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ABSTRACT
Dynamics of a semiconductor laser coupled to a fiber Bragg grating is analyzed thanks to a map, which indicates 
the existence of low frequency fluctuations when the reflectivity and the bandwidth of the Bragg grating are 
varied. The influence of these parameters is detailed and we show how the filter can be used to control the laser 
dynamics. 
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1. INTRODUCTION
A semiconductor laser subject to external optical feedback exhibits a variety of dynamical and spectral behaviors 
including the so-called low frequency fluctuations (LFF) . The term LFF is usually applied to sudden dropouts
in the averaged laser intensity. They are followed by a gradual recovery to an almost constant state of emission. 
The frequency of the power dropouts is much lower than the frequency of the relaxation oscillations and of the 
external cavity frequency .1 This intriguing phenomenon has been widely investigated for conventional optical
feedback. According to the most accepted deterministic model2 based on the Lang-Kobayashi rate equations for 
a single-longitudinal mode semiconductor laser3 the intensity dropouts are caused by crises between local chaotic 
attractors and saddle-type antimodes. 

In this paper, we present some results concerning LFF in the case of frequency filtered feedback. Such 
kind of feedback is often used in practice to obtain highly coherent source for metrology or sources for optical 
telecommunication. Frequency dependent feedback strength influences steady states and their stability.4-6 It 
follows that there is a possibility to control laser dynamics as it was shown for a Lorentsian filter.4' 7 From 
another point of view, filtered feedback allows to get additional informations about the link that exist between 
the steady states set and the dynamics. In particular, the influence of the number of modes (number, which is
reduced by the filter) on the LFF dynamics can be understood. Though the main tendency was described in
Ref. 4 when the filter bandwidth is decreased, some aspects, for example, such as the influence of feedback level,
were not studied. In this paper, the external reflector is a fiber Bragg grating and the existence and properties 
of LFF are carefully described when the bandwidth and the reflectivity of the filter are varied. This systematic 
study enables to draw a map summarizing the possibility to obtain LFF with filtered optical feedback. 

2. MODEL EQUATIONS
A schematic view of the extended laser system is shown in Figure 1. The active medium is placed between two
mirrors for which the amplitude reflection coefficients are r1 and r2• We suppose that the solitary laser is a single
mode device. The external cavity is formed by the output-mirror of reflectivity r2 and by an external Bragg 
mirror of reflectivity rnragg (w) , where w is the laser frequency. To study the dynamics of such a coupled laser,
we have used a previously developed model5•6: 
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Figure 1. Schematic view of diode laser coupled to fiber Bragg grating. 
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where the feedback terms corresponding to the influence of the external Bragg reflector can be written as: 

F (t) 
(-1) {1- r� ) 00 /+oo n = E (t) + -2- 2 L exp (-iwonT) dw (-r2rnragg (w)) x 

7f r2 n=l -oo 
xexp(iw (t - nT)) 1_:00 dt'E (t')exp(-iwt') .  

(2) 

Here E (t) is the slowly varying complex amplitude of the laser field at time t, E (t) = JT{t5 exp (icp (t)), 
where I (t) is the laser field intensity and cp (t) is the phase. The optical field is Eopt (t) =Re (E (t) exp (iw0t)), 
where w0 is the optical frequency of the solitary laser and can be considered simply as the frequency of reference. 
The nonlinear gain is expressed by g (N, I) = (���o), where c: is the gain compression factor. N (t) is the 
carrier density, No, its value at transparency, and Nth, at threshold: Nth= No+ -r01 . GN is the differential NTph 
gain, r is the field confinement factor. The photon lifetime Tph is determined by the full losses of solitary laser: 

-1-= I' ph = Vgain + � ln ( R IR ) , where the parameter ain determines the scattering losses in active volume, Tph T�n 1 2 
v9 = c/nv is the group velocity, c is the speed of light in vacuum, nv is the group index of the active medium. 
Parameters Ri and R2 are the power reflectivity of left and right facets: Ri,2 = rt2• The cavity lifetime is 
Tin = 2Lv/v9 and Lv is the laser diode length. aH is the linewidth enhancement factor, J is the injection 
current, e is the electron charge. The spontaneous emission rate r:fN) =AN+ BN2 + CN3 with A, B and C -
mono-molecular, bi-molecular and Auger recombination coefficients. Linearization of the spontaneous emission 
rate near Nth gives rNfN) = ;:: + -{v, where Te is the carrier lifetime and J0 is a shift of the injection current. 
T = 2Lextnextf c is the external cavity round-trip time, where Lext is the external cavity length and next is the 
refraction index. rn (w) is the Bragg grating reflectivity at the frequency w: 

where {! is the complex strength of the Bragg grating, Ln is the length of the fiber Bragg grating. 2<5 is the 
difference between the wave vectors of the incident and of the reflected fields: 2<5 = 4n n1f /Ao - 27r /An = 
(2nn/c)(wo - wn) = 2(nn/c)Aw, where nn is the effective index of the Bragg grating fiber, An the Bragg 
grating period and Ao the wavelength associated to the optical frequency wo. Aw is the detuning from the Bragg 
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frequency WB associated to the Bragg wavelength AB = 2nBAB. Note that in the numerical simulations, the 
frequency is referenced to w0 (only deviations from this frequency are considered). The reflectivity at the Bragg 
wavelength (null detuning) takes the usual form: rB (wB) = tanh (eLB)(� eLB for small reflectivity). In further 
calculations we will use the following definitions for the coupling constant ,,, and the bandwidth � of the Bragg 
reflector: ,,, =(!LB,�= LBcnB V7r2 - ("'LB)2, (� n:f8 ). 

Terms with fixed n in expression (2) for feedback F(t) correspond to contributions from the nth external 
cavity round trip. At a given value of TB, the amount of necessary round trips is determined automatically for 
an accurate calculation of the feedback effect. In order to calculate the feedback term F(t) and to decrease the 
time of calculation we use the Green function approach developed in our previous works. 5• 6 In accordance with 
it, the Green function of nth order, Gn (x), represents the nth round-trip time-response of the external cavity, to 
a &- functional perturbation. This function is written as: 

Gn (x) = -l -2
r� exp (-iwonT) 2

1 j+oo dw (-r2rB (w)t exp (iwx). 
r2 7r -

oo 
Then the contribution from the nth round trip in the sum (2) is given by: 

r+oo Fn (t) = Jo 
dxE (t - nT - x) Gn (x) , 

and the whole term describing optical feedback to the fiber Bragg grating, is given by: 

00 
F (t) = E (t) + L Fn (t) . n=l 

The global parameters used in our simulations are given in the table. 

Table 1. Table of parameters. 

parameter I description 

Vn = 1.1 x 10-16 m3 volume of solitary laser 

G N = 3 x 10-20 m2 differential gain 

No= 1.5 x 1024 m-3 transparency carrier density 

O!in = 800.0 m-1 scattering losses 

r = 0.08 field confinement factor 

Te= 0.8 ns spontaneous carrier lifetime 

O!H = 4 linewidth enhancement factor 

Ri = 0.32 reflectivity of left facet 

R2 = 0.32 reflectivity of right facet 

Tin= 8ps cavity life time 

Lext = 0.3m external cavity length 

next= 1.5 effective index of the fiber 

3. STEADY-STATE SET 

(4) 

(5) 

(6) 

The system dynamics depends on the new set of steady states and on their stability. These questions were 
considered in details in our previous work. 5• 6 It is worth to remind here the main results of this analysis. 
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Figure 2. Domain of LFF existence. 

Thus in the case of comparatively weak feedback, the steady states lie on a closed curve (almost an ellipse) in 
the chart frequency - intensity (0 - I). The upper branch consists of nodes (external cavity modes) and the 
lower branch consists of saddle steady states (antimodes). For a rather wide bandwidth of the Bragg reflector 
A » 0* = (1 - r22) rB'...., �v'l + o:2 (here rBmaz =TB (wn)) , steady-states frequencies are within the interval: 

r2 Tin -0* � 08 � 0*. This case corresponds totally to the usual external feedback without filtering. The Free 
Spectral Range for the external-cavity modes is equal approximately to 2r11: 

• The steady state which is the most 
stable, is the mode with maximal gain.8 It is located on the left (red) side of the ellipse. When the bandwidth 
of the Bragg grating is decreased, the ellipse containing the steady states becomes narrower and the frequency 
of the maximal gain mode (MGM) tends to zero. For narrower Bragg grating bandwidth and moderate feedback 
level, the shape of steady-state curve looks like a convex rhomb. There is also formation of satellite branches. 
They contain the steady states corresponding to lobs in the reflectivity of the Bragg grating. It was shown also 
that under strong feedback conditions new branches of solutions appear. 

External cavity modes may lose stability via a Hopf bifurcation. Then regular pulsations appear. The 
occurrence of supplementary bifurcations leads to more complex behaviors. In the case of conventional feedback, 
LFF as described by deterministic model of Lang and Kobayashi, reveal the walk of the system towards the 
stable high-gain external-cavity mode through jumps among a serie of attractors centered on unstable external 
cavity modes, each of them having a higher gain than the previous one. When the system's trajectory comes too 
close to an anti-mode, it is expelled into another region of the phase space with lower gain modes and then the 
process is repeated. Obviously, the fact that the Bragg grating modifies the topology of the steady-states set, 
must influence the existence domain of LFF. 

4. LFF DOMAIN 
Figure 2 illustrates, in the Bragg grating parameter space (reflectivity- spectral bandwidth), a mapping which 
shows roughly the region of existence of LFF for parameters given in the table. The upper boundary of this 
region declines with a decrease of the spectral width and there are no more LFF when the bandwidth is lower 
than 7 GHz. The domain is shifted up with an increase of the pump. 

It is worth noting that the existence of such a domain depends critically on values of the linewidth enchance
ment factor. Thus, for an= 3, the corresponding domain was obtained in a very small interval of values of the 
pump (1- 2% above the threshold value, at T = 5 ns) . In comparison with the previous case, its extension along 
RB-axis is considerably narrower (about in four times for a bandwidth 100 GHz). Stabilization of dynamics 
with decreasing of o:n was shown also in the case of conventional optical feedback.9•10 

When the operating point in the LFF domain is scanned, characteristics of LFF-regime are modified. We 
have observed the following scenarios of transformation of the dynamics when the Bragg-grating parameters are 
changed: 
1) when reflectivity increases for rather wide filter bandwidth, LFF appears after distortion of coherence collapse, 
which transforms to regular LFF, then vanishes for strong feedback level by collision with the maximal gain mode; 
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Figure 3. LFF characteristics for 2� = 0.6 nm {82 GHz), RB(wB) = 0.01.

2) when the filter bandwidth is decreased for rather high feedback level, the system converges to a stable steady
state (through crisis and transient LFF); 
3) finally when the bandwidth is decreased for, this time, a rather small Bragg grating reflectivity, LFF disappears
via intermittent-like behavior to regular oscillations. In the following we consider the different dynamics in 
connection with the corresponding modification of the steady states set. 

5. LFF REGIMES
To study the modification of LFF when the Bragg-grating parameters are changed, we will consider the following 
variables: 
a) the laser intensity vs time;
b) the intensity averaged over 1 ns;
c) the field frequency averaged over 1 ns;
d) the corresponding Poincare section (maxima of intensity) where the steady states set will be represented;
e) the system trajectory around the steady states in 3-dimensional phase space;
f) the radio-frequency spectrum;
g) the probability distribution of intensity.
Typical examples of these characteristics are presented in Figures 3-7. Traces on the left charts correspond to 
inetnsity (a), averaged intensity (b), averaged frequency (c), radio frequency spectrum (f). Curves on the right 
correspond to Poincare section (d), trajectory in phase space (e) and to the probability distribution (g). The 
integration was initialized at a mode with low gain to put the system into a LFF regime. 

The parameters of Figure 3 correspond approximately to the center of LFF region for moderately wide filter. 
Here, we observe LFF with pronounced and almost regular dropouts, which reach almost the zero intensity 
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Figure 4. LFF characteristics for 2� = 0.6 nm (82 GHz), RB(wB) = 0.003. 

level, with a period of 75 ns and is followed by recovery processes. The peak nearest to zero frequency in the 
cl-spectrum, shows the corresponding frequency of LFF dropouts. A close look to the Poincare section shows 
that external cavity modes lying in the lower part of the steady-states ellipse, do not satisfy lasing conditions 
so that the ellipse is cut by the zero intensity level. Phase trajectory spends most of the time near the upper 
part of the ellipse (near the modes of highest gain), and also stays for rather long time near the zero intensity 
level. Heteroclinic loop, which connects these two regions, is evident in the phase space. In accordance with this 
behavior, the probability distribution of intensity has two pronounced maxima, corresponding to states where 
the system stays longer. It differs from known probability distribution,11• 12 which was maximum near the mean 
intensity and was strongly asymmetric.11 This last property was explained by longitudinal multimode laser 
operation. On the contrary, the probability density given in Ref. 12 displayed a peak at low intensity. It rolls off 
at several times the average intensity for both single mode and multimode cases. These experimental results were 
confirmed by the numerical simulations using an extension of Lang-Kobayashi equations. However, as shown,12 
the coexistence of LFF with a stable external cavity mode, leads to the appearance of a strong peak near the 
average intensity. It corresponds to the stable emission state, which is superposed onto the background of the 
exponentially decaying LFF distribution. Finally, at certain pump levels, an increase of the gain compression 
factor leads to a shift of the maximum towards the average intensity. This fact is not surprising as this term is 
known to have a stabilizing effect on the dynamics which means a tendency to force the system to operate on 
the stable mode. Further study is necessary to detail the conditions for coexistence of LFF and stable modes 
and to clarify the influence of the spontaneous emission noise. 

A decrease of the feedback level puts the system closer to the lower boundary of LFF region (Figure 4). 
The steady-states ellipse is reduced and is not cut anymore. Thus the system spends less time near the zero 
intensity. The maximum of the probability density, which is close to 0 almost disappears. LFF are less regular. 
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Figure 5. LFF characteristics for 2d = 0.6 nm (82 GHz), RB(WB) = 0.025. 

In the same time, the second maximum of the probability distribution becomes wider. It confirms the.existence 
of irregular pulsations involving almost all unstable modes. The system trajectory covers practically the whole 
steady-states set with random visits of a trivial state vicinity. The heteroclinic loop is still visible in Figure 
4. We observe much more irregular oscillations which are closer to a coherence collapse regime. Nevertheless, 
averaged intensity and frequency (averaged period 25ns) show that the dropouts still exist, however, they are 
irregular and not pronounced. For smaller values of the Bragg grating reflectivity, the steady-states ellipse is 
further reduced and located far from the trivial solutions (zero intensity). Dropouts disappear and the system 
displays a full developed coherence collapse. 

If the feedback level is still increased for the same bandwidth, so that the system is put near the upper 
boundary of the existence region of LFF, the LFF period increases (Figure 5) as well as the number of external
cavity modes. This last results is in agreement with the known dependence of the LFF period on the number 
of modes.13 The peak in distribution density becomes narrower and sharper and it corresponds to the MGM 
. In other words, the system stays longer near the MGM. For stronger feedback, trajectory collides with· the 
MGM and LFF transforms into a transient. This scenario is similar to a crisis of heteroclinic orbit. In the case 
of conventional optical feedback, a further increase of the feedback level may force the system to produce LFF 
again. It is then due to the creation of a new pair of steady states along with a loose of stability of the MGM.10 
The filtered feedback in our case limits the number of steady states stabilizing the emission at a considerably 
low level of feedback in comparison with the classification done in Ref. 14 for conventional feedback. In order to 
get LFF at a strong feedback, a certain threshold value of the pump current has to be reached. 

Collision of the LFF with the MGM is also observed when the filter width is decreased for comparatively 
strong feedback. However, here, the underlying reasons explaining this collision are not the same as the previous 
one. As shown in Figure 6, narrowing the filter reduces the number of external cavity modes. Moreover, it 
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Figure 6. LFF characteristics for 2d = 0.2 nm (27 GHz), Rs(ws) = 0.01. 

stabilizes some of them. Slope in the upper part of the ellipse is decreased, which means a small gain difference 
between adjacent modes. Therefore, the system stays longer near modes with high gain. It follows an increase 
of the LFF period and the probability distribution shows even sharper peak for the MGM than in Figure 5. 

For sharper filter, at rather weak feedback levels, the system is close to the intersection point of the two 
boundaries of the existence domain of LFF. As shown in Figure 7, some kind of intermittency is observed. The 
number of external cavity modes is strongly decreased. The system stays a very long time in the vicinity of modes 
with highest gain (it is a laminar phase of the system motion). The system switches between these modes and the 
switchings correspond to short irregular chaotic pulsations for the instant intensity. It is not comparable to the 
pronounced short dropouts for the averaged intensity encountered before. A further decrease of the bandwidth 
leads to regular dynamics. Some of them is similar to the ones presented in Ref. 4 for a Lorentsian filter. 

6. CONCLUSION. 
In this report, filtered optical feedback is considered using a fiber Bragg grating. Theoretical analysis and 
simulation has been done thanks to a previously developed theoretical model. 5• 6 We present for what we think 
the first time a mapping in the Bragg grating parameter space (spectral width - reflectivity) showing the region 
of existence of LFF. Upper boundary of this region declines with a decrease of the spectral width. LFF exist 
for bandwidths greater than 7 GHz when the feedback delay is equal to 3 ns. Moreover, we present detailed 
scenarios of changes in the LFF dynamics. Their transformation into another regime is analyzed when the Bragg 
reflectivity or the filter width are varied. A suppression of LFF occurs via intermittency when the width of the 
filter attained a narrow limit. With an increase of the reflectivity, LFF appears after a distortion of coherence 
collapse. It vanishes at strong feedback by collision with a stable steady state. If the feedback level is further 
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Figure 7. LFF characteristics for 2� 0.05 nm (7 GHz), Rn(wn) = 0.003.
increased, one should increase the pump current above a threshold value in order to recover the LFF regime as 
it is the case for conventional feedback. 
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