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Chaotic laser has attracted a large amount of attention due to its broad spectrum,
noise-like characteristics, and photonic integrated chaotic semiconductor lasers
have further expanded the application field of chaotic laser for their small size and
stable properties. Therefore, a monolithically integrated laser with a distributed
Bragg reflector (DBR) is designed. This proposed chaotic laser consists of a
distributed feedback (DFB) laser section, a phase section, and a DBR section.
DBR grating can provide wavelength detuning to generate mode beating, which
enhances chaotic bandwidth and distributed feedback to suppress time delay
signature (TDS). The transmission line laser model (TLLM) of chaotic laser is
constructed and chaotic characteristics of the integrated chip are investigated.
A chaotic signal with a bandwidth of 12.34 GHz and TDS less than 0.065 is
obtained. In addition, a map of dynamic states in the parameter space of
phase section current and DBR section current is shown, and a wide range of
chaotic regions are obtained. The results show that the broadband chaotic laser
with a low TDS can be obtained by controlling the parameters reasonably, which is
beneficial to realize the application of chaotic laser.
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1 Introduction

Chaotic laser is widely used in secure communication [1], high-speed random number
generation [2–4], distributed fiber sensing [5–7], chaotic lidar [8], physical key distribution
[9], and other fields [10] due to its broad spectrum and noise-like properties. The common
chaotic laser sources consist of discrete devices, which are large, unstable, and not suitable for
engineering practice. Therefore, the integration of chaotic laser source is vital for its further
applications. At present, researchers have proposed a variety of integrated chaotic
semiconductor laser structures. For example, Argyris et al. developed a photonic
integrated chaotic semiconductor laser chip consisting of a distributed feedback (DFB)
laser source section, a gain/absorption section, a phase section, and a passive optical
waveguide section with the high-reflection film at the end, which provides optical
feedback [11]. This laser chip generates chaotic laser with a time delay signature of
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approximately 0.5 and a bandwidth of approximately 20 GHz [12].
Harayama et al. proposed a monolithically integrated chaotic laser
chip, including a DFB laser, two semiconductor optical amplifiers
(SOAs), a photo-detector (PD), and a straight passive waveguide,
which can generate chaotic laser with a bandwidth of about 10 GHz
[13, 14]. The external cavity of this chip is the part of DFB laser to the
right reflection facet. The aforementioned photonic integrated
chaotic semiconductor lasers adopt the end-feedback structure
with simple structure, but the external cavity length is fixed. This
optical feedback structure results in the chaotic laser with notable
TDS and a narrow bandwidth [15, 16].

To enhance the chaotic bandwidth, researchers have proposed
some novel structures of photonic integrated chaotic semiconductor
lasers. Sunada et al. developed a monolithically integrated chaotic
laser, including a DFB laser, two SOAs, a PD, and a ring passive
waveguide [17]. This ring waveguide structure can obtain larger
external cavity length for a certain chip size to achieve stronger
optical feedback. This chip can generate chaotic signal with almost
vanished auto-correlation, and the chaotic bandwidth is 10 GHz.
Tronciu et al. developed a monolithically integrated laser chip,
which consists of a DFB laser section, two phase sections, an air
gap, and two passive optical waveguides [18, 19]. The chaotic
bandwidth is 7 GHz. The chip achieves photonic integration of
multi-feedback chaotic semiconductor laser and can suppress the
TDS in principle. Our previous work proposed a wavelength-tunable
chaotic semiconductor laser, which is composed of a gain section, a
distributed Bragg reflector (DBR) section, an SOA section, and a
phase section [20]. The reflective facet of the phase section provides
optical feedback for the gain section, and the mode beating of
resonant cavity frequencies leads to the chaotic laser with a
4.9 GHz bandwidth generated by this laser chip.

In order to suppress the TDS of chaotic laser, our previous work
proposed a monolithically integrated chaotic semiconductor laser
subject to random feedback and mutual injection, which contains
two DFB lasers, two SOAs, and a passive optical waveguide with
random grating [21]. Mutual injection of two DFB lasers makes the
spectrum flatter and wider. The random grating in passive
waveguide provides random optical feedback to suppress the
TDS. This laser structure can generate chaotic signals with a TDS
of 0.06 and a bandwidth of 13.12 GHz in simulation.

The aforementioned monolithically integrated chaotic lasers are
multi-section structures, and the fabrication process is difficult and
complex. In this article, we propose a monolithically integrated laser

with a DBR. The laser consists of a DFB laser section, a phase
section, and a DBR section, which is a three-section chip. The
integrated chip with DBR which provides filter feedback can
generate broadband chaotic laser with a bandwidth of 12.34 GHz
and the TDS less than 0.065.

2 Laser structure and simulation model

The monolithically integrated chaotic laser consists of a DFB
laser section, a phase section, and a DBR section as shown in
Figure 1. The DFB section is a multi-quantum well (MQW)
structure with an etched grating with a λ/4 phase shift in the
center. The DBR section is etched with a homogeneous grating
to provide filter feedback for DFB laser. The phase section is a
passive waveguide structure to adjust the laser cavity length and the
phase of feedback light. The light emitted by the DFB laser is
transmitted to the DBR section through the phase section and
then fed back to the DFB laser by filter feedback, which disturbs
the DFB laser to generate various dynamic states.

TheDBR, phase, andDFB sections are equippedwith electrodes to add
different injection currents, noted as IDBR, IPhase, and IDFB, respectively.

The output characteristics of the integrated chaotic
semiconductor laser can be simulated by a transmission line laser
model (TLLM). We use VPItransmissionMaker software to build the
TLLM of the chaotic laser. The basic principle of the TLLM is to
divide the cavity of a laser into small sections and optically couple
each section together for calculation [22]. The gain saturation effect,
the free-carrier absorption effect, and the free-carrier dispersion

FIGURE 1
Schematic diagram of the monolithically integrated laser with
the DBR.

TABLE 1 Simulation parameters of TLLM.

Parameter Values

Nominal frequency 193.424e+12 Hz

DFB section length 250 μm

Phase section length 2 mm

DBR section length 300 μm

Active region width 2.5 μm

Confinement factor MQW 0.07

Confinement factor SCH 0.56

Index grating coupling coefficient (DFB) 8000 1/m

Index grating coupling coefficient (DBR) 9000 1/m

Internal loss (DFB) 2000 1/m

Internal loss (Phase, DBR) 900 1/m

Linewidth enhancement factor 3

Linear recombination coefficient 1.0e+8 1/s

Bimolecular recombination coefficient 1.0e-16 m3/s

Auger recombination coefficient 1.3e-41 m6/s

Transparency carrier density 1.5e+24 1/m3

Gain coefficient 6.0e-20 m2
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effect are taken into account. The parameters used in the simulation
are shown in Table 1. These parameters are set by referring to [23]
and [24], and the facet reflectivity of the laser is set to 0.

3 Simulation results and analysis

3.1 Map of dynamic states

In order to fully investigate the dynamic states of the chaotic
laser, Figure 2A shows the reflection spectra of DBR grating when

IDBR changes from 0 to 30.0 mA. It can be seen that the Bragg
wavelength of grating moves to the shortwave direction as IDBR
increases. It is attributed to the change of the effective refractive
index of grating material, when the injected current of the DBR
section is changed [25]. The reflectivity of DBR grating at 1550.0 nm
is measured as shown in Figure 2B. When IDFB is 50.0 mA, IDBR and
IPhase vary from 0 to 35.0 mA and 0 to 20.0 mA, respectively; the laser
undergoes various transitions from a steady state to different
oscillations. The map of various dynamic states in the parameter
space of IDBR and IPhase based on the simulation results is presented
in Figure 2C. The central wavelength of the DFB laser is 1,550.0 nm
when IDFB is 50.0 mA. The blue, green, yellow, orange, and red areas
indicate steady state (S), single-period (P1) oscillation, doubling-
period (P2) oscillation, multi-period (PM) oscillation, and chaos
(C), respectively. It can be seen that this chaotic laser can generate
chaos in a wide range of parameter space.

The variation of IPhase affects the phase of feedback light and
then affects output states of the laser. As shown in Figure 2C, when
IDBR = 9.5 mA, the laser can evolve into chaos with the route of S-P1-
P2-C as IPhase increases.

In addition, the variation of IDBR has a large impact on output
states of the laser. When IDBR = 0 mA, as shown in Figures 2A,B, the
reflectivity of the DBR grating to DFB laser is 0, the laser is not
subject to feedback, and the output state is a steady state. When IDBR
is between 1.0 mA and 8.0 mA, the wavelength of the DFB laser is
located in the sidelobe of the DBR reflection spectrum. There are
more mode components in the laser, and the output states of the
laser are mainly chaos. When IDBR is between 8.0 mA and 15.0 mA,
the filter-induced non-linearity is largest where the edge slope of the
filter reflection spectrum is maximal [26]. As IDBR increases, the
filter feedback strength gradually enhances, and the laser can output
steady state, periodic states, and chaos. When IDBR is between
15.0 mA and 23.0 mA, the wavelength of the DFB laser is
aligned with the peak of the DBR reflection spectrum, and the
filter feedback strength is basically unchanged. The output states of
the laser mainly include multi-periodic states and chaotic states.
When IDBR is further increased, the wavelength of the DFB laser
gradually moves away from the central wavelength of the DBR
grating. The change of detuning sometimes leads to discontinuities
in the output state [26], and the output of the laser is mostly steady
state. When IDBR increases to 28.0 mA, the wavelength of the DFB
laser is gradually aligned with the maximum slope of the edge of the
DBR reflection spectrum, the output states present periodic states.
As IDBR increases, the filter feedback strength gradually weakens,
and the output states are mainly steady state. By controlling IDBR, the
laser can output rich dynamic states and more complex chaotic
signals.

3.2 Broadband chaos with suppressed TDS

It is further found that the laser can output broadband chaotic laser
with suppressed TDS under suitable bias currents. Figure 3A–Figure 3D
show the simulation results of the optical spectrum, power spectrum,
time domain series, and auto-correlation function of the output signal at
IDFB = 50.0 mA, IPhase = 16.0 mA, and IDBR = 8.0 mA. At this time, IDFB
is 3.4 times its threshold current, and the central Bragg wavelength of
DBR grating is 1,551.0 nm. In Figure 3A, the optical spectrum broadens

FIGURE 2
(A) Reflection spectra of the DBR grating under different IDBR. (B)
Reflectivity of the DBR grating at 1,550.0 nm as functions of IDBR. (C)
Map of dynamic states in the parameter space of IDBR and IPhase for
IDFB = 50.0 mA. Blue, green, yellow, orange, and red areas
correspond to steady state (S), single-period (P1) oscillation, doubling
period (P2) oscillation, multi-period (PM) oscillation, and chaos (C),
respectively.
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more evidently and contains more optical frequency components. The
power spectrum characteristics of the chaotic signal are described by the
80% standard bandwidth, which is defined as the span from the DC
component to the frequency where 80% of energy is contained in the
whole power spectrum [27]. As shown in Figure 3B, the bandwidth of

the chaotic signal is 12.34 GHz, and the energy is uniformly distributed
over a wide frequency range. As shown in Figure 3C, the time domain
series of the output signal oscillates violently and is disordered, showing
quasi-random fluctuations. The peak position of auto-correlation
function is used to identify TDS [28, 29]. As shown in Figure 3D,
the TDS of the chaotic laser is lower than 0.065.

In order to illustrate the TDS suppression of the proposed laser
with DBR, an equivalent end-facet feedback structure is simulated,
which is a two-section structure without DBR. The equivalent end-
facet feedback structure consists of a DFB laser and a passive
waveguide with the high-reflection film at the end, and its cavity
length is fixed. The length of the passive waveguide is obtained by
commuting the equivalent external cavity time delay, and its right
end-facet reflectivity is set to 1.

The comparison of the TDS suppression between the proposed
laser with DBR and the equivalent end-facet feedback structure is
shown in Figure 4.

Figure 4A is the auto-correlation function of the proposed laser
with DBR whose TDS is less than 0.065. Figure 4B shows the auto-
correlation function of the equivalent end-facet feedback structure; the
TDS is approximately 0.22. It can be seen that the TDS can be reduced
from 0.22 to 0.065. The proposed laser can greatly suppress the TDS due
to the introduction of DBR grating compared to the equivalent end-
facet feedback structure with a fixed cavity length. More than
1,000 small gratings form multi-cavity coupling feedback, which
makes the TDS lower than the auto-correlation sidelobe noise level.

3.3 The dependence of bandwidth on DBR
current and coupling coefficient

To further explore the chaotic bandwidth characteristics, the
effects of IDBR and DBR grating coupling coefficient κ on the chaotic
are simulated.

FIGURE 3
Typical chaotic laser state of (A) optical spectrum; (B) power spectrum; (C) time domain series; and (D) auto-correlation function at IDFB = 50.0 mA,
IPhase = 16.0 mA, and IDBR = 8.0 mA.

FIGURE 4
Comparison of TDS suppression between the proposed laser
with the DBR and the equivalent end-face feedback structure (A)
Auto-correlation function of the proposed laser with the DBR. (B)
Auto-correlation function of the equivalent end-face feedback
structure.
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Figure 5 shows the effects of IDBR on chaotic characteristics,
when the DBR grating coupling coefficient κ is 9,000/m. The optical
spectra of chaos generated by different IDBRs are shown in Figures
5A1–5E1. The orange curve marks the reflection spectrum of DBR
grating, the gray curve indicates the free running output of the DFB
laser, and the blue curve represents the generated chaos. The
corresponding power spectra are shown in Figures 5A2–5E2.

When IDBR = 5.0 mA, the wavelength of the DFB laser is located
in the sidelobe of the DBR reflection spectrum. As shown in
Figure 5A1, the optical spectrum has more frequency
components and is significantly broadened. Meanwhile, as shown
in Figure 5A2, the chaotic bandwidth is wider due to the large
wavelength detuning between the Bragg wavelength of DBR grating
and the center wavelength of the DFB laser. With the increase of
IDBR, the central wavelength of the DBR grating moves toward the
shortwave direction and the sidelobe of the DBR reflection spectrum
gradually moves away from the wavelength of the DFB laser. The
mode components in the laser gradually decrease, as shown in
Figure 5B–Figure 5D, and the optical spectrum linewidth lessens

FIGURE 5
Effects of IDBR on laser output characteristics. IDFB = 50.0 mA, IPhase = 16.0 mA; (A) IDBR = 5.0 mA; (B) IDBR = 8.0 mA; (C) IDBR = 12.0 mA; (D) IDBR =
15.0 mA; and (E) IDBR = 19.0 mA.

FIGURE 6
Chaotic bandwidth as functions of IDBR.
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significantly. The wavelength detuning gradually degrades, and the
chaotic bandwidth becomes narrow. The central wavelength of the
DFB laser is red shifted under the influences of optical feedback.
With further increase of IDBR, the wavelength detuning rises. As
shown in Figure 5E, the optical frequency components increase, the
optical spectrum linewidth enhances, and the power spectrum
broadens and is flatter.

Figure 6 shows the chaotic bandwidth as a function of IDBR. As
IDBR increases from 1.0 mA to 5.0 mA, the chaotic bandwidth
remains around 12.3 GHz. The wavelength detuning between the
Bragg wavelength of the DBR grating and the central wavelength of
the DFB laser is large. The mode beating between the optical mode
filtered by the reflection spectrum of the DBR grating and the optical
mode of the DFB laser results in the wide chaotic bandwidth. With
the increase of IDBR, the Bragg wavelength of DBR grating moves to
the short-wave direction. The wavelength detuning gradually
degrades, the mode beating gradually weakens, and the chaotic
bandwidth gradually decreases. Owing to the effects of optical
feedback, the central wavelength of the DFB laser is red shifted.
The chaotic bandwidth reaches the minimum when IDBR is
increased to 17.0 mA. With further increase of IDBR, the
wavelength detuning rises, and the chaotic bandwidth shows an
increasing trend.

The peak reflectivity and reflection spectrum width of DBR
grating are related to the DBR grating coupling coefficient κ. The

coupling coefficient κ represents the amount of reflection per unit
length. Therefore, when κ is larger, the peak reflectivity is larger, and
the reflection spectrum width is wider [22]. Figure 7 shows the
effects of the DBR grating coupling coefficient κ on the chaotic
bandwidth for IDFB = 50.0 mA, IPhase = 16.0 mA, and IDBR = 8.0 mA.

FIGURE 7
Effects of the DBR grating coupling coefficient κ on laser output characteristics. IDFB = 50.0 mA, IPhase = 16.0 mA, IDBR = 8.0 mA; (A) κ = 3,000/m; (B)
κ = 6,000/m; (C) κ = 9,000/m; (D) κ = 12000/m.

FIGURE 8
Chaotic bandwidth as functions of the DBR grating coupling
coefficient κ.
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The optical spectra of chaos are shown in Figures 7A1–7D1. The
orange curve marks the reflection spectrum of DBR grating, the gray
curve indicates the free running output of the DFB laser, and the
blue curve represents the generated chaos. The corresponding power
spectra are shown in Figures 7A2–7E2.

When the DBR grating coupling coefficient κ is 3,000/m, as
shown in Figure 7A, the peak reflectivity and reflection spectrum
width are small. The DBR grating provides the weak feedback
strength. At this time, the mode components are less, and the
chaotic bandwidth is narrow. With the further increase of κ, the
peak reflectivity and reflection spectrum width gradually rise. The
limiting effect of grating on the mode components is reduced, and
more frequency components disturb this laser. The chaotic optical
spectrum gradually broadens, the time domain series fluctuation
becomes more intense, and the chaotic bandwidth broadens, as
shown in Figure 7B–Figure 7D, respectively.

Figure 8 shows the chaotic bandwidth as functions of the DBR
grating coupling coefficient κ. As κ increases, the peak reflectivity and
reflection spectrum width gradually rise, and the feedback strength
provided by DBR grating gradually rises. When κ is between 3,000/m
and 6,000/m, the power spectra of chaos broaden fast.When κ > 6000/
m, the increasing trend of chaotic bandwidth slows down, mainly
because with the increase of κ, the reflection spectrumwidth is already
large. The constraint of the reflection spectrum on optical frequency
components has been greatly weakened.

Furthermore, in order to comprehensively investigate the
distribution of broadband chaos in different parameter spaces,
map of bandwidth, and dynamic states in the parameter space of
IDBR and DBR grating coupling coefficients κ is simulated at IDFB =
50.0 mA and IPhase = 16.0 mA, as shown in Figure 9. Different colors
indicate the chaotic bandwidth and other fundamental frequencies
of oscillations, where S denotes steady state, P1 denotes single-
period oscillation, P2 denotes doubling period oscillation, PM
denotes multi-period oscillation, and C denotes chaos. It can be
seen that with the increase of κ, the region of chaos gradually

expands. When κ is 14,000/m, the laser can generate chaos in the
range from 1.0 mA to 25.0 mA for IDBR. As κ rises, the chaotic
bandwidth gradually enhances, and the dynamic states also increase.
The main reason is that when κ is larger, the peak reflectivity of
grating is larger, and the width of the reflection spectrum is wider.
The DBR grating has less limiting effect on optical frequency
components. Also, the broadband chaotic laser is generated at
1.0 mA from 12.0 mA for IDBR, same as Figure 2C, which is
mainly influenced by the sidelobe of the DBR reflection spectrum
and the large wavelength detuning. When IDBR = 21.0 mA, the
wavelength detuning is 0. Further adding the IDBR, the output states
are mainly S and PM in the case of positive detuning.

4 Discussion

DBR grating is widely used in integrated lasers [30], such as
wavelength-tunable lasers, which are very suitable for gas-sensing
systems [31, 32]. In these applications, the narrow-linewidth tunable
laser is needed. In this paper, DBR grating is introduced into the
integrated laser to generate broadband chaotic laser with the TDS
suppressed. The designed laser chip uses aDBR grating structure, which
can control the laser dynamics and characteristics of chaotic laser via the
reflection spectrum width, peak reflectivity, and wavelength detuning.
Owing to mode beating between the optical mode filtered by the
reflection spectrum of DBR grating and the mode of the DFB laser,
the low-frequency components are excited, the energy is evenly
distributed in a wide frequency range, and the chaotic bandwidth
increases. With the increase of IDBR, the Bragg wavelength of the DBR
grating moves to the short-wave direction. The wavelength detuning
between the Bragg wavelength of the DBR grating and the central
wavelength of the DFB laser gradually degrades, and the chaotic
bandwidth gradually decreases. Until the wavelength detuning
changes from negative detuning to positive detuning, with the
further increase of IDBR, the chaotic bandwidth shows an increasing
trend. Meanwhile, the reflection spectrum width and peak reflectivity
can be controlled by changing the DBR grating coupling coefficient κ.
As κ increases, the peak reflectivity and reflection spectrum width
gradually enhance. The limiting effect of grating on the optical
frequency components is reduced, and the feedback strength
provided to the DFB laser is enhanced, which makes the chaotic
bandwidth broadened. A number of small gratings in the DBR
structure form multi-cavity coupled feedback, which can effectively
suppress the TDS of chaotic laser. Therefore, both κ and grating length
can control the reflection spectrum shape of DBR grating, as the peak
reflectivity and reflection spectrum width. However, changing grating
length also affects the cavity length of the laser and optical absorption
loss. In contrast, the effect of κ on the grating reflection spectrum is
more concise. Also, κ can be controlled by the parameters such as the
etching depth of grating in the experiment.

5 Conclusion

In conclusion, a monolithically integrated laser with DBR is
established in simulation. The DBR grating provides wavelength
detuning to generate mode beating, which enhances chaotic
bandwidth and distributed feedback to suppress TDS. When the

FIGURE 9
Map of bandwidth and dynamic states in the parameter space of
IDBR and the DBR grating coupling coefficient κ at IDFB = 50.0 mA and
IPhase = 16.0 mA. S, P1, P2, PM, and C correspond to steady state,
single-period oscillation, doubling period oscillation, multi-
period oscillation, and chaos, respectively.
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IDBR is small, the wavelength of the DFB laser is located in the
sidelobe of the DBR reflection spectrum, and the wavelength
detuning is large. The laser can output chaotic states with wide
bandwidth.When the DBR grating coupling coefficient κ is large, the
peak reflectivity and reflection spectrum width enhance, and the
chaotic bandwidth broadens. The results show that the designed
laser chip can generate chaotic signal with the bandwidth of
12.34 GHz and a TDS less than 0.065, which can provide an
integrated broadband chaotic signal source for secure
communication, high-speed random number generation,
distributed fiber sensing, and other fields.
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