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Parallel generation of low-correlation wideband
complex chaotic signals using CW laser and
external-cavity laser with self-phase-modulated
injection

Anke Zhao, Ning Jiange*, Jiafa Peng, Shiqin Liu, Yiqun Zhang and
Kun Qiu*

A novel scheme for generating optical chaos is proposed and experimentally demonstrated, which supports to simultan-
eously produce two low-correlation chaotic signals with wideband spectrum and suppressed time-delay-signature (TDS).
In the proposed scheme, we use the output of an external-cavity semiconductor laser (ECSL) as the driving signal of a
phase modulator to modulate the output of a CW laser. Then the phase-modulated continuous-wave (CW) light is split in-
to two parts, one is injected back into the ECSL that outputs one chaotic signal, while the other part is passed through a
dispersion module for generating another chaotic signal simultaneously. The experimental results prove that the pro-
posed scheme has three merits. Firstly, it can improve the bandwidth of ECSL-based chaos by several times, and simul-
taneously generate another wideband flat-spectrum chaotic signal. Secondly, the undesired TDS characteristics of the
simultaneously-generated chaotic signals can be efficiently suppressed to an indistinguishable level within a wide para-
meter range, as such the complexities of the chaotic signals are considerably high. Thirdly, the correlation coefficient
between these two simultaneously-generated chaotic signals is smaller than 0.1. The proposed scheme provides an at-
tractive solution for parallel multiple chaos generation, and shows great potential for multiple channel chaos communica-
tions and multiple random bit generations.
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Introduction security. Recently, secure transmission of a 30 Gb/s data
signal has been demonstrated in a 100-km fiber link, in
which the bandwidth of the chaotic carrier is about 10
GHz". Regarding to the chaos-based RBG, optical chaos

is utilized as the physical source for extracting high-

In the past two decades, optical chaos generation has
been widely studied in several fields such as secure optic-

al communication'®, physical random bit generation

(RBG)""5, and optical logic'*. In optical chaos commu-
nication systems, chaotic signal is used as the optical car-

rier to hide the message for enhancing the physical layer

speed random bits by making use of its advantage of
wide-spectrum characteristic, and the real-time RBG rate
can be higher than Gb/s"*°.
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Chaotic signals in the optical domain can be pro-
duced by semiconductor lasers (SLs), in virtue of various
methods including optical feedback, optical injection,
and electro-optical feedback!®>. Among these methods,
external-cavity semiconductor laser (ECSL) with the op-
tical feedback is the most extensively adopted configura-
tion for its simplicity in structure and easy integration
with optical chaos generator. However, in practical ap-
plications, the performance of ECSL is usually limited by
two aspects: one is that the ECSL-generated chaos has an
uneven power spectrum due to the intrinsic relaxation
oscillation effect, which leads to a limited bandwidth of
several GHz; the other is that the resonation of external
cavity induces an undesired time-delay-signature (TDS),
which degrades the randomness of obtained chaotic sig-
nal. Regarding the application in optical chaos commu-
nications, the limited bandwidth of chaotic carrier re-
stricts the maximal data rate which can be encrypted,
and the TDS affects the privacy of chaotic systems and fi-
nally degrade the system security. It has been proven that
the TDS can be easily identified by several analysis meth-
ods, including autocorrelation function (ACF) and
delayed mutual information (DMI)!7-*. Once the eaves-
dropper knows the TDS of chaotic system, the ECSL sys-
tem for chaotic carrier generation is highly risky to be re-
constructed, and then the system security is threatened.
Regarding the application in the chaos-based RBG, the
limited bandwidth of the chaos source restricts the bit
rate of RBG, and the TDS affects the randomness bench-
mark of the obtained bit sequence!®?!. Therefore, it is of
great significance to improve the bandwidth and conceal
the TDS of ECSL-based chaotic signal.

In recent years, there are many methods which have
been proposed for improving the effective bandwidth
and suppressing the TDS characteristic of the ECSL-
based chaotic signal. According to the literatures? %,
there are generally two classes of methods which can
suppress the TDS: one is using a complex optical feed-
back, such as double optical feedback?, utilizing fiber
grating as reflector®*, and introducing parallel-coup-
ling ring resonators® into the optical feedback loop of
conventional ECSL configuration; the other one is post-
processing the ECSL output in virtue of nonlinear effects
of optical fiber?, delayed self-interface”’, and a compact
phased array of semiconductor lasers?. Regarding the
bandwidth enhancement of ECSL-based chaos, many
techniques have also been proposed, such as heterodyn-

ing couplings®**°, mutual injection®!, optical time lens*,

and self-phase-modulated feedback with phase-to-in-
tensity conversion®*~*. Nevertheless, in most of these
schemes, only one single chaotic signal is generated,
while simultaneous multiple chaos generation with low
correlation is lack of study.

In this work, we propose and experimentally demon-
strate a novel scheme for generating parallel wideband
complex chaotic signals with low correlation, in virtue of
constant-amplitude self-phase-modulation injection and
phase-modulation to intensity-modulation conversion.
With respect to the previously-reported chaos genera-
tion schemes, the proposed scheme can not only achieve
bandwidth enhancement and TDS suppression for con-
ventional ECSL-based chaotic signal, but also support to
produce another wideband TDS-suppressed chaotic sig-
nal simultaneously. We experimentally realize the paral-
lel generation of two flat-spectrum chaos which have an
effective bandwidth of over 24 GHz and a high-
complexity.

Experimental setup

Figure 1 presents the schematic diagram for the genera-
tion of parallel wideband complex chaotic signals. The
output of a distributed-feedback (DFB) laser is equally
split by a 3-dB fiber coupler (FC1) into two parts. One
part is sent back into the DFB laser by the reflection of a
mirror, to configurate a conventional ECSL system. A
variable optical attenuator (VOAL) is deployed into the
external cavity to tune the feedback strength. Here the
definition of feedback strength is the power ratio of the
optical feedback and the DFB emission. The other part is
further split by FC2: one is referred to as the output-A of
the system, while the other one is passed through VOA3
and then converted to an electronic chaos through a
photodetector (PD3). The electronic chaos is sub-
sequently passed through a radio-frequency (RF) ampli-
fier and used as the driving signal of a phase modulator
(PM). A CW light with a central wavelength of 1549.66
nm is used as the input light of the PM>. The linewidth
and the emission power of the CW laser are 100 kHz and
8 dBm, respectively. The output of the PM is sub-
sequently split by FC3: one part is injected to the DFB
through the OC, while the other part propagates through
a dispersion module (DM), and then is used as another
chaotic output signal (referred to as the output-B) of the
system. Here, we adopt a dispersion compensating fiber
(DCF) as the DM, and the total dispersion value of the
DCEF is 342.3 ps/nm. The optical injection power of the
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Fig. 1 | Experimental schematic diagram of the parallel wideband complex chaos generation. DFB, distributed-feedback laser; PM, electro-

optic phase modulator; FC, fiber coupler; CWL, continuous-wave laser; PD, photodetector; M, mirror; VOA, variable optical attenuator; OC, optic-

al circulator; Amp, radio-frequency amplifier; DM, dispersion module.

DEFB is set to =3 dBm, which is controlled by VOA2. In
our experiment, a current-temperature controller is used
to control the emission power and the central
wavelength of the DFB. The bias current of the DFB is
set to 13.6 mA which corresponds to 1.5 times the
threshold current, and operation wavelength is set to
1549.6 nm. The RF amplifier has a maximum power gain
of 35 dB. The PM has a 3-dB bandwidth of 18 GHz and a
half-wave voltage of 3.8 V. The maximum phase shift of
the PM is about 1.5, as the peak-to-peak values of the
driving signal are 5.7 V. The splitting ratio of all the fiber
couplers used in the experiment is 50 : 50. A 25-GHz di-
gital oscilloscope is used to measure and record the out-

put signals, and its real-time sampling rate is set to 100

100 100

GS/s. In order to exhibit the properties of the scheme
more intuitively, we compare the obtained chaotic sig-
nals in our scheme and the chaos obtained by a conven-
tional optical feedback ECSL (COF-ECSL). The output
of the COF-ECSL is obtained from the output-A without

the injection from the CW laser.

Results and discussion

In Fig. 2, we present the time series and the power spec-
tra for the chaotic output of the COF-ECSL (first
column), and those of the chaos obtained by this scheme
(second and third columns). Here, we choose the fre-
quently-used effective bandwidth to evaluate the band-

width characteristic of chaotic signals®*°. The power
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Fig. 2 | (a—c) Experimental time series and (d—f) power spectra of the chaotic signal obtained by the COF-ECSL (first column); those of the

chaotic signals obtained from the output-A (second column), and the output-B of the proposed scheme (third column). The feedback strength is

fixed to —30 dB.
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spectra in frequency domain are derived by calculating
the fast Fourier transformation of the digital signals
measured by the oscilloscope. For the COF-ECSL-based
chaos, as shown in Fig. 2(a) and 2(d), the power spec-
trum shows that most of the energy concentrates on the
frequencies around laser relaxation oscillation (about 4.4
GHz) and degrades quickly as the frequency increases.
Consequently, the corresponding effective bandwidth is
only approximately 5.6 GHz. While for the two chaotic
signals obtained in the proposed scheme, as illustrated in
Fig. 2(e) and 2(f), the spectra are significantly broadened
and much flatter than that of the COF-ECSL case. The
effective bandwidths of the chaotic signals obtained from
output-A and output-B are 24.2 GHz and 24.1 GHz, re-
spectively, which are about four times larger than the
value of the COF-ECSL-based chaos. The physical mech-
anism of the bandwidth enhancement is attributed to
that, many new frequency components are generated by
the phase modulation with chaotic driving signal, the
spectrum of the CW light in optical domain is greatly ex-
panded as proved in our previous work*®. Then the DM
and the DFB laser play the roles of nonlinear systems to
convert the phase-modulation into intensity-modula-
tion, and consequently the spectrum expansion in phase
is converted to the bandwidth enhancement in
intensity**’.

In Fig. 3, we present the influence of feedback strength
on the behavior of the effective bandwidth. For the COF-
ECSL-based chaos, the effective bandwidth slightly in-
creases from 5.6 GHz to 7.5 GHz, with a variation of the
feedback strength from -30 dB to -10 dB. In comparis-
on, the effective bandwidths of the two wideband com-
plex chaotic signals keep at a high level: the effective

https://doi.org/10.29026/0ea.2022.200026

bandwidth of chaotic output-A slightly varies in the
range from 23.9 GHz to 24.2 GHz, and that of chaotic
output-B always maintains around 24 GHz with a small
range of £0.2 GHz. Thus, it can be concluded that our
system can produce two parallel wideband chaotic sig-
nals within a wide feedback strength range, and the cor-
responding effective bandwidths can be maintained at
several times larger than that of the COF-ECSL-based
chaos. It is worth mentioning that, since the oscilloscope
used in the experiment has a limited bandwidth of 25
GHz, the frequency components higher than 25 GHz are
filtered and the calculated effective bandwidths of the
two outputs maintain at a relatively fixed level. While the
actual bandwidths of these chaotic signals may even be
much larger than the measured values here, as we have
confirmed in ref.**.
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Fig. 3 | Effective bandwidths of the chaotic signals outputted by
COF-ECSL (square), output-A (circle) and output-B (downward-
triangle), as a function of feedback strength.

In order to investigate the properties of TDS suppres-
sion, Fig. 4 shows the ACF and DMI traces for the COF-
ECSL-based chaos, the chaotic output-A and the chaotic
output-B. A length of 2 ps is adopted for time series to
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Fig. 4 | (a—c) ACF traces and (d-f) DMI traces of the chaos generated by COF-ECSL (first column), output-A (second column) and output-B (third

column). The feedback strength is fixed to —30 dB.
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calculate the ACF and DMI traces. For the COF-ECSL-
generated chaos, large peaks are observed at the posi-
tions of the multiples of feedback delay as shown in Fig.
4(a) and 4(d), which suggests that the TDS can be easily
exposed from the ACF and DMI traces. In comparison,
for the chaos obtained in the proposed scheme (the
second and third columns), no peaks can be identified at
the position of the feedback delay in both of the ACF and
DMI traces, indicating the TDS is significantly sup-
pressed. The excellent TDS-concealment property in the
proposed scheme can efficiently prevent the eavesdrop-
pers from cracking the feedback delay time of chaotic
system, as such the privacy of chaotic system for the
chaos-based communication application can be greatly
improved. Moreover, the suppression of TDS also en-
ables the feedback delay of chaotic systems to be used as
a hardware key to further enlarge the key space of chaos-
based communication systems. In addition, since the
ACEF traces of the two outputs have no side peaks, the
proposed chaos generation system can also be applied as
an excellent physical source for the application in LIDAR*.

Figure 5 shows the influence of feedback strength on
the behavior of TDS suppression. The TDS values are
evaluated by the maximum values in the vicinity of the
position of feedback delay in the ACF and DMI traces.
Under the scenario of COF-ECSL, the evolution trends
of TDS values in the ACF and DMI traces are similar,
which show that the TDS values firstly decrease and then
gradually increase, with the increase of feedback
strength. The TDS values in this scenario are always lar-
ger than 0.1, which are easy to be identified from the
ACF and DMI traces. While in the proposed scheme, for
both of the two chaotic outputs, the TDS values are smal-

ler than 0.02 as we increase the feedback strength from
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-30 dB to —10 dB. The results indicate that the TDS can
be perfectly concealed within a large range of feedback
strength.

Complexity of chaos is another important indicator
which would affect the security of optical chaos commu-
nication and the randomness of chaos-based RBG, thus
we investigate the complexities of the generated wide-
band TDS-suppressed chaotic signals versus the feed-
back strength in Fig. 6. To evaluate the extent of dis-
order in a chaotic signal, the permutation entropy (PE) is
calculated to quantify the complexity of chaos®!****. The
time series with a length of 2x10° are adopted for calcu-
lating the value of PE. The embedding dimension is 5
and the embedding delay 7 = f; - 7¢ (where ¢ is the feed-
back delay time and f; is the sampling frequency). The
larger PE value means the higher complexity of chaos
(the maximum value is 1). The calculated PE value of the
chaos generated by the COF-ECSL firstly increases
gradually from 0.939, then reaches at a maximum value
0f 0.979, and after that, it slightly degrades, as the feed-
back strength increases from -30 dB to -10 dB. While
the PE values of the two wideband chaotic outputs are al-
ways larger than that in the COF-ECSL scenario. The PE
values of the output A and output B maintain at a stable
level of 0.998. Therefore, the complexities of the gener-
ated wideband chaotic signals are significantly enhanced
by the proposed scheme in comparison with that of the
COF-ECSL scenario. Moreover, since the PE values of
the output A and output B are close to 1, the complexit-
ies of these two outputs are close to the ideal noise level
(PE=1). The excellent complexity-enhancement prop-
erty is beneficial to enhance the system security for the
application of chaos communications and improve the

bit randomness of RBG application.
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Fig. 5| |TDS values in (a) ACF traces and (b) DMI traces of the chaos generated by COF-ECSL (square), output-A (circle) and output-B (down-

ward-triangle), as a function of feedback strength.
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Fig. 6 | PE values of the chaos obtained by the COF-ECSL
(square), the output-A (circle) and the output-B (downward-tri-
angle), as a function of the feedback strength.

In the proposed system, the output A is used as the
driving signal of the PM, and the output B is originated
from the phase-modulated light after passing through
the DM, the two chaotic outputs are related to each oth-
er in structure. Next, we investigate the cross-correlation
between these simultaneously-generated chaotic signals.
The cross-correlation coefficient (CC) is adopted to eval-

uate their correlation, which is defined as*!°:
coe M)~ (1) (L1 (L)) 7
\/((11 (6) = (L)) (L (1) = (L (1)))")

where I;(t) and I,(t) are the experimental time domain

(1)

signals, and <-> is the time averaging. The subscripts 1, 2
correspond to the two temporal chaotic waveforms of
output-A and output-B, respectively. In Fig.7, we
present the influence of the feedback strength on the
cross correlation. It can be seen that the CC slightly de-
creases and maintains at a low level smaller than 0.1 as

the feedback strength exceeds —30 dB. The small vari-
ation of the CC trend is because that the increasing feed-
back strength would induce a larger intensity fluctuation
for the chaotic driving signal of phase modulator. The
insets illustrate the time series of chaotic signals ob-
tained from output-A (blue line) and output-B (red line)
in different feedback strengths cases, which show that the
intensity fluctuations under these exemplary cases are
completely different. The results indicate that the two
generated chaotic signals in the proposed scheme have
low correlation, which is beneficial to various chaos-
based applications. For example, in the application of
chaos-based optical communications, the proposed
scheme can simultaneously provide two low-correlation
chaotic carriers to encrypt the messages from two differ-
ent channels, and consequently the transmission capa-
city can be enhanced by two times. On the other hand, in
the application of chaos-based RBG, the proposed sys-
tem can provide two independent wideband physical en-
tropy sources, which can be utilized to extract two inde-
pendent ultrafast random bit sequences simultaneously,
as such the total bit rate of RBG can be also improved.

In addition, Fig. 8 presents the time series and the cor-
responding probability distribution functions of the
chaotic signal generated by the COF-ECSL, as well as
those of the two outputs in the proposed scheme. It is
demonstrated that the amplitude distributions of the
output A and output B approach the Gaussian distribu-
tion, which are much more symmetrical than the
COF-ECSL-based chaotic output. The symmetrical
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Fig. 7 | Correlation coefficient between chaotic signals obtained from output-A and output-B, as a function of feedback strength. The in-

sets are the temporal waveforms of the two chaotic outputs (with a range of 1 ns) measured at the feedback strengths of —-30 dB, —20 dB and —10

dB, respectively.
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distributions further confirm the randomness and com-
plexity enhancement of the output signals in the pro-
posed scheme, which are also highly beneficial to achiev-
ing nearly equal numbers of ones and zeros in random

bit generation'"'.
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Fig. 8 | Experimental time series (left column) and amplitude probab-
ility distributions (right column) of (a) the chaos generated by the
COF-ECSL, as well as (b) the chaotic output-A and (c) the chaotic
output-B of the proposed scheme.

Conclusions

In this paper, a novel parallel wideband complex chaos
generation scheme is experimentally demonstrated, by
introducing the constant-amplitude self-phase-modula-
tion injection into an ECSL and applying the phase-to
intensity conversion of a dispersive device into the
phase-modulated CW light. The proposed scheme can
not only achieve the bandwidth enhancement and TDS
suppression of the ECSL-based chaos, but also simultan-
eously generate another wideband TDS-suppressed
chaotic signal. It is indicated that two simultaneously-
generated chaotic signals with effective bandwidths
around 24 GHz can be easily obtained, and the effective
bandwidth can be always maintained at several times lar-
ger than that of the conventional ECSL-generated chaos.
Moreover, the TDS characteristics of the simultaneously-
generated chaotic signals are completely concealed at an
indistinguishable level (<0.02) within a large feedback

strength range. As a result, the complexities of the gener-
ated chaotic signals are considerably high and approach-
ing to that of an ideal random noise. In addition, the ex-
perimental results also show that the correlation between
these two simultaneously-generated chaos is low with a
CC value smaller than 0.1. The proposed scheme paves a
novel way for generating parallel multiple low-correla-
tion chaotic signals, which has great potential for vari-
ous chaos-based application, such as multi-channel se-
cure optical communications and parallel ultrafast ran-
dom bit generations.
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