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Nonlinear dynamics of semiconductor lasers with active optical feedback
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An in-depth theoretical as well as experimental analysis of the nonlinear dynamics in semiconductor lasers
with active optical feedback is presented. Use of a monolithically integrated multisection device of submilli-
meter total length provides access to the short-cavity regime. By introducing an amplifier section as a special
feature, phase and strength of the feedback can be separately tuned. In this way, the number of modes involved
in the laser action can be adjusted. We predict and observe specific dynamical scenarios. Bifurcations mediate
various transitions in the device output, from single-mode steadystate to self-pulsation and between different
kinds of self-pulsations, reaching eventually chaotic behavior in the multimode limit.
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[. INTRODUCTION strengthK increases. A second factor arises through the time
scales involved. Photon lifetimes in typical semiconductor
Semiconductor lasers with optical feedback are both ofasers arer,~1-10 ps, while the period of the relaxation
fundamental and practical importance. In a general sensescillations 7z ranges between 0.1 and 1 ns at reasonable
these lasers belong to the class of delay systems, extensivahjection levels. In the long-cavity limit, addressed in most
studied in many different areas. The nonlocal time evolutiorprevious studiesy is much longer thanrg. The solitary
caused by the feedback creates—in combination with thenode is hence transformed in a quasicontinuous spectrum of
nonlinearity of the laser—new dynamical regimes. Phenomexternal cavity modes, even for mod&stThe consequence
ena such as low- and high-frequency oscillations, coherendg an irregular dynamical response with stochastic power
collapse[1], excitability [2—4], and other effects have re- dropouts. A recent study on shorter cavitieg7z~1) has
cently been predicted and experimentally observed. Potentigielded qualitatively different behavi¢i7,8]. Here, the feed-
applications are high-speed data transmisfidncryptogra-  back phase begins to influence the field-inversion dynamics
phy [6], etc. However, practical devices require proper con-n the laser. Regular pulse packages have been observed
trol of the complexity and, associated with this, a systematiavhich originate from a global trajectory along a limited num-
understanding of the various nonlinear dynamical scenariosher of modes in the phase-inversion space.
The subject of this paper is a special laser structure, where Distributed feedbackDFB) structures, where laser and
the feedback is amplified by using an active medium in theexternal cavity are monolithically integrated in a single de-
external cavity. We will demonstrate that this active feedback/ice, enable one to access the limit of very short cavities.
laser (AFL) exhibits various advantages as it allows one toHere, the length of both laser and feedback section is in the
tune the feedback level and, in this way, to adjust the system00 um range resulting in/7g=0.01. In this situation, dis-
close to a desired bifurcation point. tinct beating phenomena, associated with mode-antimode
Optical feedback is usually achieved by combining thepairs, are expectef®]. However, their occurrence requires
laser with an external mirror. The characteristic parametersufficiently strong feedback. In external-mirror arrangements
are(i) the delay timer through the round trip in the external K is restricted to levels of about 0.1. In order to overcome
cavity, (i) the intensity fractionk? that reenters the laser, this limitation, we have developed a devitE)] schemati-
and(iii ) the phasep of the feedback field. The solitary laser cally depicted in Fig. 1. It combines a DFB laser with an
is supposed to run in a single-mode continuous-wave) active feedback cavityAFC). For separate control of feed-
regime. The behavior in the presence of feedback cruciallpack phase and amplitude, the AFC comprises a phase tuning
depends on the number of modes that are of relevance in thees well as an amplifier section, both independently biased.
compound device. This number grows when the feedbaclCurrent injection in the phase tuning section with larger band
gap modifies the refractive index by free-carrier transitions.
The amplifier section is similarly designed as the laser, omit-
*Electronic address: bauer@hhi.fraunhofer.de ting however the DFB grating and leaving the end facet un-
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AFC i d 4 La e e 0 1
AR R=0.3 _v_gﬁ+lﬁ+ﬁ_|§ -+ kEz=0, (1)
W —
DFB phase amplifier whereuv is the group velocityx the absorption coefficient

for parasitic losses, and the coupling coefficient of the
DFB gratings. Boundary conditions ate, (t,0)=0 at the
FIG. 1. Schematics of the AFL used in this study. The combi-antireflection coated DFB facet arigl (t,L)= VRE, (t,L) _
nation of separate phase and amplifier sections allows for an indet the cleaved facet of the feedback cavity. The waveguide
pendent phase and amplitude control of the feedback. AR, antirgPropagation parametes is a constant in the passive phase

200pum 350um 250um

flection coatedR, facet power reflectivity. tuning section. For a length, it is given by

coated for mirror action. With the AFC, the feed- B=— ﬁ, 2
back strengttK can be tuned in a range between fGand 2lp

nearly 1.

The paper is organized as follows. In the first part, WeWhere the phase shib, represents one of the externally

present a theoretical analysis of the AFL. After introductionComrou‘r’lbIe b_lfurcatlo_n parameters of_the AFL dynamics.
of the traveling wave equations and the relevant device pa- In _the active sgctlonsﬁ IS a furTcnon oft and z and
rameters, the optical mode spectrum at different feedbacﬁomams the following contributions:

levels is investigated. A subsequent full numerical solution g

reveals the characteristic dynamical regimes of the AFL. ,8=5+(i+aH)§—iD. €]

Based on the fact that only one or two modes contribute

essentially to the dynamics, a systematic bifurcation analysils_|ere,5iS the background wave number measured relative to

s finally _performed. In .the second, egperimentgl part, WEhe Bragg resonance ang; denotes the linewidth enhance-
focus mainly on the regions of nonstationary device outputrnent factor. The peak gaig is a function of the carrier

Our findings are in very good qualitative and quantitativedensity,\I
agreement with the theoretical predictions. We observe '
single-mode pulsations at low feedback as well as mode- g'(N—Ny)

beating (MB) pulsations in the high-feedback range. The 9= 73,5 S=|E.|?+|E_|?, (4)
highly nonlinear behavior of the AFL is demonstrated by the &

occurrence of torus-type oscillations and hysteresis fo

proper choice of the feedback parameters. With g’ as differential gain, including the transverse confine-

ment factor,N;, as transparency concentration, andac-
counting for nonlinear gain saturation. The optical field is
Il. THEORETICAL ANALYSIS normalized so tharepresents the local photon density. Dis-
persive contributions are taken into consideration by the op-

For a number of reasons, the standard Lang-KobayashdratorD reading as

mean-field equationgl1] do not provide an appropriate de-

scription of the AFL. First, feedback cavity and laser section g

have comparable length extensions. Second, representing the DE. :E(Ei —P=). ®)

focus of our study, the feedback is not weak and, hence,

cannot be considered as a small perturbation. Third, not onlor the polarizatiorp.-, a single-oscillator model is used:

the carriers in the laser but also those in the amplifier interact

with the optical field. This produces nonlinearities and . d — —

memory effects in the feedback so that the delay cannot be TI5PeT ~iY(Es—po)tops, ©®)

characterized by a single time constant. All these factors give

rise to a complex spatio-temporal structure across the conwhere w is the resonance frequency taken relative to the

pound device which have to be properly addressed. This isentral frequency Zc/\,, g—g the off-resonance gain, and

achieved by using traveling wave equations, which havey measures the gain bandwidth3].

been developed for studying multisection DFB laserse, The carrier densitieNl(t,z) in the DFB and amplifier sec-

e.g., Refs[5,12,13). Though their degree of complexity is tion are solutions of the rate equation

high, systematic investigations for a variety of different de-

vices over the last years enable today a reliable handling, d

both regarding the relevant physical processes as well as the %N=J—r(N)—ng§i ImE,BE,]. (@)

relatively large parameter set.

The terms on the right-hand side are the injection datbe

spontaneous recombinatiotN) = AN-+BN?+CN?3, as well

as the stimulated emission. Note that neither carrier diffusion
The slowly varying envelopes._.(t,z) of the forward and  nor forward-backward wave interferencesg., ~E, BE_)

backward traveling waves obey the equations appear. The spatial period of the latter is shorter by more

A. Traveling wave equations
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TABLE |. Parameter values used for the DFB, phase turiijgand amplifier(A) sections.

Explanation Values Unit
DFB P A

K Index coupling coefficient 130 0 0 cm
| Section length 200 350 250 pum
o Cross section of AZ 0.45 0.45 um?
g’ Effective differential gain 9 9 107 cn?
ay Henry factor -5 -5
@ Internal absorption 25 [20,40 25 cmt
) Static detuning 402.7 [0,160 cm?
| Current injection 70 [0,100 mA
N Transparency carrier density 1 1 ¥em 3
A Recombination coefficient 0.3 0.3 9e!
B Recombination coefficient 1 1 18° cmPs?
C Recombination coefficient 1 1 18 cmPs?t
€ Nonlinear gain component 3 3 18 cm®
Ur Differential Fermi level separation 1 1 18 viem®
Rs Series resistivity 5 5 Q
g Lorentzian weight 200 0 200 cm
v Lorentzian half-width 23.84 23.84 rad/ps
o Lorentzian central frequency 2.384 2.384 rad/ps
No Central wavelength 1540 nm
R Power reflectivity 0.3
Vg Group velocity c/3.8

than an order of magnitude compared to the diffusion lengttsignificantly the background detuning. Following REI5],

and thus not transferred to the carrier density. On the othewe take this into account by assumifig= B, o/l o with the
hand, after having dropped these mixed terms, the stimulatettiermal detuning coefficieng,,=40 A~L. Table | collects
recombination varies on a scale much longer than the diffuthe values of device parameters used throughout this paper.
sion length, with the consequence that diffusion can beThe use of different values will be noted in the text.
dropped, too. Longitudinal spatial hole burnifigSHB) as- A reasonable definition of the feedback strength in the
sociated with long-scale modulations of the stimulated emisAFL is

sion rate is essential for DFB lasers. However, LSHB is

counteracted by current redistributi¢t4], which we de- K=VR exd — aplp+(ga—an)Lal, 9
scribe by an inhomogeneous injection rate

| U whereg, is taken at the average densit,). The upper
It,2)= o F (N=(N)) (ze active sectioh, limit for K is set by the onset of gain saturation.

ol eolRg
(8) B. Optical modes

where all quantitiesl( injection current], section lengthr, Mode analysis is a key to understanding the effects of
cross section of active zon@Z); Ug, differential Fermi  feedback on the dynamics of a laser. The optical modes of
level separationiR, series resistivity, angN), average car- the hot compound cavity are defined as the set of solutions of
rier density over one sectipmave to be specified for laser an eigenvalue equation following from Edq4) and(6) when
and amplifier section. substituting the time derivativesid/dt by the complex al-
Apart from resonant contributions, current injection modi- gebraic factor(). For comparing different feedback levels,
fies also the background parametersind 6. In this work,  we tune{N,) and by this the gain in the amplifier section
we restrict ourselves to a fixed bias in the laser section stike an external parameter, while the density in the DFB
that these parameters are not subject to change. Previossction is kept fixed at the solitary laser level. Real and
investigations[15] have shown that the loss in the phaseimaginary parts of the eigenvalu€s define wavelength and
section @p) is in good approximation a linear function of damping of the modes, respectively. Full solution of the
the phase shifipp. For the present AFL device, a proper steady-state carrier density equation is possible but less in-
choice isap=20 cm 1+5 cm Y(¢pp/27). In the amplifier  structive.
section, the direct carrier-induced change of the gain coeffi- Figure 2a) illustrates the change of the mode spectrum
cient is by far dominant so that we can ignore a modificationunder feedback and the role of amplification. Most dramatic
of the background losses. However, current heating altersn comparison with the solitary DFB laser is the appearance
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s 0f N AEARE by the two parameterg, and|,. The DFB injection level was
'\Q“:/// b) fixed to lpeg=70 MA, the damping in the phase section is in-
-100 1 T 1= creased by 5/cm per72 White areas correspond to cw output.
-04 v_\g\gele ngth (r?npn) 02 Different levels of gray indicate nonstationary output with frequen-

ciesf (main peak of power spectrynin the following rangesf
FIG. 2. Spectrum of optical modes of an ARl) Overview;(b) ~ ~1° GHz (light), 15 GHz<f<30 GHz (dark, and f>30 GHz

environment of the lasing mode. Bullets: solitary lager{0). Full  (Plack. Dotted lines represent curves of constiinaveraged over

symbols: K =0.02, 0.04, 0.14, and 0.88, calculated under the fol-ON€ Pulsation period in the self-pulsation ajeas

lowing e=0, no LSHB, feedback phase fixed. Lines_: Ioc_ations Ofmodes move from right to left through this valley and take

_modes_for all possible feedback'phasﬁsArrows: dlrectlon_of over lasing as long as they are the one of lowest damping.
increasinga. After one phase perlgd, each mode replaces its for-.l_hiS repeats with a period of2, always with a new mode.
merly next neighbor on the same line. As the new mode moves down, its predecessor climbs up on

the opposite side of the valley. In a certain phase range, both

8f4a comb of nearly eqyldlst?r::]compound Ca&"ty mOdes'.Tp?nodes have comparable damping and contribute to the laser
-+ N average spacing of these new modes 1S consis eB§/namics. Stronger amplification makes the valley less dis-
with the 800um total cavity length and almost mdependenttinct so that even more than two modes come into play. An

.Of t.he amplifier gain. Appqrently, a .F.abry-Pe(Ei?)-like CavV-  important feature of active feedback is therefore the ability to
ity is formed by the reflecting amplifier facet on one side and

the DFB grating on the other side. In contrast to their Spaci';\djust the number of modes involved in the laser dynamics.
ing, the damping of the FP-type modes depends strongly on
the feedback strength. Fd€=0.02, corresponding tda
~0 mA, the decay times are shorter than 5 ps and, therefore, After having gained qualitative insight in the mode spec-
these modes are not essential for the device dynamics. Howrum, a full numerical solution of the traveling wave equa-
ever, the mode damping is strongly reduced with increasingjons is performed for the AFL device experimentally studied
amplification. Negative values, as occurring for the largesbelow. External bifurcation parameters are the amplifier cur-
feedback in Fig. @), are an artifact caused by the constraintrent | , and the phase shifyp [Eq. (2)] adjusted via the
of fixed N in the DFB section. If this constraint is relaxed, currentlp, on the passive section. When changing these pa-
will adjust until the damping of the mode with the lowest rameters, the laser output undergoes various transitions, from
loss reaches the minimum value of zero. steady state to self-pulsations, or between self-pulsations of
Besides creating additional FP-like modes, the feedbackHifferent frequencies. The numerical results are summarized
also influences the lasing mode as shown in Fi@p).2For  in Fig. 3 by a contour plot in thedp,l ) plane, where the
low feedback, this influence is weak. When tuning the feedgray scale represents the frequency of the self-pulsations. All
back phase by one period, the lasing mode moves around aalculations were performed for increasing phase direction,
ellipse in the damping—wavelength plane. In parallel, thei.e., only bifurcations occurring in this direction are ac-
FP-type modes of much higher damping move along a sepaounted for. The behavior is not fully periodic when tuning
rate nonclosed line, replacing the formerly next neighbor af<p over several zr cycles. Islands of given pulsation fre-
ter one period. Single-mode dynamics is expected in thiguencyf shift slightly upwards, as the losses in the phase
regime. With increasing feedback, the ellipse blows up untilsection linearly increase withhp (cf. Sec. Il A). The tilt of
it touches the FP-like branch and merges with it in a similarthe islands manifests the amplifier contribution to the feed-
way as already described for a double-cavity |d4€]. Be-  back phase. It is negative for loW, because the growing
yond this amplification, all modes are located on a singleénversion reduces the refractive index. At about 50 mA, the
open line, exhibiting a deep valley close to the wavelength ofnversion saturates and the remaining thermal effects cause a
the solitary laser. When increasing the feedback phase, ttemall opposite tilt.

C. Full numerical solution
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At least four different dynamical regimes can be recog- (0

nized. At low currents Iy up to ~10 mA), small islands of 40 14 yd b4

low-frequency self-pulsations appeé&egime ). Above a i

small gap, regime Il starts, characterized by narrow stripes of os

self-pulsations with distinctly higher frequencies. For even &;_ 5 13

largerl 5, the frequencies increase and the stripes widen. In = L oo

regime llIl, established between about 30 and 80 mA, self- 7,

pulsations with frequencies above 30 GHz fill nearly the 20} RN v

whole phase period. The different periods are separated by saddle node PS

narrow stripes with lower frequencies. At highest amplifica- % node -(%\* g HSN —{0.1

tion levels(regime 1V), low-frequency pulsations dominate 10 T;; %% :

again. 20ds  4saddle- 1 —{0.05
The four regimes are closely related to the evolution of \,_\)"“'e (." c

the optical mode spectrum sketched in Fig. 2. We have ana- [ (%) \“! A P88

lyzed this correlation by decomposing the numerically calcu- T T —— .

lated fieldsE. (zt) into instantaneous modes of the hot 0 05 1 plrad/(2m) 2 25

compound cavity. In regime I, only one mode essentially Hopf bif. CU  Cusp

contributes to the pulsating states. A jump to the next FP- == Saddle-node bif. GH  Degenerate Hopf

type mode appears in every period at the right-hand edge of —— Homoclinic bifurcation  HSN  Hopf-saddle-node

the pulsation islands. The old mode and the new mode coex- 7" [ors pifurcation o ls,“r‘.’“g e

ist in the beating-type pulsations of regime Il and in the  _ " g idie-node of limit cycles o D eddler

high-frequency pulsations of regime Ill. Each island belongs Mode beating pulsations A,B  Non-central saddle-node

to a definite pair of such master modes. Different islands DQS self-pulsations on closed orbit

correspond to different pairs. More than two modes partici- . . . .
pate in the irregular low-frequency pulsations of regime IV FIG. 4. Bifurcation curves and islands of stable self-pulsations
as well as in the narrow stripes of regime IIl. Accordingly, ©f the simplified two-mode model in the parameter plare (1)
the pulsations here are irregular in most points of operation! "€ shaded islands indicate stable DQS and MB self-pulsations.

The regimes also differ with respect to the feedbackParameter as in Table | excegt-0,2=0, ay=—4. Furthermore
strength.K is mainly determined by the amplifier current @p iS fixed to 20 cm*, and LSHB and thermal detuning are ne-
only in the single-mode regions of cw states or type-| pu|S<,:1,(;jlected. Inset: wavelength of stationary states vs phase éhift
tions, where the lines of constait in Fig. 3 are nearly schematically illustrating the double-fold structure above the cusp.
horizontal. The lower and upper boundaries of the single- "€ fght-hand scale is the feedback strengtat the lower Hopf
mode pulsations are roughly given By=0.04 andk =0.1,  Pifurcation.

respectively. In contrast, the lines of consténtre almost path-following tools are available for ordinary differential

vertical in the MB pulsation regimes Il and lll, i.eK is . . i
. . equations[19] and, recently, also for delayed differential
determined byp and no longer controlled by the amplifier equationg 20], but not for the traveling wave partial differ-

i?sl':gr?:et.o-l;r;\ﬁobrig%\ggr}fe: ?r?tugilt;%fgg:?rgﬁlgnt:(?u(;?e ntial equations. Our subsequent approach is based on ex-
: ping y anding the optical fields in terms of hot cavity modes

B e oneal21,22. Only he o msier moces dominaing e cyna-
P : ' JIcs in a given island of self-pulsations are taken into account,

are clamped in the two-mode regime. As a result, the contri- : : _
bution of the amplifier section to the feedback strenith as suggested by the numerical results of the preceding sec

. L tion. In addition, we ignore here LSHBN(=(N)), gain dis-
become_s mdepe_r_ldent of the injection le{/&f]. .Of COUrse,  persion ©=0), as well as nonlinear gain saturati@n=0) in
the carrier densities are not constant but oscillate also wit

. . the active sections. While yielding a less accurate description
the beating frequency. However, the magnitude of the fluc- o T

. : . of the total mode spectrum, these simplifications reproduce
tuations around the threshold values is small and it make

. . : e relations between the two closely spaced master modes
sense to consider the averagekobver one pulsation period.

L : 4 o . sufficiently well and, thus, have only marginal influence on
The situation changes in regime 1V with irregular r_nultlmode,[he dynamics of this subsystei®3,22). As a result, the trav-
pulsations. The slow components of these pulsations are ac-

companied with large variations of the carrier densities and(aling wave equations(1)—(7) transform into a five-
comp arg . “dimensional system of ordinary differential equations for two
in turn, ofK, making an average feedback strength meaning-__ - densiti d | d litud .
less here carrier densities and two complex mode amplitudes minus
' one irrelevant phase of the total optical field. These equations

The numerical solution demonstrates that the AFL is ca- " " 0 o0 e oo o path-following metHdds,

pable of several dynamical regimes. However, a systematic Figure 4 depicts in thedip .| ) parameter plane all bifur-

understand.mg requires knowledge of the bifurcation d'agran?:ations obtained for cw states and the most physically rel-
that underlies these results.

evant bifurcations of self-pulsations.
The current axis is limited to the range where no more
than two modes are dominant in the numerical solution of
A very efficient method for constructing comprehensivethe full traveling wave equations. The shaded areas represent
bifurcation diagrams is path-followingl8]. Well-developed the islands of two different types of stable self-pulsations.

D. Bifurcation analysis
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pulsation is stable for the supercritical Hopf bifurcation
above the upper generalized HofH) point and below

HSN, and unstable for the subcritical Hopf bifurcation be-
tween the two GH points. In the experiment, a supercritical
Hopf bifurcation will not show up as a sharp transition but as

= ‘(b) a slow rise of a peak at the Hopf frequency in the power
l spectrum. Opposed to this, a subcritical Hopf bifurcation is
JJ-L(C)
1
10 20

displayed by a discontinuity and could be the boundary of a
hysteresis loop.

The physical mechanism destabilizing the laser mode at
the Hopf boundary of the lower pulsation island is due to
DQS, mediated by the gain-index coupling(#0). Any
fluctuation of the DFB inversion is accompanied by a wave-
length change which in turn changes the quality factor of the
feedback cavity. DQS has first been discussed and exploited
1 in devices with a highly dispersive Bragg reflector in the
time (ns) Nprp (arb. units) Frequency (GHz) feedback cavity[24,25. It has also been predicted math-
ematically for lasers with a simple passive feedb2g].

) - LY - ) Our present results confirm the conclusion that the intrinsic
diagram in Fig. 4(a) Typical low-frequency self-pulsatiofip) MB  gisnersion of an extended feedback cavity can be sufficient

self-pulsation, andc) beyond the torus bifurcation. Left column, to cause DQS self-pulsations without an additional disper-
output power vs time; middle column, projection of the phase SPaCi\ e element

trajectory onto the plane of output power vs DFB carrier density,
and right column, power spectrum.

intensity (arb. units)

FIG. 5. Dynamics in the points labeléa)—(c) of the bifurcation

The Hopf curve and the saddle-node curve touch each
other in the point HSN. Above HSN, the cw state undergoing
the bifurcationgboth Hopf or saddle nodés unstable. Con-
The lower one with lighter shading corresponds to undampegdequently, the bifurcation is not experimentally observable.
single-mode relaxation oscillations. A typical pulse train, aThe corresponding curves are shown in gray to indicate that
projection of the periodic orbit, and a power spectrum ofthey are of less interest.
these so-called dispersivgswitching(DQS) self-pulsations Another boundary of the DQS self-pulsation area is due to
is shown in the first row of Fig. 5. MB self-pulsations appearhomoclinic bifurcations represented by the triple-dot-dashed
in the upper island. An example is illustrated in the seconcturve in Fig. 4. Here, the self-pulsation touches a cw saddle
row of Fig. 5. The two islands are tilted and extend overstate and disappears. When moving across this curve, the
several phase periods. All these features agree very well witfrequency of the self-pulsation becomes smaller until the la-
the corresponding structures in the equivalent part of Fig. 3er switches suddenly to a stable cw state. This switching
and also, as will be shown below, with the experimental find-occurs without hysteresis if the homoclinic connection in the
ings. The extensions of the islands are somewhat larger thgshase space is actually towards a saddle node, i.e., if the
in the full numerical solution. This is mostly due to neglect- curve of homoclinic bifurcations coincides with the curve of
ing gain saturation by which the damping of the relaxationsaddle nodes between poiitsaindB. In this case, the stable
oscillations is underestimated. Recurring islands at highegw state is excitable. BeyonB, the curve of homoclinics
periods of ¢p do not occur as only one selected pair of approaches the point HSN in a wiggling manner.
modes is considered. The good overall agreement of the two- Apart from Hopf and homoclinic bifurcations, saddle
mode approximation with the full numerical integration re- nodes of limit cycles(single-dot-dashed lineand period-
garding the predicted self-pulsation areas makes it meaningtoubling bifurcationgdashed lingform the boundary of the
ful to examine the bifurcations of the AFL in more detail. DQS island. Period doubling is only the first step in a rapidly

We start our discussion of the bifurcation diagram in Fig.accumulating sequence leading to chaos within the region
4 at the cusp poinfCU), because it separates regions with aenclosed by the period doublings. The saddle-node limit
different number of cw states. The dotted line emanatingycle shrinks to zero at the upper GH point changing the
from CU, one branch traversing to HSNopf saddle-node  Hopf bifurcation from subcritical to supercritical for increas-
the other toA andB, represents a saddle-node bifurcation ofing ¢p .
cw states. At the dotted line, a saddle and a node are created, There is not much hysteresis with respect to parameter
i.e., there are three cw states—two nodes and one saddlevariation even at the subcritical Hopf bifurcation boundary
between the two branches and only one cw state outside of the DQS island between the two GH points. The reason is
schematic inset of Fig.)4The left branch of the curve and the proximity of the Hopf curve to the curves of period dou-
the right branch up to HSN involve at least one stable cwbling and saddle nodes of limit cycles.
state. Hence, these branches represent boundaries of hyster-Our analysis also yields bifurcations that are not physi-
esis regions. The numerical simulations of Sec. Il C werecally relevant. The phase-space trajectories related to some
performed for increasing,,, so that only the right branch of bifurcations leave the range of validity of the mode approxi-
the saddle-node bifurcation was recognized as a mode jumpmation. Other bifurcations involve unstable cw states or self-

The solid line represents a Hopf bifurcation of a cw state pulsations and, hence, are not experimentally observable. We
A self-pulsation of small amplitude is born there. This self-show those parts in Fig. 4 in gray.
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The MB pulsations are born on the Hopf bifurcation curve .80 ) . Y
at higher amplifier current. A second mode reaches threshold E 54 stop-band DFB \‘
here, whereas the relaxation oscillations remain strongly e
damped. Within the MB island, the power is distributed be- % 40 4% " \
tween the two modes such that they both keep at threshold. £ - \
Further boundaries of this island are saddle nodes of limit = § %
cycles between the GH and PSN as well as period-doubling ° o : . : . \
bifurcations between PSN and 1:2, and torus bifurcations 1536 1537 1538 1539 1540 1541 1542
represented by the double-dot-dashed line emerging from wavelength (nm)

1:2. Along most parts, the torus bifurcation is supercritical, - )

ie. a stable torus is born above this curve. This has been FIG:- 6. ASE measured at the amplifier facet with the DFB sec-
validated by several numerical tests. An example is drawn itlon Pumped at transparency. The cavity between end facet and
the third row of Fig. 5. Both the fast MB oscillator and the DFB grating allows for a verification of the phase shift in the pas-
slow relaxation oscillation are undamped here, giving rise tc§ive section. The excessive loss by free-carrier injection causes the

a modulated pulse train and a complex phase-space pictur%"’.lm'o'ng of the ASE modulation with increasing current.

A stable torus bifurcation does not manifest itself by a shargilamped FP-type modes found in the mode analysis of Sec.
transition in the experiments, but as a smooth rise of secondt B. The 0.42 nm average spacing compares very well with
ary peaks in the power spectrum below and above the maithe calculations. At the stop-band edges, the spacing is re-
frequency peak. Close to the strong resonar(de®, 1:3, duced due to stronger dispersion of the grating reflectivity.
1:4), the secondary peaks are of low rational order andApart from the refractive index, also the free-carrier absorp-
should be particularly pronounced. tion is changed by current injection into the passive section.
For lasers with passive feedbaf®6,27, the island of An evaluation of the ASE modulation depth gives an excess
MB pulsations generally forms only a narrow stripe in theloss of about 4 cm* per phase period in the current range
parameter space in the case of a short external cavity. Appaklvestigated.
ently, the region of stable MB pulsations widens substan-
tially with active feedback. Since the saddle-node bifurcation B. Regions of nonstationary emission
curve crosses this region, hysteretic behavior is expected in a optical and power spectra of the AFL output were re-
large parameter range. corded at the amplifier facet. An optical spectrum analyzer
Concluding so far, two basic types of self-sustained intenadvantest Q8384A and an electrical spectrum analyzer
sity pulsations appear in active feedback lasers: slow relax-P8565E were used. A fast u2t photodio@g&t photonics
ation oscillations undamped by DQS and fast MB pulsationsAG, http:www.uZt.de, postamplified by a HP83050A elec-
due to the interplay of two compound cavity modes, reachingrical amplifier(50 GHz bandwidthserved as optoelectronic

simultaneously the laser threshold. converter. To reduce the parameter space, the DFB current
was fixed to 70 mAabout two times the threshold current of
IIl. EXPERIMENT the solitary DFB at a device temperature of 20°C. Phase
_ current and amplifier current were varied from 0 to 50 mA
A. Device and from 0 to 100 mA, respectively.

The AFL, sketched in Fig. 1, is realized as an index- = Figure 7 summarizes the result of the measurements in a
coupled multisection laser. It is designed for the 1550-nngiMmilar contour plot as used to present the numerical calcu-
window in fiber optical communication. The InGaAsP-InP ations in Fig. 3. In 'the areas of nonstationary output, the
bulk hetero structure is grown by low-pressure metal-organi®PWer spectra exhibit peaks at nonzero frequencies with in-
vapor phase epitaxy. A 1550 nm InGaAsP layer as activ ensities exceeding the noise level by more than_ 10 dB_. The
zone is embedded in an asymmetric 1180 nm/1300 nm InverY good. agreement bgtween theory and experiment is evi-
GaAsP optical waveguide. Polarization independence of thgent. Deviations are mainly caused by uncertainties concern-

optical gain is achieved by a suitable adjustment of the thickM9 the translation of experimental currents into more funda-

ness of the layers and the strain in the active zone. The DFg]entaI parameters such as feedback strength. The shift of the
. d : ...~ whole plot to higher amplifier currents is mainly attributed to

grating is fabricated by-beam lithography and reactive ion higher losses in the feedback cavity than used in the numeri-

etching[5]. By adjusting properly the etching depth, a cou- cal solution

pling coefficient of 130 cm" is achieved. The passive sec- In what fbllows we focus more closely on the role of the

tion is implemented as a 1300 nm structure by removing the . ' ; .

1550 nm active laver active feedback by keeping the phase current fil@dhA).
Figure 6 demor):str.ates how the phase shift can be tune-lc-éhe vertical cross sections marked in Fig. 7 proceed through

by changing the bias on the passive section. The dark lines 9'0NS of low- and high-frequency self-pulsations and con-

e .__fain spectral features that are representative for the whole
are the resonances of the amplified spontaneous emissi 1 ameter plane
(ASE) detected at the amplifier facet, while fixing the DFB '
current to transparency levé3.6 mA) and pumping the am-

plifier section with 45 mA. These data are used below to
translate the applied phase curreptinto the actual phase Figure 8 depicts spectra typical for the regions of low-

shift ¢p. The observed ASE resonances correspond to thirequency self-pulsations. The power spectrum with a main

C. Undamped DQS relaxation oscillations
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prediction, the amplifier current was tuned across the island
region. The inset in Fig. 8 shows the evolution of height
and position of the primary peak of the power spectrum. The
steep but continuous increase of the peak height at about
I =9 MA is consistent with a supercritical Hopf bifurcation
of the relaxation oscillations, which are driven by spontane-
ous emission noise. When approaching this bifurcation, the
damping of the oscillations goes to zero, while the peak in-
creases exponentially. During the bifurcation, the frequency
changes continuously, too. After a slight increase, a distinct
slowing down is observed, which is accompanied by a fur-
ther increase of the peak height. Both observations indicate
an expansion of the periodic orbit of the pulsation in the
plane of carrier vs photon density. In contrast to the smooth
onset the pulsations abruptly disappear at the upper island
boundary by a sudden jump to a longer-wavelength mode.

plifier current. DFB current is fixed at 70 mA. For comparison with Such behaV'F’r is consistent with a homOC“n'C b'furcalt'on
the numerical resultsp is given at the top axis. The gray scale is @00veA in Fig. 4. Due to the exponentially small region

the same as in Fig. 3. Only the frequency component with highes‘i?f the homoclinic, only a mc_)derf_ﬂe S|0_W down of the pulsa-
intensity is indicated. The vertical bars mark regions, where mordion frequency towards this bifurcation occurs. Fluctua-

details are presented in the subsequent figures.

tions, unavoidable in the experiment, prevent a sufficiently
smooth approach to the homoclinic, disabling the observa-

frequency of 9 GHz and a distinct second harmonic at 18jon of f—0.

GHz compares well with the theoretical spectrum in Fig.
5(a). The optical spectrum shows a splitting of the emission
line into several subcomponents with a spacing correspond-
ing to the 9 GHz pulsation frequency. These features are
characteristic for DQS-type self-pulsations derived theoreti- Figure 9 shows the evolution of spectra at higher ampli-
cally above. fier currents. Below =47 mA, the power spectrum con-
According to the calculated bifurcation diagrafdig. 4), sists of a single line at about 30 GHz in good agreement with
the main boundaries of the DQS-pulsation regions are eitheghe theoretical prediction of stable MB pulsations. Possible
Hopf or homoclinic bifurcations. In order to verify this higher harmonics are beyond the bandwidth of the spectrum

D. Mode-beating pulsations

opt. power (dBm/ 0.01 nm)
8

1535

1
1536
wavelength (nm)

1537

1538

analyzer. The frequency remains nearly unchanged in the

5 50 . e — s range of pure MB. This is consistent with the independence

= 40l - of the feedback strengti on the amplifier current within the

@ sl %- respective MB islandésee Fig. 3 o

e 02 A typical optical spectrum of a MB pulsation is drawn for

2 20 858 I,=40 mA in Fig. 9. Two central peaks of comparable

% 10l AU . 50 height are accompanied by one or more pairs of satellites.

< . current amplifier (mA) The central peaks represent the coexisting pair of optical

-_E ! P modes. Their separation of 0.25 nm corresponds to the beat-
0 10 20 30 40 50 ing frequency of 30 GHz and it is considerably reduced rela-

frequency (GHz)

tive to the 0.4 nm FP separation. This reduction is due to the
mode pulling effect at the DFB resonances already discussed
above. The satellites, separated from the main peaks by the
same spacing, are due to nondegenerate four-wave mixing of
the two coexisting modes. The presence of such intense mix-
ing products signifies a good spatial overlap of the two
modes within the device and high phase stability of the MB
pulsations.

In accordance with a supercritical Hopf bifurcation the
onset of the MB pulsations is a continuous transition,
smoothed by the presence of noise. The optical spectrum at

FIG. 8. Power(upper paneland optical(lower panel spectrum | a=36 MA shows already the second mode being close to
(Iors=70 MA, 1,=8 mA, 1,=9 mA). Inset: evolution of the pri- threshold. It is only weakly damped here and can collect a
mary peak of the power spectrum with increasing amplifier currenineasurable amount of spontaneous emission. With increas-
1. Solid line, peak height; circles, frequency. Note the log scaleing amplifier current, this peak rises quickly and approaches
All rf measurements with 1 MHz resolution bandwidfRBw). the height of the first one at abou{=38 mA.
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3 T 44 Dreroe st et e ] L O e Y
4 § hysteresis
S 10 F7 R T | ‘k """""""""
39 b 0 © ‘ \ !
37 . . . . |
(i} 10 20 30 40 50 ; ; : ! i ;
frequency (GHz) 1535.5 1536.5 1537.5 1535.5 1536.5 1537.5
b - . - - wavelength (nm) wavelength (nm)
MMM\AEK FIG. 10. Comparison of optical spectra for increasiledt) and
.12;1,-,- B ] decreasing amplifier currergtight) for the DQS and MB ranges
E% 48mA indicated in Fig. 7 [,=8 mA). The optical intensity is encoded in
§.a§ i Hionk logarithmic gray scale.
e= L A
s 8 44mA coexisting dominant modes. Below the torus bifurcation,
8a T such oscillations are excited by internal or external noise,
*g;% - ADmA; perturbing the power distribution between the two modes, at
i | which they are both at threshold. Above the torus bifurcation,
36mA Y
these distribution oscillations become undamped and create a
: ' ! ' cyclic variation of the modulation depth as depicted in the
1535 1536 1537 1538

lower left panel of Fig. 5.
The details of the power spectra in the torus region be-
FIG. 9. Characteristic spectra at high amplifier currents-§  tweenl,=47 and 50 mA uncover a sequence of further bi-
=70 mA,l,.=8 mA). Panel(a): power spectrum fot, from 37 to  furcations, which were not obtained by the mathematical
51 mA. The logarithmic gray scale codes the spectral intensity asnalysis of Sec. Il D. Just aboug=49 mA, the two fre-
denoted on the right-hand side. Pafigl log-scale optical spectra quency components synchronize to each other at a 1:6 ratio
at selected points of panéd). Pure MB pulsation appears below within a 300 A current range. For other phase currents, we
IA=47 mA, whereas the more complex spectral features above thigould observe similar synchronized states with different in-
amplifier current are due to the interaction between the relaxatiomeger frequency ratios. However, a detailed description and
oscillations and MB pulsations. analysis of these phenomena is beyond the scope of this pa-
per. Above the locking region, an additional broad back-
E. Torus of mode-beating and relaxation oscillations ground band appears. This band is related to a chaotic com-
onent in the AFL dynamics, probably due to participation of
third mode. It dominates the spectrum until the laser jumps

wavelength (nm)

The scenario at the upper boundary of the MB pulsatiorﬁ
region is more complex. A new low-frequency Componemsuddenly to a beating state of the next pair of modes with

emerges at abouty,=47 mA in the power spectrurffig. high Isation f han in th : is| Thi
9(a)] and coexists with the MB component. It has noticeable igher pulsation frequency than in the previous island. This

. ; ) : ~“observation is also consistent with the predictions of Fig. 3.
higher harmonics and causes mirror satellites of the MB lin P 9

%ote that the feedback strength switches to a higher level
indicating a nonlinear interaction between both component g g

Svhen moving vertically from one island to the next one.
These phenomena are characteristic attributes of the torus g y

bifurcation predicted by theory. Again, the transition is con-

tinuous indicating supercritical character. Weak shoulders of
the main features, already present in the optical spectra at Some of the bifurcations elaborated in Sec. Il D are asso-
Io=44 mA, are precursors of this bifurcation. The shouldersciated with hysteresis behavior. Figure 10 compares optical
become increasingly prominent and dissolve in individualspectra in the DQS and MB regime for increasing and de-
sublines in the torus region, starting at aboyt=48 mA.  creasing amplifier current, respectively. Indeed, both data
The frequency of the emerging new component in the powesets clearly exhibit hysteresis.

spectrum is slightly below 10 GHz. This points at relaxation In the DQS case, the onset of pulsation in the backward
oscillation as physical origin of the torus. However, contrarydirection is shifted with respect to increasing current by

to the standard case, where a cw state is approached, thadout 1 mA. The presence of hysteresis provides strong evi-
relaxation leads towards a periodic orbit formed by the twodence that the AFL operates above pdkin Fig. 4, so that

F. Hysteresis

016206-9



BAUER et al. PHYSICAL REVIEW E 69, 016206 (2004

the different locations of the saddle-node bifurcation and hothe low-feedback rangek(<0.1), the dynamics is governed
moclinic produce this behavior. Note that the switching inby a single mode. Instabilities of this mode result in DQS
forward and backward directions occurs at the same feedsulsations, without the need of an additional dispersive ele-
back strength. ment. At higher feedback levels, available through the intro-
The MB regime differs from these observations mainly induction of the amplifier section, distinct MB pulsations origi-
the width of the hysteresis. While the lower switching pointnating from a pair of compound modes occur. Hysteresis due
is not affected by the direction, the upper current level,to homoclinic and saddle-node bifurcations is observed.
where the pulsations disappear, is shifted by 8 mA. Due t&When the feedback strength is further increased, both types
this shift, the torus scenario observed for increasing amplifieof pulsations coexist, giving rise to new effects, e.g., internal
current direction is entirely absent. The reason is again gynchronization. The bifurcation diagram predicts a broad
saddle-node bifurcation, which is located below the bifurcarange of further phenomena typical for the very short-cavity
tion responsible for the torus pulsatiof#sg. 4). The onset of regime. All these features make the AFL an ideal candidate
the same MB pair in backward direction at the saddle-noddor the investigation of systems with delayed optical feed-
bifurcation produces a large hysteresis range,inA further  back.
factor increasing the hysteresis range is the slow variation of
the feedback strengtk in the MB regime, as seen in Fig. 3. ACKNOWLEDGMENTS
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