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a b s t r a c t

An improved chaotic laser system, which has a slave semiconductor laser (SL) injected by a master SL
with double optical feedback (DOF), is proposed, so that the time delay (TD) signature can be successfully
concealed from both intensity and phase chaos via choosing appropriate parameters. The TD signature is
investigated by employing autocorrelation function (ACF) and mutual information (MI) function.
Through analyzing the influence on TD signature in the region of injection current and injection strength
for the slave SL, we find that, for both intensity chaos and phase chaos, the TD signature can be easily
concealed under weak injection strength. When the injection strength is strong, we can not only suc-
cessfully conceal TD signature, but also improve the bandwidth of chaotic laser output by choosing the
optimal detuning frequency.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

The chaotic laser has become a more attractive research object
for its potential applications, such as secure optical communica-
tion, chaotic radar and high speed random number generators
(RNG) etc. [1–10]. The approaches with optical feedback or optical
injection are adopted to obtain chaotic output due to its high
bandwidth. However, for large feedback strength or injection
strength, the TD signature of chaotic output will be extracted
successfully via time series analysis techniques such as ACF, per-
mutation entropy (PE) and delayed MI [11,12], which in turn
threatens the security of chaotic communication system and re-
duces the randomness of RNG. Therefore, it is necessary to develop
some methods to eliminate or pretend the TD signature for im-
proving the quality of random number generation and ensuring
the system security.

In recent year, many schemes have been proposed to suppress
the TD signature in the literature. For example, Rontani et al.
pioneered the suppression of TD signature by optimizing the
feedback strength in the simplest feedback configuration, which
employs only one mirror [11]. Wu et al. experimentally and nu-
merically demonstrated that the time delay signature could be
suppressed from the intensity chaos by adopting double optical
feedback in SL [13]. However, those conventional methods, which
were concerned by Guo et al. [14,15], can hardly completely
eliminate the TD signature. Subsequently, more complicated con-
figurations for feedback were reported to conceal the TD signature,

such as using three cascade-coupled laser diodes [16], Phase-
modulated dual-path feedback [17] and frequency-detuned grat-
ing feedback [18]. These approaches of TD signature suppression
typically involved increasing the hardware complexity of the
setup.

In this paper, in order to simplify the constructions of these
systems and improve the chaos bandwidth, a system of concealing
TD signature, which is consist of two SLs, is proposed. The chaotic
output is produced by a slave SL, which is injected by a master SL
with DOF.

2. Theoretical model and method

Fig. 1 shows the schematic of simulation model. Chaotic fluc-
tuation of laser output is generated in a master semiconductor
laser with DOF and the chaotic output is injected into a slave
semiconductor laser for hiding the TD signature.

2.1. Rate equation models

The well-known Lang–Kobayashi equations are widely adopted
to simulate the dynamics of SL with optical feedback [19]. In this
paper, we consider the Lang–Kobayashi equations including the
gain saturation effect to reproduce a similar histogram of the laser
intensity distribution to that observed in experiments [20].
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Where Ei and E are the electric field amplitude, ϕi and ϕ are the
electric field phases, Ni and N are the carrier density. (Eqs. (1)–3)
for master semiconductor laser with double optical feedback. The
last two terms in (Eqs. (1) and 2) represent optical feedback, kf1
and kf2 are feedback strength, τ1 and τ2 are feedback delay time.
(Eqs. (4)–6) for slave semiconductor laser with chaos optical
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Fig. 1. Schematic diagram of simulation model. DBF: single-mode distributed-
feedback laser; PC: polarization controller; 50/50: 50/50 optical fiber coupler.
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Fig. 2. Intensity time series (left column), ACF (middle column), and MI (right column); (A1–A3) correspond to SL with SOF, (B1–B3) correspond to master SL with DOF, (C1–
C3) correspond to slave SL with chaos injection; with kf¼13.8 ns�1, τ¼10 ns, kf1¼kf2¼6.9 ns�1, τ1 ¼10 ns, τ2¼10.1 ns, kin¼16 ns�1, Ji¼1.44*Jth, J¼1.46*Jth, and detuning
frequency Δf¼0.
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