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Abstract: It is well known that semiconductor distributed feedback lasers
(DFB) are key devices for optical communications. However direct
modulation applications are limited by the frequency chirp induced by
current modulation. We demonstrate that a proper external control laser
operation leads to chirp-to-power ratio (CPR) stabilization over a wide
range of modulation frequencies as compared to the free-running case.
Under experimentally selected optical feedback conditions, the CPR
decreases significantly in the adiabatic regime from about 650 MHz/mW in
the solitary case down to 65 MHz/mW. Experimental results are also
confirmed by numerical investigations based on the transfer matrix method.
Simulations point out the possible optimization of the CPR in the adiabatic
regime by considering a judicious cavity design in conjunction with a
proper external control. These results demonstrate important routes for
improving the transmission performance in optical telecommunication
systems.
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1. Introduction

Today, lower cost and lower consumption optical sources are required for the deployment of
access and metropolitan networks and for supporting new services like HDTV (High-
Definition television), VOD (Video-On-Demand) as well as Cloud-computing. In response to
this demand, directly Modulated Distributed Feedback Lasers (DM-DFB) used as 10 Gb/s
transmitters offer compactness, high output power, convenient optical bandwidth and cost
efficiency. It is, however, well known that DFB lasers suffer from significant frequency shift
(chirp) under current modulation conditions. For high-speed applications, this frequency chirp
has been shown to broaden the modulated spectrum, a serious limitation in optical fiber
communications [1]. In this context, a lot of research activities are focusing on how to
overcome the dispersion limit for 1.55-um signal. Several methods and devices have been
developed with the aim of extending the transmission reach. These include Electro-absorption
Modulated Lasers (EMLs) and more recently Dual modulation [2] and Chirp Managed Laser
(CML) [3] schemes. These two latter techniques rely on tuning the adiabatic chirp according
to the Binder and Kohn’s condition [4].

It has been shown recently that the laser’s adiabatic chirp can be reduced by zeroing the
linewidth enhancement factor (ay-factor) through injection-locking under strong optical
injection [5]. Therefore, a new approach to enhance the transmission distance may consist in
monitoring the DFB laser’s adiabatic chirp through external control techniques. The scope of
this paper is to theoretically and experimentally demonstrate a stabilization of the frequency
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chirp over a wide range of modulation frequencies based on a suitably controlled external
optical feedback. The investigation is carried out using a conventional quantum well (QW)
based DFB laser through an analysis of the chirp to power ratio (CPR).

Self-injection (or external optical feedback) [6] is known to strongly alter the performance
of a semiconductor laser. Small reflections in the percent range which originate from
launching laser light is an optical fiber or any other optical can dramatically affect the laser
stability [7]. Although external optical feedback can be considered as a source of instability, it
also can improve the laser performance. For instance, it can be used to reduce the laser’s
linewidth and can be applied to encryption based on chaos, frequency tuning or velocity
measurements [7,8]. Five distinct regimes caracterized by spectral observation have been
reported in the case of 1.55-pum distributed feedback (DFB) semiconductor lasers [9]. One
possible consequence of the external feedback is coherence collapse [10]. When the external
feedback exceeds a certain level, the laser becomes unstable and the coherence of the laser
output is dramatically reduced. Before the coherence collapse regime, the behavior of the
laser linewidth with increasing feedback strength starts with a reduction followed by a
rebroadening. In practice external feedback when coupled into the laser cavity through the
output facet, causes a modification of the photon density. This perturbation leads to a
fluctuation in the carrier density affecting the optical gain. Since the fluctuations of optical
refractive index are directly related to the carrier density [11], the external feedback also
introduces phase fluctuations. The interaction of the intensity and phase fluctuations makes
the dynamics of the laser system under self-injection very complex leading to system
instabilities and even chaos. The coherence collapse regime has been described as some co-
existing chaotic attractors and as an important source of noise [12] [13]. For lasers used as an
optical transmitter, the coherence collapse causes intolerable bit-error-rate degradations [6].
Although the impact of the different feedback regimes in semiconductor laser’s nonlinear
dynamic has led to a wide range of theoretical and experimental papers, none of them have
investigated really the relationship between the CPR and the laser linewidth enhancement
factor. To this end, let us cite a theoretical work [14] in which the control of the CPR with
self-injection was explicitly pointed out. However, the results published in this study were
only theoretical and limited to the short external cavity regime.

This paper shows that in the case of a long external cavity, the CPR can remain constant
over a wide range of modulation frequencies, which is of first importance for future optical
communication systems. Under optimum feedback conditions the CPR does not exceed an
average value of ~100 MHz/mW from 10 kHz to 10 GHz, which corresponds to a reduction
by a factor of 6.3 when compared to the solitary case. In order to provide insight on the
observed chirp stabilization, self-consistent calculations based on the transfer matrix method
provide a good qualitative agreement with the experiments. Numerical simulations also reveal
that the sensitivity to external optical feedback of an antireflection/high reflection coated
(AR/HR) DFB laser depends strongly on the Bragg grating coefficient, which controls the
amplitude of Spatial Hole Burning (SHB). In addition, different laser chirp behaviors are
observed according to the optical feedback conditions. Furthermore the Bragg grating
coefficient as well as the facets reflectivities is shown to influence the adiabatic CPR
magnitude.

2. Experimental results

The QW DFB laser under study is a buried ridge stripe (BRS) structure with a HR coating on
the rear facet and an AR coating on the front facet, which provide a high external efficiency.
The device is 350 um long with an active layer consisting of six InGaAsP QWs separated by
10 nm wide barriers. The QWs are 8§ nm wide and have a 1.1% compressive strain. The
grating is defined in a passive quaternary layer localized over the active region and was
measured to be about 30 cm™' (kL ~0.8). A conventional holographic process is used to
fabricate a single pitch grating over the full wafer [15]. The threshold current value is 7, = 8
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mA with an external efficiency # = 0.26 W/A at 25°C. The objective of the experiments is to
determine all the characteristics of the frequency modulation (FM) contribution induced by
current modulation and under optical feedback conditions.

The CPR as well as the linewidth enhancement factor has been measured using the
experimental set-up shown in Fig. 1. The implementation of the optical feedback loop is
based on a 4-port optical coupler. Emitted light is launched into port 1 using a lensed fiber.
The optical feedback is created with a high-reflectivity coated fiber in port 3 and controlled
via a variable optical attenuator (VOA). Its magnitude is determined by measuring the optical
power coming out port 2. Then port 4 is connected directly to a Mach-Zehnder (MZ)
interferometer constituted of two fibered couplers for chirp measurements. The CPR
extraction is based on the frequency and amplitude modulation (FM and AM) characteristics
induced by the laser current modulation. The interferometer free-spectral range is equal to the
inverse of the time-delay between the two arms. In order to finely control the optical path
difference, a cylindrical piezoelectric transducer is used. The transducer located onto one MZ
arm is directly controlled by an external locking circuit. The interferometer operating point
can be tuned so as to reach all the values included in one period of its sinusoidal frequency
response. In the linear region of the characteristic, the photocurrent variations coming out
from the photodetector are directly proportional to the frequency variations of the optical
signal to be analyzed for a constant optical power. The complex CPR related to the FM/AM
ratio can then be extracted both in phase and in amplitude [16].

A polarization controller (PC) matches the feedback beam’s polarization to that of the
emitted wave in order to maximize the effects. The magnitude of the feedback is defined as
the ratio I" = P;/P, of the power returned to the facet and launched into the cavity P; over P,
the emitted one. The feedback is studied for a long external cavity [7] given by @t >> 1
where 7 and ®, are the external round trip time (in the order of several hundred nanoseconds)
and the laser relaxation frequency (a few GHz). Measurements are made for a bias current
equal to 2.4 x I, which corresponds to an emitting power of Py =3 mW. The coupling loss
coefficient between the laser output and the optical fiber was kept constant at ~3 dB during
the entire experiment. Since the external cavity is long, all feedback regimes could not be
observed. The optical spectrum was monitored using a 10 pm high-resolution optical
spectrum analyzer.

Fiber-based feedback arm

R>95% \

. |

QW DFB |

Laser |

|

Coupler 50/50 Reflector ,'
Powermeter Towards MZ Interferometer

Fig. 1. Schematic of the optical feedback loop
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Fig. 2. Amplitude (blue) and phase (red) of the CPR as a function of the modulation frequency
for the solitary QW DFB laser.

Figure 2 shows the amplitude (blue) and the phase (red) of the CPR as a function of the
frequency modulation for the solitary QW DFB laser emitting at 1550 nm. At low frequencies
(w27 < 10 MHz), thermal effects are predominant. For instance, at 30 kHz, the amplitude and
the phase of the CPR are ~1.0 GHz/mW and ~140° respectively. Within the range 10 MHz <
o/2m <1 GHz, amplitude (AM) and FM modulations are in-phase (adiabatic regime) and the
amplitude of the CPR reaches 650 MHz/mW at w/2z = 500 MHz. In that case, thermal effects
are no longer significant compared to the refractive index effects induced by the modulation
of the carrier density. When ®/2n>1GHz, relaxation oscillations between the carrier and
photon numbers lead to a transient chirp with larger CPR values of about 1.5 GHz/mW at 10

GHz and a phase difference approaching 90°.
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Figure 3 displays both the amplitude and the phase of the CPR for various feedback levels
(@) I'=14x10° (b)I'=1.5x 107, (c) I'=1.6 x 10, and (d) I"= 5.5 x 10™. The results
demonstrate that the use of a controlled optical feedback can modify both the thermal and
adiabatic chirps. Firstly, the averaged CPR measured in the thermal regime is significantly
decreased from about 565 MHz/mW in the solitary case down to 33 MHz/mW at the highest
feedback level. Secondly, the CPR measured in the adiabatic regime at w/2z = 500 MHz
ranges from about 650 MHz/mW in the solitary case down to 65 MHz/mW at the highest
feedback level. Under the selected optical feedback condition (I"= 5.5 x 107°) the CPR does
not exceed ~100 MHz/mW on average from 10 kHz to 10 GHz, which corresponds to a
reduction by a factor of 6.3 when compared to the solitary case. Figure 4 illustrates the
stabilization of the measured adiabatic CPR at w/2z = 500 MHz as a function of the optical
feedback strength.

Figure 3 illustrates also the transient chirp modifications resulting form the self-injected
field. For instance, for w/2z = 10 GHz, the transient chirp is improved by a factor of 2
compared to the free-running case. However, the amplitude of the optical feedback has to be
controlled carefully in order to avoid the parasitic peaks seen in Fig. 3 arising when the
modulation frequency gets close to the relaxation frequency. These are related to external
cavity modes. Let us note that the laser remained single longitudinal mode throughout the
measurements. Severe unstable regimes such as the exaltation of the relaxation oscillations
leading to the chaotic state regime was not observed except for the last data point in Fig. 4 (I”
=1.5%x107).

_800f ]

E 600®—>Free-running |

T

= 400 ]

% 200} * * * ]

< | %k
10° 10"  10° 107

Optical Feedback Strength

Fig. 4. CPR in the adiabatic regime measured at 500 MHz as a function of the optical feedback
strength for the QW DFB laser.

In order to explain the observed CPR amplitude variations we have also investigated the
linewidth enhancement factor variations induced by optical feedback. Figure 5 shows the
measured 2f/m (with p=AF/f, and m=AP/P,, with f, = w/2z) ratio as a function of the
modulation frequency. The linewidth enhancement factor is extracted from this ratio through
the relationship [17],

2
26 _g, 1+(“’C] (1)
m w
In (1), the roll-off frequency w /27 is defined as the corner frequency [18],
1 oJdg
=y £p 2
/. 2 Ve oP @
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with v, the group velocity, P the output power and dg/0P is a nonzero parameter related to
finite intraband relaxation times as well as carrier heating. The parameter dg/dP can be
expanded as a function of the gain compression factor ¢ following the relationship [19]:

Jdg __eg 3)
oP 1+eP
For typical devices, the corner frequency is in the hundreds of MHz to few GHz range

depending on the output power level. Thus, for high modulation frequencies such as w>>w,, a
condition which is easily reached in our experiments (the maximum modulation frequency is
around 20 GHz), 2f/m directly equals to the laser’s linewidth enhancement factor. For low
modulation frequencies, the ratio 2f/m becomes inversely proportional to the modulation
frequency.

100} 1

2p/m

Modulation Frequency, [Hz]

Fig. 5. Measured 2f/m ratio as a function of the modulation frequency for the solitary case (red
plot) and for an optical feedback of about I' = 1.5 x 10~ optical feedback (blue plot).

In Fig. 5, the measured 2f8/m ratio is plotted starting from 50 MHz (beyond the thermal
effects) for the solitary case (red plot) and for a feedback level of about /"= 1.5 x 107> (blue
plot). As predicted by (1), 25/m tends asymptotically to the linewidth enhancement factor
value, which is estimated to be about 3.2 in the absence of external perturbation. The
modification of the linewidth enhancement factor under self-injection can be explained by the
change of the threshold carrier density induced by optical feedback. The measured linewidth
enhancement factor decreases down to about 1.8, which can indeed explain the chirp
reduction magnitude. Independently of optical feedback, the roll-off frequency was
graphically determined to be about 4.5 GHz from Fig. 5. The variations of 2f/m with optical
output power can also be used to evaluate the gain compression factor ¢ Based on reference
[20], the compression factor is estimated for the solitary laser under study to be about 0.15
mW ™', which is in good agreement with previous published values on similar laser structures
[21].

Figure 3 shows that the external control induces a modification not only in the CPR’s
modulus but also in the CPR’s phase due to optical feedback, FM versus AM modulations can
be approximately out of phase (Fig. 3(b)) or in-phase (Fig. 3(d)). Consequently, in these
situations, the sign of the adiabatic CPR can be negative or positive. Such a change indicates
some routes for engineering the laser’s chirp and carrying out dispersion management at the
source level. Adiabatic chirp of different signs have already been reported in DFB lasers
[22,23]. The physical origin of the sign variation is strongly related to the spatial hole burning
through the phase effects occurring at the laser facets that are modified in our case by the
external field [24,25]. In the following sections, the influence of the self-injection on both the
adiabatic CPR sign and amplitude is investigated and compared to experimental results.
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3. Model

Let us now consider the situation for which the external reflection is produced on the AR
coated side of an AR/HR DFB laser. A self-injected semiconductor laser can be described
using the Lang and Kobayashi rate equation [1] as follows:

dE

S
= [Jm5(1+1aH)(G—I/Tp)}E(t)+KE(t—T) 4)

with E(¢) =/S(t) ¢/?“"" the complex electrical field which depends on the photon density

S(?), the phase ¢(¢) and the free-running laser frequency wy/2z. In Eq. (4), @/2x is the laser
frequency in the presence of external optical feedback, G the modal gain, oy the linewidth
enhancement factor, 7, the photon lifetime and t the external roundtrip time. The strength of
the delayed field is denoted by the parameter K, which can be expressed as [1]:

_2Cuy
T

i

K Q)

with 7; being the internal roundtrip time within the laser’s cavity, y the amplitude reflectivity
of the delayed field (I' = y?) originating from a distant reflecting point and being assumed to
be such that y <<1 with C4z being the coupling strength coefficient of the AR-facet [24].
Under optical feedback the effective reflectivity 7,4, can also be defined as follows [25]:

~ -2 . 5 .
— J9. jor __ JPAR e
Tireqg =Tap€ "+ (1 _|rAR| N ve =T (6)

where @,z is the facet phase term describing the position of the facet with respect to the Bragg
reflector. The feedback does not affect the description of the HR-facet whose reflectivity can
be written:

THR,eqg = ’7HRe_WHR (7
where @y is the phase term describing the position of the facet with respect to the Bragg
reflector. The dynamic evolution of the carrier density is governed by the usual relation:

AN _ 1w _ N
dt e T

e

—-GP(t) (3)

where N(), 7., and I(¢) respectively are the carrier density within the active zone, the carrier
density lifetime and the pump current respectively. In what follows Eq. (6) will be used to
evaluate the feedback sensitivity of DFB lasers through the determination of the CPR in the
adiabatic regime for several effective front facet reflectivities. Although the numerical
simulations do not explicitly incorporate the delayed field occurring in Eq. (4), the approach
based on the complex effective reflectivity has already been used to analyze both the static
and dynamic DFB lasers properties operating under external control [24,26,27].

The numerical calculations presented below are based on the transfer matrix method
(TMM) [28]. The aim is to calculate the QW based DFB laser performance at threshold and to
predict its static behavior above threshold with and without feedback. The method is
applicable to any laser design. The DFB laser structure is divided into N sections consisting of
many grating periods in which all physical parameters, like the injection current, the material
gain, the photon density, the carrier density and the refractive index are assumed to be
homogeneous. The laser is modeled by assuming the Bragg grating has a rectangular shape.
The transfer matrix for one corrugation period is defined by:
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n+n, n-—n,
2n, 2n, 0
= X
Period —
o n—n, n+n, 0 e
2n, 2n,
)
n+n, n,—n
2n, 2n, 0
X
n,—n, n+n, 0 e
2n, 2n,

where n; and n, are the refractive indices, and &; and k; are the complex propagation constants
in the two refractive index regions. The real part of the propagation constant is determined by
the net gain. The imaginary part depends on refractive index, which affects the frequency shift
of the laser. The laser is divided into m sections where the carrier density is kept uniform. The
carrier density may however vary from section to section. Section i contains m; corrugation
periods. The complete transfer matrix describing the DFB laser with coated facets is written
as:

M

(10)

P i=N m
=T X Qg X H (MPw'iod ) XOip.eg X ViR eq

i=l1

where m; is the number of period in the ith section, 7, and r,, , are the reflectivity matrices

at the left and right side, (p_HR and ¢, are the partial propagation matrices corresponding to

incomplete corrugation periods at the left and right facets. To take into account the external
feedback, the reflectivity and partial propagation matrices are defined according to Egs. (6)

and (7) by:
1 1 -7
rHR,eq = ~ 2 |:_~ lHR:| (11)
1-7," L™ ur
1 1 fAR,Eq
ViRyeq = 7 |:}—; 1 (12)
- rAR,ea AReq
- e*/?HR 0
Prar = |: 0 e*ﬂﬂ}-m :| (13)
~ e.N’AR,eq 0 ”
¢AR,eq - 0 ef‘l’AR.«q ( )

The nonlinear field gain can be well approximated by a logarithmic formula including the
gain compression effect in the vicinity of the emission frequency:

i ed, B, N 2
. n -
8o J,

15
1+&P (15)
In this approximation, gy, e, dgy, Bra, Jo, € N and P are respectively the empirical gain

coefficient, the electron charge, the thickness of one quantum well, the radiative
recombination coefficient, the transparency current density, the gain compression coefficient,

g(N,P)=
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the carrier density and the photon density, respectively. For the TMM, the oscillation
condition at threshold is computed by using:
M1 (@ppys A) =0 (16)
A prediction-corrector method has been used to calculate the lasing mode represented by
(e, Ag). The initial guesses (a;, 4;) of solutions correspond to Fabry-Perot modes. After

calculating the value of M for (o, 4), (a; + do, 4;) and, (a;, 4; + dA), we compute the relative
variations allowing the correction of the values of a and A. This procedure is iteratively
repeated until a relative variation less than 10~ is reached.

Above threshold, the carrier distribution along the cavity shifts from uniform to non-
uniform leading to intra-cavity SHB. The resulting spatial index variation locally affects the
grating, which becomes slightly non-uniform. This leads to a deviation of the cavity modes
consistent with the new distribution of the refractive index. The above threshold resolution
method is described in reference [29]. For uniformly injected current, an iterative procedure is
adopted. It consists on the resolution of the oscillation condition (16) using the new photon
and carrier density distribution calculated from the previous solutions of the steady-state
carrier rate Eq. (8) at lower injected current. The resulting index variation is given by:

n(z)znth+1“cj—]’z[(N(z)—N,h) 17)

where n™ is the refractive index at threshold, /7. is the confinement factor, Ny, is the carrier
density at threshold and dn/dN is the slope of the refractive index with respect to the carrier
density. The newly obtained solution (@, 1) leads to another distribution of photons and
carriers. Therefore, we solve again (16). All steps are repeated until reaching an unchanged
(a, 4). All parameters used in simulation are given in Table 1 below.

Table 1. Simulation parameters of AR/HR-DFB laser

Parameters Symbol Value Unit
Lasing wavelength A 1550 nm
Active layer’s length L 350 Hm
Quantum Well’s number Now 6
Quantum Well’s thickness dyw 0.008 Hm
Active layer’s width w 1.3 4m
Effective index ey 32
Group index g 3.8
Bragg grating period A 2421077 m
Confinement factor I, 0.139
Gain compression coefficient e 31077 cm’
Internal loss it 19 cm™!
Refractive index’s slope /N 22107 cm’
Empirical gain coefficient 2 800 cm™
Transparency current density Jo 50 Alem?
Non-radiative recombinaison coefficient Aprad 0 57!
Radiative recombinaison coefficient Braa g 107! cm’/s
Auger recombinaison coefficient Coug 2107% cm®/s
Spontaneous emission factor P 107
Linewidth enhancement factor ay 3

4. Numerical results

Using the TMM, a systematic study of the CPR in the adiabatic regime of the DFB laser is
first performed. The high reflection facet phase @y is chosen in order to fit the experimental
results. The antireflection coefficient measured on a calibration sample is estimated to be in
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the 0.1% range. Thus, the front facet is assumed to be perfectly antireflection coated (7,, =0)
so that Eq. (6) can be reduced to:

FiReqg = \/;eijm = ’7Ak,eqejwm (18)
In this case, the variation of the effective reflectivity is related directly to the feedback
- ¥ <4%
The simulated CPR in the adiabatic regime of the DFB laser under study is plotted in Fig. 6 as

a function of the output power for @z ~0.97 and various values of effective reflectivity Ryg .,
hence various feedback power. The output power is varied through the bias current.

amplitude. Simulations have been conducted assuming 0% <R, =|rAR,eq

AF/AP, [GHz/mW]

0 1 2 3 4
Output Power, [MW]

Fig. 6. Calculated CPR in the adiabatic regime as a function of the output power for various

2
feedback conditions (0% < R, Fireg| =V < 4% ) and for kL = 0.8, ¢yr=0.97

R,eq = |

At low output power, the CPR is definitely power dependent because of the HR-facet
phase effect [23]. Indeed, the optical field’s longitudinal distribution changes from uniform at
threshold to non-uniform as the power increases, leading to a longitudinal variation of the
carrier density. As a consequence, the refractive index and hence the periodic profile of the
Bragg reflector is altered, leading ultimately to a wavelength shift. In the present case (@yz
<m), the lasing wavelength shifts towards the red. Because of the large grating coefficient, the
introduction of the feedback does not affect the typical CPR power dependence but it can,
however, affect its magnitude, at a fixed output power. The distribution of the internal optical
power is sensitive to the effective reflection coefficient leading to a significant dependence of
the CPR on the feedback strength. Hence, for a ImW output power, the absolute value of the
CPR increases from 0 to 2 GHz/mW when R, , varies from 0% to 4%. At higher output

powers, the CPR converges towards a positive value around 730 MHz/mA independent of the
facet phase and of the feedback condition. This value is given by [1]:

=% e

19
edrn V (19)

where #; is the internal quantum efficiency and V' = Nypdowlw the cavity volume. Equation
(19) describes the wavelength shift induced by the gain compression effect. At high output
power, the index profile gets stabilized, and the SHB induced wavelength shift gradually
disappears. The remaining wavelength shift is then only due to gain compression, which
happens not to be feedback dependent.
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Fig. 7. (a) Zoom from Fig. 6 showing the calculated CPR in the adiabatic regime as a function
of the output power for various feedback conditions (kL = 0.8); (b) Calculated CPR in the
adiabatic regime as a function of the effective front facet reflectivity (kL = 0.8, Py =3.36 mW).

Figure 7(a) shows a zoom from Fig. 6 for output powers between 3.1 and 3.5 mW
displaying clearly that the optical feedback has a strong impact on the adiabatic CPR. Figure
7(b) depicts the simulated values of the adiabatic CPR at Py = 3.4 mW (colored markers) as a
function of the effective facet reflectivity which is in that case related to the optical feedback
strength through Eq. (18). One can notice that simulated CPR drops from 750 MHz/mW for
Rureq = 0% (solitary case) to 65 MHz/mW with Rz, =3%. These variations are in good
qualitative agreement with the experimental results depicted in Fig. 4. From a quantitative
point of view, the optical feedback range explored in the experiments differs from the
simulations. Such a discrepancy can be attributed mostly to the fact that the numerical
simulations consider feedback in terms of optical power and not in terms of delayed field.
Further numerical studies should investigate the impact of the delay on the laser’s dynamics
through a resolution of Eq. (4) in amplitude and phase.

From Fig. 7(a), one can see that the sign of the adiabatic chirp can change when the
effective reflectivity increases (larger feedback). This effect is even more drastic when one
reduces the O-factor of the cavity (lower xL). Figure 8 shows the calculated adiabatic CPR for
a grating coupling coefficient of xL = 0.5 with L = 350 um. In this case, the front facet
reflectivity is 0.1% (green plot), 0.5% (black plot), 1% (red plot) and 2% (blue plot)
respectively. Compared to Fig. 6, decreasing (xL) leads to an increase of the laser’s sensitivity
to the optical feedback.
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Fig. 8. Calculated CPR in the adiabatic regime as a function of the output power for various
feedback conditions for kL = 0.5 and L = 350 um. Front facet reflectivity is 0.1% (green), 0.5%
(black), 1% (red) and 2% (blue) respectively.

As an example, Fig. 8 displays the CPR for kL = 0.5. When the front facet reflectivity is
increased, the adiabatic CPR at 1 mW drastically decreases from about 2 GHz/mW down to
45 MHz/mW. One can also observe two types of CPR power dependence, similar to the
measurements of reference [23], which include a change of the curvature. Figure 8 points out
that if the optical feedback strength gets sufficiently large, the adiabatic CPR can change sign
and turn from blue (green curve) to red (blue curve). As a result, controlling optical feedback
allows one to minimize or to zero the adiabatic CPR. This situation results from a proper
design of the laser cavity design associated to a well-tuned delayed field having the required
properties both in amplitude and in phase.

5. Conclusion

The chirp induced by the optical modulation of a QW DFB diode laser is evaluated through
the measurement of the CPR. Experimental results have demonstrated that under optimum
optical feedback conditions the adiabatic CPR decreases significantly from about 650
MHz/mW in the solitary case down to 65 MHz/mW. This realization is of importance for
improving the transmission performance in optical communication systems. Such
experimental results are confirmed by numerical investigations based on the transfer matrix
method. Simulations have also pointed out the possibility of optimizing the adiabatic CPR by
considering a judicious cavity design in addition to a proper external control. Further studies
should investigate the effects of the optical feedback on the chirp under large signal analysis
as well as in quantum dot nanostructure based semiconductor lasers for which the SHB effects
have been demonstrated to be larger [30].
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