
PHYSICAL REVIEW A 68, 033811 ~2003!
TE-TM dynamics in a semiconductor laser subject to polarization-rotated optical feedback

T. Heil,* A. Uchida,† P. Davis, and T. Aida‡

ATR Adaptive Communications Research Laboratories, 2-2-2 Hikaridai, Seika-cho, Soraku-gun, Kyoto 619-0288, Japan
~Received 12 August 2002; published 25 September 2003!

We present a comprehensive experimental characterization of the dynamics of semiconductor lasers subject
to polarization-rotated optical feedback. We find oscillatory instabilities appearing for large feedback levels and
disappearing at large injection currents, which we classify in contrast to the well-known conventional optical-
feedback-induced dynamics. In addition, we compare our experiments to theoretical results of a single-mode
model assuming incoherence of the optical feedback, and we identify differences concerning the average power
of the laser. Hence, we develop an alternative model accounting for both polarizations, where the emission of
the dominant TE mode is injected with delay into the TM mode of the laser. Numerical simulations using this
model show good qualitative agreement with our experimental results, correctly reproducing the parameter
dependences of the dynamics. Finally, we discuss the application of polarization-rotated-feedback induced
instabilities in chaotic carrier communication systems.
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I. INTRODUCTION

Communication schemes using chaotic carrier sign
have great potential for secure communication@1#. Realizing
high-speed synchronized chaos is a major challenge in
development of these novel schemes. Demonstration
broadband synchronized chaos in the GHz range have
given using fiber laser systems@2,3# and semiconductor lase
~SL! systems@4–6#. In particular, SLs subject to delaye
optical feedback exhibit a particularly high potential for u
in practical applications due to their very fast and hig
dimensional chaotic dynamics, cost efficiency, simple c
figuration, and compatibility with already existing optic
communication systems. However, the use of chaotic ca
signals generated in SLs using coherent optical feedback
requires coherent optical injection into the receiver SL s
tem to achieve synchronization, though it is very difficult
guarantee such a coherent coupling into the receiver sys
after transmission of a chaotic carrier over a long dista
through optical fiber. Therefore, the realization of high-spe
synchronized chaos, which does not depend on coheren
jection to the receiver laser, is highly desirable for practi
applications. The use of SLs subject to incoherent opt
feedback directly acting only on the carrier density in t
laser rather than the optical field could be a way to ful
these requirements. SLs with incoherent optical feedb
have previously been studied theoretically using rate eq
tion models@7–10#, and polarization-rotated feedback h
been proposed@11–13# as a method to realize this theoretic
concept experimentally. Polarization-rotated optical feedb
has already been used for frequency stabilization of SL em
sion @14,15#, and an experiment on the dynamics of a
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with polarization-rotated feedback has been performed
cently @16#. However, a detailed characterization and inve
tigation of the dynamics of SLs subject to polarizatio
rotated feedback is still lacking. In particular, the question
how polarization-rotated feedback corresponds to incohe
optical feedback in the sense of Refs.@7–13# remains un-
clear.

In this paper, we present a comprehensive characteriza
of the dynamics of SLs subject to polarization-rotated opti
feedback. Our experimental and numerical investigations
strongly motivated by possible advantages of chaos ge
ated by SLs subject to polarization-rotated optical feedb
for applications as chaotic carriers in future communicat
systems. In the experimental section, Sec. II, we characte
the dynamics of the system for different SL structures, sho
ing the dependence on two key parameters, namely feed
level and injection current. In particular, we provide a fu
overview of the intensity dynamics combined with an ana
sis of the corresponding optical spectra. A careful comp
son of our experimental results with previous theoretical
sults reveals some inconsistencies. Accordingly, in Sec.
we extend the previous rate equation models in order to f
account for the polarization-rotated optical feedback with
a priori assuming an incoherent feedback effect. Numeri
simulations of the feedback level and injection current d
pendence of the dynamics of the system using the new m
are in good qualitative agreement with our experimental
sults. Finally, in Sec. IV, we discuss our results and pres
some conclusions.

II. EXPERIMENTS

A. Setup

Figure 1 shows our experimental setup. We use two
ferent types of SLs: first, a single-mode distributed-feedb
~DFB! laser~NEL: NLK1555CCA! with an operation wave-
length of 1537 nm, and a threshold current of 9.8 mA; s
ond, a multimode Fabry-Perot~FP! laser ~Anritsu
SD3F513T! emitting around 1460 nm with a threshold cu
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rent of 25 mA. At two times threshold, both the solitary DF
laser and the solitary FP laser exhibit single transve
electric ~TE! mode emission with transverse-magnetic~TM!
mode suppression ratios of 1000 and 750, respectively. B
lasers exhibit an AR coating of 0.1% on one of their face
The lasers are driven by a low-noise current source~New-
port: Model 8008! and temperature-stabilized with 0.01
accuracy.

The delayed optical feedback is provided by an exter
optical loop circuit which polarizes the laser beam, rota
this polarization by 90°, and reinjects this polarizatio
rotated beam back into the laser. The delay time is given
the round-trip time of the light in the loop, and amounts
t57.4 ns, corresponding to a round-trip frequency ofn rt
5t2150.135 GHz. The individual optical components a
the following. An optical isolator~ISO! is used to achieve
one-way loop propagation with isolation of260 dB. A half-
wave plate (l/2! rotates the polarization direction of the la
ser beam by 90° from TE mode to TM mode, and a polari
~TM-Pol! is used to ensure only the TM mode returns to
laser. The feedback loop is formed by mirrors~M! and a
polarization beam splitter~PBS!, which feeds the outgoing
TE beam into the loop and feeds the returning TM be
back into the laser. A neutral density filter~NDF! controls the
strength of optical feedback.

The AR-coated facet of the lasers is used to provide
optical feedback, and the light from the uncoated face
used for detection. The optical spectrum is measured with
optical spectrum analyzer~Anritsu MS9710C! with a resolu-
tion of 0.05 nm. The dynamical behavior of the intensity
detected with a 6 GHz photodiode~New Focus 1514-LF! and
analyzed with a radiofrequency spectrum analyzer~Ad-
vantest R3267, 9 GHz bandwidth! and a fast digital oscillo-
scope~Tektronix TDS694C, 3-GHz bandwidth!.

B. Results

In this section, we first characterize the dynamics of a
subject to polarization-rotated feedback using the DFB la
Then, we investigate the effect of multimode emission
comparing the DFB laser results to those obtained with

FIG. 1. Experimental setup for observation of polarizatio
rotated dynamics. The SL oscillating mainly in the TE mode
subject to delayed polarization-rotated optical feedback injec
into the TM mode of the laser. Amp, amplifier; ISO, optical isolato
M, mirror; ML, microscopic lens; NDF, ND filter; PBS, polarizatio
beam splitter; TE, TE-polarization mode; TM, TM-polarizatio
mode; TM-Pol, polarizer along TM direction;l/2, half-wave plate.
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FP laser. Finally, we present a brief discussion of the
tained results connecting the experimental and theore
part of this paper.

As a first step, we measure the characteristics of the
put power as a function of injection current (P-I curve! as
shown in Fig. 2. We plot theP-I curves for the solitary DFB
laser ~the gray solid curve in Fig. 2!, the laser with
polarization-rotated TM-mode feedback~the black solid
curve!, and the laser with conventional TE-mode feedba
~the dotted curve!. All curves are recorded for a similar leve
of optical feedback. The plots show the average power,
the dc component when the intensity is oscillating. TheP-I
curve for the TE-mode feedback is typical for coherent op
cal feedback, see, e.g.,@17#. There is a typical threshold re
duction of 20%. The kink in theP-I curve marks the onset o
chaotic fluctuations induced by the coherent optical fe
back. However, for the TM-mode feedback, theP-I curve is
similar to that for the solitary laser. Specifically, there is
threshold reduction and almost no change of slope. Thus
time-averaged intensity of the laser is almost unaffected
the polarization-rotated TM-mode feedback. However, o
serving the temporal waveforms of the intensity, we fi
characteristic TM-feedback-induced instabilities.

First, we investigate the injection current dependence
these feedback-induced instabilities. Figure 3 shows the t
poral waveforms of the DFB laser with polarization-rotat
feedback at various injection currents, and Fig. 4 displays
corresponding rf spectra. For low injection currents of 1.
times the solitary laser thresholdJth,sol, we observe the
small-amplitude instabilities shown in Fig. 3~a!. The corre-
sponding rf spectrum depicted in Fig. 4~a! shows a series o
equidistant peaks separated by the round-trip frequencyn rt .
The amplitudes of these peaks exhibit a characteristic en
lope with a maximum approximately at the relaxation osc
lation frequency. As the current is increased, the amplitude
the oscillations increases. Figure 3~b! shows a typical ex-
ample observed for 1.25Jth,sol. The instabilities appear to b
weakly chaotic oscillations which are close to quasiperiod
ity. Figure 4~b! demonstrates that the instabilities are dom
nated by two basic frequency components: a low-freque
component which is the round-trip frequency~inverse delay

-

d FIG. 2. Power-injection current characteristics for the solita
DFB laser~the gray solid curve!, the laser with polarization-rotated
TM-mode feedback~the black solid curve!, and the laser with con-
ventional TE-mode feedback~the dotted curve!, obtained in experi-
ment.
1-2
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time! and a high-frequency component near the relaxa
oscillation frequency. Interestingly, the positions of the pe
associated with the round-trip frequency do not shift w
increasing injection current. This is in contrast to the dyna
ics of SLs with coherent TE feedback, where a signific
shift and broadening of these peaks occurs for increa
injection current. Finally, as the current ratio is increas
further, the amplitude of the intensity oscillations decrea
again, as shown in Fig. 3~c!, which depicts the intensity dy

FIG. 3. Temporal waveforms of a DFB SL subject
polarization-rotated optical feedback at various injection curre
~a! J51.15Jth,sol, ~b! J51.25Jth,sol, ~c! J52.0Jth,sol.

FIG. 4. rf spectra corresponding to Fig. 3.
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namics for 2.0Jth,sol, and in Fig. 4~c! showing the corre-
sponding rf spectra. The amplitude of the peaks is subs
tially reduced for large injection currents. Thus, we find
characteristic behavior of dependence of the amplitude of
TM-feedback-induced instabilities on the injection curre
The amplitudes are largest for 1.3Jth,sol, whereas the insta
bilities totally disappear for injection currents over 2.5Jth,sol,
where we observe stable steady-state output with flat rf sp
tra. There are small kinks around 1.7Jth,sol and 2.6Jth,sol on
the P-I curve for TM-mode feedback shown in Fig. 2. How
ever, unlike the case of coherent feedback, we do not obs
significant changes in dynamical behaviors at these sm
kinks.

Figure 5 compares the optical spectrum of the DFB la
with polarization-rotated TM-mode feedback~the black solid
curve! to the solitary laser optical spectrum~the gray solid
curve!. The experimental conditions correspond to Fig. 3~b!.
Figure 5 demonstrates that the change in the optical spec
due to the polarization-rotated TM-mode feedback is alm
unnoticeable at this resolution. In particular, the peak in
optical spectrum for TM-mode feedback is not broadened
much as for the coherent TE-mode feedback, where a s
stantial broadening of the optical linewidth is observed. T
indicates a less pronounced spectral dynamics
polarization-rotated feedback.

Another basic parameter in delayed feedback system
the feedback strength. We control the optical feedback in
experiment using a neutral density filter. We find that for
decreasing level of optical feedback, the amplitudes of
TM-feedback-induced instabilities continuously reduce. F
thermore, we do not observe qualitative changes in the
namics while the amplitudes decrease. When the feedb
level is reduced to as much as 5% of that present in Fig
the instabilities disappear and the rf spectrum flattens
We note that for this level of coherent TE-mode feedba
we observe large-amplitude instabilities in association wit
broad rf spectrum and a broadened optical spectrum. T
our experiment clearly demonstrates that much stronger
tical feedback is required to induce instabilities in the case
TM-mode feedback. This clearly distinguishes t
polarization-rotated TM-mode feedback from the coher
TE-mode feedback where already very small amounts of

s.

FIG. 5. Optical spectra for the solitary DFB laser~the gray solid
curve! and the laser with polarization-rotated TM-mode feedba
corresponding to Fig. 3~b! ~the black solid curve!.
1-3
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tical feedback are sufficient to induce instabilities in the
ser.

In order to investigate the influence of the type of las
structure on the characteristics of the TM-mode-feedba
induced instabilities, we exchanged the DFB laser struc
for a Fabry-Perot type SL. These are the two most pop
laser types of SL structures. The major difference betw
DFB and FP structures is the number of longitudinal mo
on which the laser operates. Recently, there has been a
tense discussion about the significance of the number of
gitudinal modes for the dynamics of SLs subject to coher
TE-mode feedback@18–20#. In order to study this question
also for the case of polarization-rotated TM-mode feedba
we repeat the DFB laser measurements reported above
the FP laser. For a similar feedback level, theP-I curve of
the FP laser oscillating in multiple longitudinal modes sho
a behavior similar to the DFB laser, i.e., no threshold red
tion and only very slightly~2%! increasing power. The cor
responding intensity dynamics and optical spectra are c

FIG. 6. Dynamics in a Fabry-Perot SL subject to polarizatio
rotated feedback.~a! Temporal waveform,~b! rf spectrum, and~c!
optical spectrum. The injection current isJ51.36Jth,sol.
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acterized in Fig. 6. The intensity time series depicted in F
6~a! appears to be more chaotic than that of the DFB la
Nevertheless, strong correlations associated with the d
time are present, and the temporal dynamics are still clos
quasiperiodicity. This is clear from the rf spectrum depict
in Fig. 6~b!, showing the characteristic series of peaks se
rated by the inverse delay time and an envelope with a hu
around the relaxation oscillation frequency. Accordingly, t
rf spectra of the FP laser and the DFB laser exhibit sim
qualitative features, though the individual peaks for the
laser case are slightly more broadened. The optical spec
of the FP laser subject to polarization-rotated TM-mo
feedback depicted in Fig. 6~c! showing a series of longitudi
nal modes is similar to that of the solitary FP laser.

Concerning the parameter dependences, we observ
both laser types qualitatively the same behavior. Using
FP laser, the same high levels of optical feedback are
quired in order to obtain polarization-rotated-feedbac
induced instabilities. Moreover, increasing the injection c
rent leads to the characteristic instabilities already descri
for the DFB laser. Also, for even higher pumping curren
over 2.0Jth,sol, the instabilities disappear again. To sum u
we observe some minor modifications of the dynamics o
SL subject to polarization-rotated feedback which may
linked to the multimode emission of the laser. However,
basic qualitative features of the dynamics that we obser
remain the same, confirming that similar dynamics can
observed in both single-mode and multimode SLs.

Table I summarizes the experimental results presente
this section. In particular, we compare and contrast our n
results characterizing the dynamics of a SL w
polarization-rotated TM-mode feedback with the alrea
well known characteristics of the instabilities caused by
herent TE-mode feedback.

One motivation for the experiments presented in this s
tion is to investigate the possibility of generating high-spe
synchronized chaos that does not depend on coherent in
tion into the receiver laser. As already mentioned, the c
cept of incoherent optical feedback has been considered
this purpose@11–13#. Incoherent optical feedback is prese
if the feedback only acts on the carrier density, but leaves
complex electrical field amplitude unaffected@7–10#. The
question whether polarization-rotated optical feedback is
effective method to realize such incoherent optical feedb

-

tated

al
TABLE I. Dynamics of SLs subject to delayed optical feedback. Comparison of polarization-ro
TM-mode feedback versus coherent TE-mode feedback.

Polarization-rotated Coherent
TM-mode feedback TE-mode feedback

Threshold reduction No Yes
Slope ofP-I curve Unchanged Changed
Dynamics Weakly chaotic, almost quasiperiodic Chaotic, typ. high dimension
Amplitude of instabilities Rather small Large
Onset of instabilities Strong feedback required Weak feedback sufficient
Strong pumping Instabilities disappear Instabilities persist
Peaks in rf spectrum Position constant Position shifts
1-4
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TABLE II. Parameter values for semiconductor lasers used in our calculations.

Symbol Parameter Value

GTE Gain coefficient for TE mode 1.374310212 m3 s21

GTM Gain coefficient for TM mode 1.154310212 m3 s21

N0 Carrier density at transparency 1.40031024 m23

g inj Injection coefficient 7.00031010 s21

gp,TE Inverse of photon lifetime for TE mode 8.91331011 s21

gp,TM Inverse of photon lifetime for TM mode 8.91331011 s21

gs Inverse of carrier lifetime 4.9023108 s21

t Propagation time of the external loop 6.6731029 s
a Linewidth enhancement factor 3.0
J Injection current density 1.4Jth,sol

Jth,sol Threshold of injection current density 1.00431033 m23 s21

l Wavelength of laser 1537 nm
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experimentally was still to be answered. In a previous exp
ment, a reduction in laser power due to the polarizati
rotated optical feedback has been observed@16#. This reduc-
tion has been predicted in the single-mode model
incoherent feedback@7–10#. According to this model, the
slope of theP-I curve of the SL should decrease byh/(1
1h) due to the incoherent optical feedback, whereh is the
feedback power ratio.

However, as summarized in Table I, the results of o
systematic investigations of SLs subject to polarizatio
rotated optical feedback are not in every point consist
with the single-mode incoherent feedback model. While
quasiperiodic nature of the oscillations obtained for large
tical feedback levels and moderate current injection le
have similarities with those observed in previous models
delayed incoherent feedback using polarization-rotated fe
back @7–10# and optoelectronic feedback@21–23#, and the
absence of threshold reduction is in agreement with
single-mode incoherent feedback model, the unchan
slope of theP-I curve represents a discrepancy. This l
result indicates that we need to modify the single-mode
coherent feedback model to match our experimental sys
Accordingly, we have extended the incoherent feedb
model by accounting for both polarizations present in
laser. Our extended model allows us to directly investig
the effect of polarization-rotated feedback without assum
incoherence of the optical feedback beforehand. The follo
ing section provides a detailed description of this new mod

III. NUMERICAL CALCULATIONS

Model

In this section, we present a numerical model which
scribes behavior similar to that seen in our experiments.
use a two-mode dynamical model, allowing for the dynam
of the TM mode as well as the TE mode in the laser.
similar model including nonlinear gain terms has previou
been used to describe TE-TM dynamics in SLs@24–26#. The
rate equations for TE and TM modes are described as
lows:
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dETE~ t !

dt
5

1

2
$GTE@N~ t !2N0#2gp,TE%ETE~ t !, ~3.1!

dFTE~ t !

dt
5

a

2
$GTE@N~ t !2N0#2gp,TE%, ~3.2!

dETM~ t !

dt
5

1

2
$GTM@N~ t !2N0#2gp,TM%ETM~ t !

1g injETE~ t2t! cosD~ t !, ~3.3!

dFTM~ t !

dt
5

a

2
$GTM@N~ t !2N0#2gp,TM%

2g inj

ETE~ t2t!

ETM~ t !
sinD~ t !, ~3.4!

dN~ t !

dt
5J2gsN~ t !2@N~ t !2N0#

3$GTEuETE~ t !u21GTMuETM~ t !u2%, ~3.5!

D~ t !5v0t1FTM~ t !2FTE~ t2t!, ~3.6!

whereE andF are the electrical amplitude and the phaseN
is the carrier density, andD is the phase difference. Th
subscripts TE and TM indicate the TE and TM modes,
spectively.G is the gain coefficient andN0 is the carrier
density at the transparency.g inj is the injection coefficient,
gp is the inverse of the photon lifetime,gs is the inverse of
the carrier lifetime,t is the propagation time of the extern
loop,a is the linewidth enhancement factor,J is the injection
current density, andJth,sol5gs(N01gp,TE/GTE) is the thresh-
old of the injection current density.v0 is the angular fre-
quency, andl52pc/v0 is the wavelength. We ignore th
small contributions from nonlinear gain suppression a
spontaneous emission. Some typical parameters are give
Table II. In our calculation, the Langevin noise terms a
ignored for the sake of simplicity. We also neglect the no
1-5
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linear gain. We numerically integrate Eqs.~3.1!–~3.6! by em-
ploying the Runge-Kutta-Gill method.

There are two considerations in matching parameter
ues which give behavior similar to that observed in expe
ments, namely matching the onset of oscillations and ma
ing the P-I curve for the dependence of average power
injection current ratio. The total powerPtotal5^uETEu2
1uETMu2& ~the anglular brackets denote time averaging! can
be analytically described in our model as follows:

Ptotal5
11Pratio

Gratio1Pratio
Psol, ~3.7!

where Psol is the power of the solitary laser,Gratio
5GTM /GTE is the gain ratio of TM mode to TE mode, an
Pratio5PTE /PTM is the power ratio of TE mode to TM mode
Pratio is described as follows from the steady-state solutio

Pratio5
11a2

4 S gp,TE

g inj
D 2S gp,TM

gp,TE
2

GTM

GTE
D 2

. ~3.8!

We note that in this model the power ratioPratio is a key
parameter for the onset of self-oscillations, because the
pling term in the carrier equation of Eq.~3.5! depends on the
power ratio. Specifically, once the known laser parame
are fixed, we found that the onset of oscillations similar
the experiments can be obtained for a power ratio of aro
10. Then by choosing an appropriate value of the gain ra
we obtained a match also of theP-I curve. Specifically, if we
setPratio510.4 andGratio50.84 by using the parameter va
ues shown in Table II, then the power ratio is obtained
Ptotal51.014Psol, and so the total power is almost the sam
as the power of the solitary laser. Figure 7 shows theP-I
curves for the total output of the solitary laser~the solid line
with squares!, total output of the laser with TM-mode feed
back ~the black thick line!, the TE-component output of th
laser with TM feedback~the dotted line!, and the TM-
component output of the laser with TM feedback~the dashed
line!, obtained from our numerical calculations. Note that

FIG. 7. Power-injection current (P-I ) characteristics calculate
from our model. Black thick line, total output of the laser with T
feedback; solid line with squares, solitary laser output; dotted l
TE-component output of the laser with TM-mode feedback; das
line, TM-component output of the laser with TM feedback.
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reduction of the slope of theP-I curve is observed for the
total output of the laser with TM-mode feedback, which
consistent with our experimental results shown in Fig. 2.

Next, we investigate the model in regard to features of
temporal waveforms and rf spectra. Figure 8 shows~a! the
temporal waveform, and~b! the corresponding rf spectrum
for an injection current of 1.4Jth,sol. The quasiperiodic char
acter of the temporal waveform is in good qualitative agr
ment with our experimental observation shown in Fig.
Accordingly, also the numerically calculated rf spectrum
similar to the experimental results depicted in Fig. 4: t
peak value in the spectrum corresponding to the relaxa
oscillation frequency increases as the injection current is
creased, whereas the interval of the spectral peaks co
sponding to the inverse of the propagation time of the ex
nal loop remains constant. The amplitude of the tempo
waveform is small at small injection currents. As the inje
tion current is increased, the amplitude of the oscillatio
increases and the quasiperiodic oscillations are observed
nally, as the injection current is further increased, the am
tude of the waveforms decreases again, and the outpu
stable over 1.8Jth,sol.

Figure 9 shows the relationship between the intensities
the TE and TM modes. It is worth noting that the tempo
waveform of the TM mode is delayed with respect to that
the TE mode by the propagation timet of the external feed-
back loop, showing that the TM mode is following the d
layed feedback signal. When the TE mode is fed back to
TM mode, the intensity of the TM mode is changed and a
on the TE mode through the carrier density. This interact

,
d

FIG. 8. Numerically calculated intensity dynamics:~a! temporal
waveform and~b! the corresponding rf spectrum. The injection cu
rent amounts toJ51.4Jth,sol.
1-6
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between the TE and TM modes through the carrier densit
the origin of the oscillation dynamics in this model.

We also observed the relationship between the inten
and phase of the TE mode as shown in Fig. 10. The temp
dynamics of the phase is very similar to the dynamics
intensity, even though there is no term directly coupling
phase and amplitude in Eqs.~3.1! and ~3.2!. The interaction
between the TE- and TM-mode intensities through the car
density @shown in Eq.~3.5!# generates chaotic instabilities
and the dynamics of both the amplitude and phase are
erned by the dynamics of the carrier density, as shown
Eqs.~3.1! and~3.2!. Therefore, the phase dynamics are sim
lar to the intensity dynamics. Since the generation of cha
oscillations is not strongly dependent on the optical phas
the feedback, we can say that the polarization-rotated fe
back in our model is a type of ’’incoherent’’ feedback.

Figure 11 shows the systematic dependence of the dyn
ics on the injection current using a bifurcation diagram. T
bifurcation diagram is created by sampling the peak value
the temporal waveforms as the injection current paramete
changed. In Fig. 11, it is clearly seen that the amplitude
the temporal waveform increases with injection current t
maximum value around the injection current of 1.55Jth,sol.
The output stabilizes around the injection current value
1.8Jth,sol. The restabilization of temporal waveforms at hig

FIG. 9. Temporal waveforms of TE and TM modes at the inje
tion current ofJ51.15Jth,sol.

FIG. 10. Intensity and phase dynamics of the TE mode at
injection current ofJ51.15Jth,sol.
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injection current is an interesting phenomenon. We interp
the mechanism of restabilization as follows. The coupli
term of TE and TM modes in Eq.~3.5! needs to be large
enough compared with the term for injection current, in
der to generate chaotic dynamics. When the injection cur
is increased, the value of the steady-state solution of
carrier density is increased, and the laser tends to be
sensitive to the feedback light. This restabilization pheno
enon is also observed in fully incoherent feedback syste
@7–10#. The bifurcation shown in Fig. 11 is consistent wi
the behavior obtained in our experiments in Fig. 3.

In order to provide an overview of the dependence of
dynamics on the feedback strength, we present another b
cation diagram for feedback strength in Fig. 12. Figure
demonstrates that a large feedback level is required for
onset of self-oscillations, and that the amplitude of the os
lations increases with an increase of the feedback le
These results are also in good qualitative agreement with
experimental observations. We note that the model pred
fully chaotic oscillations for very high feedback level
which we could not realize in the present experimental se

IV. CONCLUSION

In summary, we analyzed the dynamical behavior o
semiconductor laser oscillating mainly in the TE mode su

-

e

FIG. 11. Bifurcation diagram of the intensity dynamics as
function of the injection current,J/Jth,sol.

FIG. 12. Bifurcation diagram of the intensity dynamics as
function of the feedback power ratio~injection coefficient,g inj).
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ject to delayed optical feedback injected into the TM mo
and showed the characteristic dependence on the injec
current and the feedback level. Comparing our experime
results to previous theoretical studies investigating the c
cept of incoherent optical feedback, we found similarit
concerning the observed dynamics, i.e., quasiperiodic na
of the oscillations obtained for large optical feedback lev
and moderate current injection, and the expected absen
a threshold reduction. However, the behavior of the aver
power, seen in theP-I curve, displayed differences. Th
motivated us to introduce a two-mode rate equation mo
directly accounting for the delayed optical injection of t
dominant TE-mode emission into the TM mode of the las
Accordingly, the model also includes the TM-mode dyna
ics of the laser. Numerical simulations using this model sh
good qualitative agreement with the experiments. In parti
lar, the model matches the observedP-I curve and correctly
describes the general features of the dynamics in depend
on the feedback level and the injection current. Thus,
have given a comprehensive experimental overview of
dynamics of a semiconductor laser subject to polarizati
os

e

A.

03381
,
on
al
n-
s
re
s
of
e

el

r.
-
w
-

nce
e
e
-

rotated optical feedback, and presented an alternative t
retical model describing these instabilities. Future work w
concentrate on a fuller study of the difference between
TE-TM two-mode model presented in this paper and the c
ventional incoherent feedback model for a single mode w
the carrier density directly modulated by the feedback int
sity. On the experimental side, we expect the investigati
to focus on schemes for synchronization of the polarizati
rotated feedback induced instabilities and the correspond
synchronization behavior. A point of particular interest f
practical applications is to find out how sensitively the sy
chronization of the instabilities depends on the polarizat
of the light injected into the receiver system.
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