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Abstract—Chaos generation from a semiconductor laser under
band-rejection optical feedback is proposed and investigated nu-
merically and experimentally. The band-rejection feedback per-
forms better than the conventional broadband mirror feedback
in concealing the feedback delay time information measured by
the time-delay signature (TDS) of optical field and intensity. In
this work, the optical band-rejection filter (BRF) is built up based
on the transmission of a Bragg grating. The best concealment of
delay time information is achieved in the form of simultaneous
TDS suppression in optical field and intensity when the BRF is
negatively detuned from the free-running laser frequency. Such
concealment is due to the suppression of feedback cavity modes
by the band-rejection effect. The concealment prefers negative
detuning frequency because the laser cavity resonance is red-shifted
by optical feedback due to the antiguidance effect. The negatively
detuned BRF suppresses the TDS of optical field and intensity
by more than an order of magnitude than mirror feedback. The
simulation results are qualitatively confirmed by the experimental
measurements.

Index Terms—Band-rejection filter (BRF), chaos, optical
feedback, semiconductor laser, time-delay signature (TDS).

I. INTRODUCTION

PTICAL chaos from semiconductor lasers are of par-
O ticular interest due to unique properties such as broad
bandwidth, noise-like but synchronizable waveform, and high
dimension [1]-[6]. Chaotic laser dynamics have inspired a num-
ber of novel applications including chaotic secure communi-
cation and key distribution [1], [4], [7], [8], ultra-fast random
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bit generation [3], [9], [10], chaotic ranging [11], [12], and
photonic information processing [5], [13]. Nonlinear dynamics
of semiconductor lasers can be realized by using external pertur-
bations such as optical injection, optoelectronic feedback, and
optical feedback. Optical feedback can excite locking dynamics
for semiconductor lasers to enhance the coherence quality and
modulation bandwidth in optical communications [14]-[19].
It has also been demonstrated to stabilize the mode-locking
dynamics [20], [21]. Using optical feedback is one of the most
popular approaches as it provides a wide parameter space for
chaos generation by simply involving only one laser [22], [23].
Chaotic dynamics from a feedback scheme inherently contains
an information about the characteristic delay time within the
external feedback cavity. Such a delay time information results in
a weak periodic property in both intensity and phase dynamics,
which can be extracted by using information processing tech-
niques such as time-dependent exponent, neural network analy-
sis, permutation entropy, delayed mutual information (DMI), or
autocorrelation function (ACF) [24]-[27]. Measuring the ACF
of time series is the most straightforward way as the delay time
information can be converted to a local correlation peak with
high computational efficiency [28]-[30]. Such correlation peak
is known as the time-delay signature (TDS), which discloses
the characteristic delay time in chaos generation and is often
undesirable for chaos-based applications, as it weakens the
security in chaos communication or key distribution, reduces
the randomness in bit generation, and impairs the precision in
target detection [2], [22]. As a result, suppression of TDS from
both intensity and phase dynamics is necessary.

In the last decade, a lot of efforts have been done to solve the
TDS problem. Amongst the state-of-the-art approaches, using
modifications on feedback cavity has received massive investi-
gation as it combines TDS suppression to chaos generation. For
suppressing the TDS in intensity dynamics, the pioneer approach
was numerically demonstrated using mirror feedback, where
the intensity TDS was covered by the lasers relaxation reso-
nance under short delay [24]. A few years later, this technique
was experimentally demonstrated by using on-chip integrated
feedback [31], [32]. Besides single-loop feedback, multi-loop
feedback have been studied for intensity TDS suppression as
well [33], [34]. As an extension of polarization-matched feed-
back, polarization rotation was included in the feedback cavity,
where the intensity TDS was suppressed due to the reduced
coherence between the internal and feedback fields [35], [36].
Besides using feedback cavity with identical delay, approaches
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Fig. 1. Setup of a semiconductor laser under band-rejection optical feedback.
FC, fiber coupler; VA, variable attenuator; PC, polarization controller; CIR,
optical circulator; BRF, band-rejection filter; TrT, feedback round-trip delay
time.

using dispersive feedback cavity were also numerically and
experimentally demonstrated, where the intensity TDS was flat-
tened and suppressed due to the group-velocity dispersion [37]—
[42]. Despite being suppressed in intensity dynamics, the TDS
was numerically predicted from phase dynamics [43], [44]. For
further suppressing the TDS in phase dynamics, the most popular
method involves phase scrambling in the feedback cavity [45],
[46]. Nonetheless, phase modulation often increases the sys-
tem complexity. Filtered optical feedback is a much simpler
approach towards perturbing both intensity and phase dynamics.
Optical feedback using band-pass filter was demonstrated by
Fischer et al. [47]. Band-pass filter usually suppresses the side
bands of coherence collapse, hence is more helpful for stabling
periodic dynamics [48], [49]. As a supplement of band-pass
feedback, band-rejection feedback may keep such side bands,
hence its effect towards chaos generation is worth investigating.

In this paper, a novel approach for concealing delay time in-
formation is proposed by using band-rejection optical feedback.
The band-rejection filter (BRF) effectively suppresses the feed-
back cavity modes hence conceals the delay time information in
the form of simultaneous TDS suppression in intensity and phase
dynamics. The enhancements are further investigated by varying
feedback and BRF parameters. Following this introduction, the
model is presented in Section II. The results are described in
Section III. A conclusion follows them in Section IV.

II. SETUP

The setup in Fig. 1 describes a semiconductor laser subject
to optical feedback from a BRF. The BRF consists of an optical
circulator and a fiber Bragg grating (FBG), and it provides band-
rejection effect by making use of the transmission of grating. The
laser is described by the normalized intracavity slowly-varying
optical field amplitude a(t) and charge-carrier density 7(¢) in
reference to the free running. Using h(t) as the impulse response
of the transmission of Bragg grating and A} = 2w A f as the
angular frequency detuning of the Bragg frequency away from
the laser free-running frequency, the light fed back to the laser is
proportional to a convolution, [k (t)e 2] x a(t — Trr), where
Trr is the round-trip delay time of feedback loop excluding
the grating. The rate equations that govern the laser dynamics
are [50], [51]:

da 1-1b ~
—_— = = c Il~_ SJ 2_1
G = 37 1w =l (lef - D] a

+ ye&ee [h(t)e 2] x a(t — Trr), (1)
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where the cavity decay rate v, = 5.36 x 10'! s~!, the sponta-
neous carrier relaxation rate s = 5.96 x 10? s~1, the differen-
tial carrier relaxation rate v, = 7.53 x 10° s~!, the nonlinear
carrier relaxation rate vy, = 1.91 X 1019 s=1 the normalized
bias current above threshold .J = 1.222, the linewidth enhance-
ment factor b = 3.2, the feedback phase § = 0, and the feedback
strength &. The laser parameters are measured from a 1.3-
pm multiple-quantum-well DFB laser (Bookham Technology
LC131) at bias current of 40 mA with an output power of about
4.5 mW. The parameters correspond to a relaxation oscillation
frequency of f; = (27) "' \/Ye T + 757p ~ 10.25 GHz [52]. For
the feedback term at the right-hand side of (1), the impulse
response h(t) is obtained from an inverse Fourier transform
of the grating transmission frequency response H (§2) which is
described as follows [53], [54]:

H(Q) = o [acosh (o) + id sinh (al)] ", 3)

where o = VK2 — 02. 0 = —nes2/c and Q) denotes the angu-
lar frequency detuning away from the Bragg resonance. ¢ =
3 x 108 m/s is the speed of light in vacuum, neg = 1.45 is the
effective refractive index of grating, [ = 0.02 m is the length of
grating, and « is the coupling coefficient along .

It can be obtained from (3) that the BRF has a minimum
transmission of 1 — tanh? (k) at the Bragg frequency of Q = 0.
For a highly reflective grating, the main lobe of BRF has a 3-
dB bandwidth roughly equalling to fgw = ck/(7neg). As for
mirror feedback, the impulse response h(t) can be set to 0(t)
and the rate equations in (1)—(2) are reduced to the well-know
Lang-Kobayashi model [50]. In this work, the long feedback
cavity regime is considered, thus chaotic states instead of self-
injection locking states are guaranteed when sufficient feedback
strength is adopted. Numerical simulations are conducted using
the fourth-order Runge-Kutta method with time step 2.38 ps for
time span of 1.25 ps.

III. NUMERICAL RESULTS
A. Dynamical Mapping

Fig. 2 plots the mapping of the dynamical states of the laser
in the feedback parameter space (A f, &), where the round-trip
delay time is fixed at Tr = 0.47 ns and the BRF has a bandwidth
of fgw = 24 GHz. By varying the feedback parameters, the sta-
ble states (white), period-one states (red), quasi-periodic states
(gray), period-doubled states (yellow), and chaotic states (black)
are identified according to the distribution of the intensity-time
series extrema [37]. For example, when increasing feedback
strength & from zero at detuning frequency of A f = —30 GHz,
the dynamical state evolves from the stable state, period-one
state, quasi-periodic state, to the chaotic state. Such a quasi-
periodic route-to-chaos is popular in lasers under feedbacks [2],
[22]. Moreover, for inducing instability, stronger &; is required
atabout A f = 0 due to significant band-rejection effect of BRF.
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Fig. 2. Numerically calculated mapping of the dynamical states when
fBw = 24 GHz. Regions of stable states (white), P1 states (red), quasi-periodic
states (gray), period-doubled states (yellow), and chaotic states (black) are
identified. T = 0.47 ns.

Furthermore, different from conventional mirror feedback, a
region of stable states is observed under relatively strong & at
negative A f due to locking the red-shifted laser cavity resonance
to one of the BRF side lobes. Such red-shifted resonance is
induced by optical feedback through the antiguidance effect,
which leads to an asymmetry of dynamical mapping with respect
to Af [51]. Most importantly, three large chaotic regions are
labeled in the feedback parameter space (A f, &;), which reveals
the flexibility of chaos generation. Varying A f from negative
to positive values, the three chaotic regions are respectively
achieved roughly by making using of the higher frequency side
lobes, main lobe, and lower frequency side lobes of the BRF.
The rest of this work focuses on the chaotic dynamics.

B. Chaotic Time-Delay Signature

Fig. 3 investigates the optical field amplitude of chaos by
plotting the optical spectra and ACF of optical field in columns
(1) and (i), respectively. Figs. 3(b)-3(d) respectively show the
data from BRF feedback with different detuning frequencies
of Af =37 GHz, —7.5 GHz, and —37 GHz. Fig. 3(a) shows
the data from mirror feedback for a comparison. Black curves
in column (i) represent optical spectrum of chaos, while green
curves represent magnitude-squared frequency responses of mir-
ror or BRF. The round-trip delay time is Tr = 0.47 ns for BRF
feedback and 7g = 7;+0.47 ns for mirror feedback to achieve
similar length of optical path within one round trip, where
71 = negrl/c = 0.10 ns is the time of flight along the grating
length [. The feedback strength is £ = 0.10 for both the mirror
and BRF feedback. The BRF bandwidth is fgw = 24 GHz.
The optical spectrum is obtained using the Fourier transform of
the complex field amplitude a(¢). The ACF of optical field is a
measure of how well the optical field a(t) matches its delayed
replica a(t — 7), thus it can effectively reflect the correlation
properties of the phase dynamics.

For mirror feedback, in Fig. 3(a-1), the green curve shows a flat
response as the mirror are broadband without frequency selectiv-
ity. The black curve shows a chaotic optical spectrum spanning
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Fig. 3. Numerically calculated (i) optical spectrum and (ii) ACF of optical

field, where chaos is generated from (a) mirror feedback and (b)-(d) BRF
feedback with A f of 37 GHz, —7.5 GHz, and —37 GHz, respectively. & = 0.10.
fBW = 24 GHz.

a frequency range of over 10 GHz due to coherence collapse by
optical feedback [55]. The asymmetry of optical spectrum with
respect to the laser free-running frequency is attributed to the
red-shifted laser cavity resonance [56]. However, periodic peaks
are observed over the spectrum revealing the feedback cavity
modes. Such periodic peaks with a frequency gap of about 1 /Trp
in optical spectrum are converted to correlation peaks separated
by about Tt in the ACF of optical field in Fig. 3(a-ii), which
agrees well with the Wiener-Khinchin theorem. The value of
peak at 7 = Trr is named as the TDS of optical field pr, which
is about 0.61 in Fig. 3(a-ii).

For BRF feedback with positive detuning frequency of
Af =37 GHz, in Fig. 3(b-i), the green curve shows a response
of BRF corresponding to the transmission of grating. The central
band of chaos basically sees the lower frequency side lobes of
BRF where the power rejection effect is weak, thus the BRF is
almost transparency to the chaos. Such BRF feedback is roughly
equivalent to mirror feedback, hence the optical spectrum and
ACEF of optical field in Fig. 3(b) are similar to that in Fig. 3(a).
By changing the detuning frequency to Af = —7.5 GHz, in
Fig. 3(c-i), the green curve shows that the main lobe of BRF
roughly covers the central band of chaos. The chaos is induced
because sufficient & is adopted as shown in Fig. 2. Interestingly,
the periodic peaks at the central band of chaos are signifi-
cantly smoothed, as the band-rejection effect suppresses the
feedback cavity modes in the main lobe of BRF. Meanwhile,
the corresponding ACF of optical field in Fig. 3(c-ii) shows a
significant suppression of pr. Comparing to mirror feedback, the
negatively detuned BRF suppresses the pr by more than twelve
times to below 0.05. Further changing the detuning frequency
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Fig. 4. Numerically calculated (i) power spectrum, (ii) intensity-time series, (iii) ACF of temporal intensity, and (iv) DMI of temporal intensity, where chaos is

generated from (a) mirror feedback and (b)—(d) BRF feedback with A f of 37 GHz, —7.5 GHz, and —37 GHz, respectively. & = 0.10. fgw = 24 GHz.

to Af = —37 GHz, in Fig. 3(d-i), the green curve shows that
the central band of chaos basically sees the higher frequency
side lobes of BRF. Though the periodic peaks are suppresses in
the main lobe of BREF, they are still strongly pronounced at the
central band of chaos. Thus a clear pr is observed in Fig. 3(d-ii).
But different from the case in Fig. 3(b-ii), the curve around pp
is broadened and the pr is slightly suppressed due to chromatic
dispersion near the main lobe [51].

As mentioned above, the BRF feedback successfully sup-
presses the pp, which reveals a suppression of TDS in phase
dynamics. To further study the TDS in intensity dynamics,
Figs. 4(a)-4(d) investigate the intensity properties of chaos
corresponding to the datain Figs. 3(a)-3(d). Column (ii) plots the
intensity-time series I(t) = |a(t)|?, while column (i) plots the
power spectra by Fourier-transforming I (t). Columns (iii)—(iv)
respectively plot the ACF and DMI of temporal intensity. The
DMI is a measure of the information shared by I(¢) and its
delayed replica I (¢t — 7) [24], [51].

For mirror feedback, a broadband power spectrum around f;
is observed in Fig. 4(a-i), which corresponds to an intensity-time
series randomly fluctuated in a time scale of about 1/f, in
Fig. 4(a-ii). Again, periodic peaks with a frequency gap of about
1/7rr are observed revealing the feedback cavity modes from
the power spectrum in Fig. 4(a-i). Though such periodic property
is not easily extracted from I(¢) in Fig. 4(a-ii), it is transformed
to correlation peaks roughly separated by mgr in the ACF of
temporal intensity in Fig. 4(a-iii) as supported by the Wiener-
Khinchin theorem. The value of peak at 7 =~ T is named as the
TDS of temporal intensity pr, which is about 0.54 in Fig. 4(a-iii).
In addition, the delay time information identified by p; agrees
well with the mutual information peak in Fig. 4(a-iv). Besides,
the small side peak at 7 ~ 0.5/ f, in Fig. 4(a-iv) corresponds
the small autocorrelation trough at 7 = 0.5/ f, in Fig. 4(a-iii),

which basically reveals the lasers relaxation oscillation. For BRF
feedback with positive detuning frequency of A f =37 GHz in
Fig. 4(b), similar intensity properties are observed comparing
to that in Fig. 4(a), as the BRF feedback is roughly equivalent
to mirror feedback as shown in Fig. 3(b-i). By changing the
detuning frequency to A f = —7.5 GHz, in Fig. 4(c-1), the power
spectrum is still broadband around f; while the periodic peaks
are smoothed due to the suppression of the feedback cavity
modes as shown in Fig. 3(c-i). The I(¢) is still noise like in
Fig. 4(c-ii), but the corresponding ACF of temporal intensity
shows a significant suppression of pr in Fig. 4(c-iii). Comparing
to mirror feedback, the negatively detuned BRF suppresses the
p1 by more than thirteen times to below 0.04. The suppression
of pr is confirmed by the reduction of the mutual information
peak in Fig. 4(c-iv). Further changing the detuning frequency to
Af = —37 GHz, in Fig. 4(d-i), the periodic peaks appear again
in the power spectrum but much weaker than that from mirror
feedback. In Fig. 4(d-iii), the curve around py is broadened and
the pr is suppressed due to chromatic dispersion near the main
lobe of BRF as shown in Fig. 3(d-i) [51]. The suppression of
p1 is also confirmed by the reduced mutual information peak in
Fig. 4(d-iv).

It is worth mentioning that, the feedback configuration for
Figs. 3(d) and 4(d) is good at suppression of intensity TDS
as it shares the same mechanism with previous works using
dispersive feedback [37], [40], [41], [51]. Such mechanism relies
on inducing group-velocity dispersion on the fed back light,
thus it achieves TDS suppression in intensity dynamics rather
than in phase dynamics. Better than the dispersive feedback, the
band-rejection configuration for Figs. 3(c) and 4(c) performs
suppression of the feedback cavity modes, hence it effectively
achieves simultaneous suppression of TDS in both intensity and
phase dynamics.
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are the data of mirror feedback.

C. Dependencies

The above investigation shows that the BRF feedback suc-
cessfully achieves simultaneous suppression of pr and pr by
suppressing the feedback cavity modes using negatively detuned
BREF. To detailed study the dependences on parameters, Figs. 5—
7 conduct the investigation by varying feedback and BRF pa-
rameters.

Figs. 5(a)-5(c) respectively show, as functions of detuning
frequency Af, the pr, p1, and the chaotic bandwidth (CBW).
CBW is defined as the effective bandwidth that contains 80%
of the total power in the single-sideband power spectrum of
the chaos intensity [51], [S7]. The feedback strength is fixed
at & = 0.07 and 0.10 for triangles and circles, respectively.
The round-trip delay time is 7y = 0.47 ns. The BRF band-
width is fgw = 24 GHz. Starting with the data by circles, the
feedback strength is fixed at & = 0.10. As Af varies, three
group of data are observed corresponding to the three chaotic

BRF Bandwidth, fi,y, (GHz)

BRF Bandwidth, £, (GHz)

Numerically calculated (a) pr, (b) p1, and (c) CBW as functions of BRF bandwidth fgw. Af = —7.5 GHz. & = 0.10. Tg = 0.47 ns. Dashed lines

regions labeled in Fig. 2. When Af < —32 GHz, the central
band of chaos sees the higher frequency side lobes of BRF
where the power rejection is relatively weak. As A f increases
within this region, slightly suppression of pp in Fig. 5(a) and
significant suppression of pr in Fig. 5(b) are observed at about
Af = —37 GHz. Because the central band of chaos experiences
increased chromatic dispersion when approaching to the main
lobe of BRFE. Further increasing Af within this region, both
pr and pr increase a little bit before moving out of chaotic
region. When —15 GHz< Af < —4 GHz, the central band of
chaos sees the main lobe of BRF where the power rejection
becomes strong. As A f increases within this region, best sup-
pression of pr and p; are simultaneously achieved at about
Af = —7.5 GHz. Because the feedback cavity modes within
the central band of chaos are significantly suppressed by the
main lobe of BRF. Further increasing A f within this region,
both pr and py increase a little bit before moving out of chaotic
region. When A f >2 GHz, the central band of chaos starts to
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see the lower frequency side lobes of BRF. The asymmetric
dependence on A f is due to the red-shifted resonance by optical
feedback. As Af increases within this region, increments of
both pr and pr are observed. Because the central band of chaos
experiences decreased chromatic dispersion when moving away
from the main lobe of BRF. Such increments of pr and p; are
saturated when A f >30 GHz, as the BRF feedback is roughly
equivalent to mirror feedback. For the CBW in Fig. 5(c), the
variation as a function of A f is roughly the reverse of that for the
p1. Generally, CBW is smaller in —15 GHz< Af < —4 GHz
than in other two regions due to the band-rejection from the
main lobe of BRF. Interestingly, best suppression of pr and pg
are achieved at a local maximum of CBW. Globally, the TDS
suppression compromises on CBW performance as A f varies in
Fig. 5. Nonetheless, such trade-off can be broken by enhancing
the lasers relaxation oscillation frequency f, using higher bias
current. Comparing the triangles and circles, the data show that
the pr, p1, and CBW are all sensitive to the feedback strength.

In addition to the detuning frequency, the chaotic dynam-
ics is also investigated by varying the feedback strength &.
Figs. 6(a)-6(c) respectively show, as functions of &, the pg, pr,
and CBW. The data from BRF feedback with A f = —7.5 GHz
are shown by closed symbols where the round-trip delay time
is fixed at TrT = 4.7 ns, 2.35 ns, and 0.47 ns in red, blue, and
black. Besides, the data from mirror feedback are shown by open
symbols with g = 7;4+4.7 ns, 7; +2.35 ns, and 7; +0.47 ns in
red, blue, and black. Moreover, the data from FBG feedback
with Af = 13 GHz are shown by lines with Ty = 4.7 ns,
2.35 ns, and 0.47 ns in red, blue, and black. The feedback
strength is & = 0.10. The BRF bandwidth is fgw = 24 GHz.
Starting with the data by circles, for the open symbols from
mirror feedback, both pr in Fig. 6(a) and p; in Fig. 6(b) are
found to first reduce to a local minimum and then increase as
& increases. Meanwhile, the CBW in Fig. 6(c) is found to first
increase and then reduce as & increases. Here, the CBW is
reduced because the feedback cavity modes are enhanced such
that the chaos power is condensed in the discrete periodic peaks
in power spectrum. For the closed symbols from BRF feedback,
similar to mirror feedback, both pr in Fig. 6(a) and p; in Fig. 6(b)
are strongly pronounced at weak &;. Better than mirror feedback,
the BRF feedback achieves further suppression of both pr and
p1 as & increases. Meanwhile, the CBW in Fig. 6(c) is found
to increase with & and is even broadener than that from mirror
feedback when & >0.10. Nonetheless, the reduction of CBW
can be realized if &; is sufficient to compensate the band-rejection
effect. Comparing to the performance of FBG feedback with
optimized detuning frequency, the BRF feedback achieves sig-
nificant improvement in suppressing the pr. Because the FBG
provides dispersive feedback to perturb the intensity dynamics,
which is less helpful for suppression the TDS in phase dynamics.
In addition, the pg, p1, and CBW from BRF feedback become
less sensitive to g as & increases.

In addition to feedback parameters, the chaotic dynamics is
further investigated by varying the BRF bandwidth fgyw through
adjusting the grating coupling coefficient . Figs. 7(a)-7(c) re-
spectively show, as functions of fw, the pg, pr, and CBW. The
detuning frequency is fixed at A f = —7.5 GHz. The feedback
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strength is &g = 0.10. The round-trip delay time is Tr = 0.47 ns.
The dashed lines represent data from mirror feedback for refer-
ences. When small fgw is adopted by using sufficient weak x,
the pp in Fig. 7(a), py in Fig. 7(b), and CBW in Fig. 7(c) are
comparable to that of mirror feedback. Because a grating with
sufficient weak ~ basically is reduced to a piece of fiber, hence
the performance is closed to that of mirror feedback. Increasing
faw leads to suppression of both pr and py, as the suppression
of feedback cavity modes is enhanced by increasing the number
of modes covered by the main lobe of BRF. Comparing to mirror
feedback, the pr and pr can be suppressed by more than an order
of magnitude without significant reduction of CBW when fpw
is about 24 GHz. Further increasing fpw leads to increments of
pr and pr, as the rejection band is too broad to have sufficient
feedback for maintaining chaotic oscillations. This is further
confirmed by the reduction of CBW in Fig. 7(c).

IV. EXPERIMENTAL RESULTS

The experimental investigation on TDS suppression by BRF
feedback is conducted based on the setup in Fig. 1. The 1550-nm
DFB laser (KG-DFB-15-10-S-FA) is temperature-stabilized at
29 °C and forward-biased at 13 mA (1.5 times its threshold
current). The output power is about 1.7 mW corresponding to
a relaxation resonance frequency f, ~4 GHz. For the BREF,
the grating is a commercially available uniform FBG cen-
tered at 1550 nm with a 3-dB bandwidth of about 0.2 nm
(fsw ~25 GHz). The circulator has 58-dB isolation to avoid
reflection from the grating. The feedback fiber loop has a total
length of about 8.87 m which gives the external cavity round-trip
time of 7rr = 43.5 ns. For analyzing the output, the coupler
directs 10% power to the optical amplifier (Amonics AEDFA-
PA-35) and the photodetector (u ? t XPDV2120RA). The output
electrical signal is monitored by the power spectrum analyzer
of 7-GHz bandwidth (Rohde & Schwarz FSVR). In the experi-
ments, the feedback strength &; is controlled by the fiber based
variable attenuator. It is proportional to the square root of the
ratio of feedback power to emission power. To avoid unwanted
phase variation from the grating, the detuning frequency A f
is adjusted by varying the laser free-running frequency through
temperature-tuning with a slop of about 11 GHz/°C.

Figs. 8(a) and 8(b) respectively plot the power spectrum and
corresponding ACF of temporal intensity for Af = 40 GHz
(black) and —4 GHz (red) when & = 0.115. The noise floor in
Fig. 8(a) is shown in gray for a reference. Fig. 8(c) further verifies
the dependences of TDS on feedback parameters, where pr as
a function of Af at & = 0.115 are shown by closed symbols
and as a function of & at Af = —4 GHz are shown by open
symbols. In Fig. 8(a), the power spectra are measured with a
resolution bandwidth of 1 MHz. Under A f = 40 GHz where
the BRF is almost transparency to the chaos, the black curve
shows a broadband spectrum with clear feedback cavity modes
gapped by about 23 MHz in the inset. Such periodic cavity
modes are transformed to correlation peaks roughly separated
by about 43.5 ns in the ACF of temporal intensity in Fig. 8(b-1)
as supported by the Wiener-Khinchin theorem. The measured
pr1 is about 0.62. Interestingly, when A f = —4 GHz where the
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Fig. 8.

BRF induces considerable power attenuation to the central band
of chaos, the red curve also shows a broadband spectrum but the
feedback cavity modes are significantly smoothed in the inset.
As expected, the pp is significantly suppressed down to about
0.06 in Fig. 8(b-ii). The suppression of TDS using main lobe of
BRF qualitatively agrees well with the simulation results.

To verify the dependences on Af, the p; are recorded by
closed symbols in Fig. 8(c). Interestingly, comparing to the
simulation results in Fig. 5(b), similar asymmetric dependences
on Af are observed. For instance, when A f < —22 GHz, the
chaos sees the higher frequency side lobes of BRFE. As Af
increases within this region, suppression of p; are observed.
Further increasing A f, the laser is pushed out of chaotic region.
When —11 GHz< Af < —1 GHz, the chaos sees the main
lobe of BRF where the power rejection becomes strong. As A f
increases within this region, best suppression of pr are achieved
at about Af = —4 GHz. Further increasing Af within this
region, pr increases before moving out of chaotic region. When
Af >6 GHz, the chaos starts to see the lower frequency side
lobes of BRE. As A f increases within this region, increment of
pi1 is observed. Such increment is saturated when A f >40 GHz,
as the BRF feedback is roughly equivalent to mirror feedback.
To verify the dependences on &, the pr are recorded by open
symbols in Fig. 8(c). Again, comparing to the simulation re-
sults in Fig. 6(b), similar dependences on ; are observed. The
experimental results show that the dependences of p; on Af
and & qualitatively agree well with the simulation results. The
results and analysis of simulations and experiments are based
on DFB lasers with quantum-well structure, while the effects
on other type of semiconductor lasers with lower active region
dimensionality, such as quantum-wire or quantum-dot lasers, are
necessary to be further investigated in the future work.

V. CONCLUSION

In conclusion, we have proposed and demonstrated a novel ap-
proach towards chaotic time-delay signature suppression using
optical feedback from a BRF numerically and experimentally.
The BRF is achieved by making use of the transmission of
a Bragg grating. Regions of chaotic state are observed in the
feedback parameter space, which guarantee the flexibility for
chaos generation. When the central band of chaos is covered
by the main lobe of BRF through using a negatively detuned

Lag Time, t (ns)

1 0.04 0.08 0.12 0.16
z (b-i) P, R O)
5 Af =40 GHz |
=) 0
S i
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5 51 < 0.4+
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= —14 . 0 T T T
0 75 S0 40 20 0 20 40
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Experimentally measured (a) power spectrum, (b) autocorrelation, and (c) py as functions of feedback parameters.

BRF with proper bandwidth, the TDS of optical field pr and
TDS of temporal intensity p; are effectively suppressed due
to suppression of the feedback cavity modes. Comparing to
conventional mirror feedback, the negatively detuned BRF si-
multaneously suppresses the pr and pr by more than an order of
magnitude. Experimental verifications qualitatively agree well
with the simulations.
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