant. Electron.
24 1242

Klio I K and Mahony M J O 1998 IEEE J. Quant. Elec-
tron. 34 1438

Charles H H and Rudolf F K 1986 IEEE J. Quant. Elec-
tron. 22 294

Van Tartwijk G HM and Levine A M 1995 IEEE J. Select.
Topic. Quant. Electron. 1 466



