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Abstract: We propose a simple method to generate broadband polarization chaos using two mutually
coupled free-running vertical-cavity surface-emitting lasers (VCSELs). Specifically, we quantitatively
investigate the effect of critical external parameters (bias current, frequency detuning and coupling
coefficient) on the polarization chaos bandwidth in the scenarios of parallel injection and orthogonal
injection, and reveal the physical mechanism of bandwidth enhancement in two scenarios. Final
simulation results show that the bandwidth of chaotic signals obtained from parallel and orthogonal
injection can reach 35.15 GHz and 32.96 GHz, respectively.
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1. Introduction

Laser chaos has important applications in many fields such as random number gen-
eration [1-5], chaotic optical communications [6-10] and ranging lidars [11-13]. Semi-
conductor lasers are often used as chaotic light sources due to their complex dynamic
characteristics and fast response [14]. However, limited by the relaxation oscillation, the
chaotic signal generated by semiconductor lasers usually has the disadvantage of narrow
bandwidth [15,16].

To overcome the issue, many schemes have been proposed to enhance chaos band-
width. For example, Uchida et al. injected the chaotic signal into a slave laser to generate
a broadband chaotic signal with 22 GHz bandwidth [17]. Lin et al. theoretically demon-
strated that an optically injected subject to optoelectronic feedback could be used to achieve
wideband chaos with a bandwidth above 22 GHz [18]. Schires et al. generated broadband
chaos over 16 GHz bandwidth using a laser subjected to two external optical cavities [19].
Bouchez et al. obtained a wideband chaotic signal with 18 GHz bandwidth from a laser
diode with phase-conjugate feedback [20]. Zhao et al. reported that delay-interfered self-
phase modulated feedback could increase the chaos bandwidth to 30 GHz [21]. Hong et al.
proved that the chaos with 11 GHz bandwidth could be generated via mutual coupling
between a VCSEL operating in continuous-wave mode and a chaotic VCSEL [22]. Chai et al.
implemented a chaotic signal with 13 GHz bandwidth based on two mutually coupled
semiconductor lasers subjected to random feedback [23].

Among them, the mutually coupled structure of semiconductor lasers represents a
class of typical scheme for broadband chaos generation. Every semiconductor laser used
in most of mutually coupled systems commonly requires an external perturbation such
as optical feedback to be firstly driven into chaotic oscillation, and their chaotic outputs
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are then injected into each other to realize the chaos bandwidth enhancement [24]. In
consequence, a weak periodicity corresponding to the external cavity trip time is imposed
in the chaotic outputs [25] and thus inevitably degrades the security [26]. Moreover, the
introduction of external feedback cavity increases the complexity of these broadband chaos
systems, which is not feasible for practical applications.

Polarization chaos, a new type of optical chaos, has been confirmed in recent years
that it can be directly generated in a free-running VCSEL without additional external
perturbation [27]. The physical mechanism behind this polarization chaos is nonlinear
coupling between two elliptically polarized modes [28]. This simple structure not only
satisfies the existing requirements for photonic integration, but also enables the elimination
of periodicity in chaotic sources [29].

Considering the advantages of polarization chaos, we herein propose a method to
generate bandwidth-enhanced chaos by mutually coupled two free-running chaotic 980 nm
VCSELSs in two cases of parallel and orthogonal injection. Through increasing the bias
current, we first guarantee the free-running VCSEL works at a chaotic state. Based on
this, we then investigate the effect of frequency detuning and coupling coefficient on
the polarization chaos bandwidth in the mutually coupled configuration in detail. Final
simulation results show that broadband chaos can be obtained in each of the polarization
modes of VCSEL with an appropriate frequency detuning and coupling coefficient. For
the case of parallel injection, the polarization chaos bandwidth can reach a maximum of
35.15 GHz. On the other hand, the chaos bandwidth achieves a value of 32.96 GHz in
orthogonal injection. Such high bandwidths achieved by two simple free-running VCSELs
are attributed to the physics of the laser chaotic polarization dynamics.

2. System Model and Theory

Figure 1 shows the schematic diagram of mutually coupled free-running VCSELs.
Both the VCSELs operate in the chaotic state with no additional external perturbation. The
specific investigations on broadband polarization chaos generation are divided into two
scenarios: parallel injection and orthogonal injection. As shown in Figure 1a, the laser
output from VCSELL1 is connected to a polarization beam splitter (PBS1) in order to select
between vertical X polarization (XP) and parallel Y polarization (YP) modes. The lights of
the XP and YP modes that have been attenuated by their respective neutral density filters
(NDF1 and NDF2) are then injected into VCSEL?2 via a second polarization beam splitter.
The output of VCSEL2 undergoes a similar procedure, resulting in a mutually coupled
structure. In this system, two distinct optical pathways of equal length are designed. This
ensures that the coupling time delays for both polarization modes are the same and that
the injected light from VCSEL1 and VCSEL2 has parallel linear polarization directions. As
shown in Figure 1b, in the case of orthogonal injection, the lights of the XP and YP modes
from VCSELL are injected orthogonally to the YP and XP modes of VCSEL?2, respectively.
Note that the light intensity inside the cavity is controlled by the bias current p.

Figure 1. Schematic for polarization chaos in two mutually coupled VCSELs in two scenarios of
(a) parallel injection and (b) orthogonal injection. VCSEL1 and VCSEL?2, vertical-cavity surface-
emitting lasers; PBS1 and PBS2, polarizing beam splitters; NDF1 and NDF2, neutral density filters;
M1 and M2, mirrors.
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In our simulation, the polarization chaos dynamics of free-running VCSELs are de-
scribed using the well-known spin-flip model (SFM) [30]. Considering the effect of mutually
coupled fields, the SFM representing the slow-varying electric field complex amplitude
(E), the total number of inversion carriers (N), and the spin-flipping difference in carrier
number (1) can be extended as follows:
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In these equations, Equations (1) and (2) represent the expressions of the variation in
the XP and YP fields during parallel injection. In orthogonal injection, k;,j , and Ey in the
second row of Equation (1) should be substituted with k;,;; , and Ey, while k;;;; , and E, in the
second row of Equation (2) should be substituted with k;;; , and E,. The subscripts x and y
stand for the XP and YP modes of the VCSELSs, while the superscripts 1 and 2 represent
VCSEL1 and VCSEL2, respectively. wq = (w1 + w3)/2 is the average angular frequency of the
system, where w; and wj; are the angular frequency of VCSEL1 and VCSEL2, respectively.
Aw = (wy — wq)/2 is the angular frequency detuning, and Fy , represent the terms for noise
resulting from spontaneous emission. Note that in our numerical simulation, Af = Aw /27
denotes the optical frequency detuning between VCSEL1 and VCSEL2, which varies from
—40 GHz to 40 GHz. Beyond this range, the spectra of the two lasers begin to separate,
which is detrimental to bandwidth enhancement. k;,; = 7,/ Tj,, is the coupling coefficient,
where 7;,; is the injection strength and 7iy is the round-trip time to the internal cavity of
VCSEL. The other parameters and values in the simulation are shown in Table 1.

Table 1. VCSEL parameters and values used in simulation.

Parameter Symbol Value
Field decay rate K 300 ns~!
Linewidth enhancement factor o 3
Linear dichroism Ya 0.5ns1
Linear birefringence Yp 30ns !
Carrier decay rate YN 1ns~!
Spin-flip relaxation rate Ys 50 ns~!
coupling coefficient Kin; 0~300 ns~!
Propagation time delay T 3x107%s
Bias current n 1~6

3. Simulation Results and Analysis
3.1. Basic Characteristics of Polarization Chaos from Free-Running VCSEL

First, we analyzed the P-I characteristics of the free-running VCSEL. As shown in
Figure 2a, the red and blue lines represent the P-I curves of the XP and YP mode outputs,
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respectively. Evidently, the XP mode begins to oscillate when the bias current y is at the
threshold (Iy,). The corresponding average intensities increase with the bias current . On
the other hand, the YP mode cannot be observed until 4 = 2.8. In the range of 2.8 < 4 < 5.2,
both XP and YP modes exist. Figure 2b shows the bifurcation diagram of the local maximum
of the intensity time series of the XP and YP modes as a function of the normalized bias
current. We can determine that with an increase in y, the VCSEL undergoes a transition
from periodic output into a chaotic regime. Further observation can find that in the range
of 3.8 <y < 5.7, both XP and YP modes chaotically oscillate at the same time.
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Figure 2. (a) Average output intensity of the XP (red line) and YP (blue line) modes as a function of
bias current y; (b) Bifurcation diagram of the local maximum of the XP (red dots) and YP (blue dots)
output intensity versus the bias current p.

Based on the above, we set the normalized bias current y to be 5. Figure 3 shows
the time series, frequency spectra and optical spectra of the VCSEL1 XP and YP modes.
The black solid lines in the frequency spectra and optical spectra are the associated fitting
curves. The time series (Figure 3a-1,b-1) show that the polarization chaos exhibits ran-
dom fluctuations with large amplitudes, indicating that the lasers are in a chaotic state.
The intensity fluctuations of the XP mode are higher than that of the YP mode because
the XP mode has been dominant, as shown in Figure 2a. From the frequency spectra
(Figure 3a-2,b-2), we can calculate the chaos bandwidth of the XP and YP modes to be
10.07 GHz and 14.25 GHz, respectively. Here, the chaotic bandwidth is defined as the range
between the direct current component and the frequency containing 80% of energy [18].
The optical spectra (Figure 3a-3,b-3) show both polarization modes are in single mode.
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Figure 3. The time series, frequency spectra, and optical spectra for (a-1—a-3) XP mode and
(b-1-b-3) YP mode of the free-running VCSEL1 when the bias current is 5.

3.2. Enhanced Polarization Chaos Bandwidth by Parallel Injection

In this subsection, we investigate the effects of frequency detuning Af and coupling
coefficient k;;; on the polarization chaos bandwidth in parallel injection. Figure 4 shows
typical examples of the optical spectra and frequency spectra of the VCSEL1 XP and YP
modes when the frequency detuning is set at 20 GHz, 30 GHz and 40 GHz. In this case,
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kinj =50 ns~! and other parameter values are the same as that mentioned before. From the
optical spectra of the XP mode (Figure 4a-1,a-3,a-5), it can be seen that injection light excites
frequency oscillations by beating with the original chaotic oscillation. As frequency detun-
ing increases, the excited oscillation begins to move away from the relaxation frequency.
The frequency spectra of the XP mode (Figure 4a-2,a-4,a-6) show that the optical frequency
components grow as a result of the frequency beating of the two chaotic signals. The
energy is transferred progressively from the relaxation frequency to the high frequency. By
increasing the frequency detuning, the chaotic bandwidth of the XP mode can be increased
from 17.95 GHz to 24.66 GHz. Therefore, it can be indicated that the mutual coupling
between the high-frequency oscillation and the original chaotic oscillation enhances the
bandwidth of the polarization chaos. Similar to the XP mode, the bandwidth enhancement
of the YP mode is caused by the same factors.
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Figure 4. The optical spectra and frequency spectra of the (a-1-a-6) XP mode and (b-1-b-6) YP
mode of the VCSELL. (a-1,a-2) and (b-1,b-2) k;,;; = 50 ns~! and Af = 20 GHz; (a-3,a-4) and
(b-3,b-4) kjyj = 50 ns ! and Af = 30 GHz; (a-5,a-6) and (b-5,b-6) k;;; = 50 ns ! and Af = 40 GHz.

To further explore the effects of frequency detuning Af on the polarization chaos
bandwidth of VCSEL1, we changed the frequency detuning in the range from 0 GHz to
40 GHz. Figure 5 gives the trend of the polarization chaos bandwidth changing for the XP
and YP modes with the frequency detuning Af when the coupling coefficient k;,; = 50 ns~ L.
The stars represent the specific bandwidth values, and the solid lines represent the curve
where we fit the bandwidth values. In this case, we discovered that the chaotic bandwidth
of two modes increases with increasing frequency detuning Af, but then starts to converge
when the frequency detuning Af > 30 GHz. This can be interpreted as meaning that, on
the one hand, increasing the frequency detuning helps to enhance the high-frequency
components in frequency spectra. On the other hand, the increase in frequency detuning
will cause the excited oscillation to move away from the relaxation frequency. Once the
frequency detuning is large enough, the frequency of the excitation oscillation will exceed
the maximum frequency of the original chaotic oscillation, resulting in their inability to
couple. In addition, the bandwidth of the YP mode is larger than that of the XP mode when
the Af = 0 GHz, but the bandwidth of the XP mode begins to surpass that of the YP mode
when the frequency detuning Af > 30 GHz. This is caused by the difference in the original
spectral profiles of the XP and YP modes. YP mode has a wider 3dB line width, whereas
XP mode has a wider spectral range.
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Figure 5. The variation of polarization chaos bandwidth for XP and YP modes of VCSEL1 with the
frequency detuning.

Next, we discuss the effects of the coupling coefficient k;,; on the polarization chaos
bandwidth under the determined frequency detuning. In this simulation, we fixed the
frequency detuning at 40 GHz where the highest chaos bandwidth can be found in Figure 5.
Figure 6 shows typical optical spectra and frequency spectra of VCSEL1 XP and YP modes
when the coupling coefficient is set at 10 ns~!, 80 ns~! and 300 ns~!. When the coupling
coefficient k;; increases from 10 ns~! to 80 ns~!, the enhanced beat frequency effect between
the two chaotic signals leads to the uniform gain of new frequency components in the
optical spectrum (Figure 6a-1,a-3). It leads to the enhancement of energy located in low-
frequency and high-frequency components (Figure 6a-2,a-4). When the coupling coefficient
kinj = 300 ns~!, the laser enters the injection-locked state, causing the excitation oscillations
to be suppressed and a decrease in bandwidth, as shown in Figure 6a-5. The bandwidth
variation in the YP mode is caused by the same factors as the XP mode.
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Figure 6. The optical spectra and frequency spectra of the (a-1-a-6) XP mode and (b-1-b-6) YP
mode of the VCSELL. (a-1,a-2) and (b-1,b-2) k;,; = 10 ns~! and Af = 40 GHz; (a-3,a-4) and
(b-3,b-4) k;y,; = 80 ns~ ! and Af =40 GHz; (a-5,a-6) and (b-5,b-6) k;,; = 300 ns~ ! and Af =40 GHz.

Figure 7 depicts the trend of the polarization chaos bandwidth with the coupling
coefficient of the VCSEL1 XP and YP modes. Specifically, we set the coupling coefficient k;;
in the range from 0 ns~! to 300 ns ! with the frequency detuning Af = 40 GHz. Similar to
Figure 5, the stars also represent the specific bandwidth values, and the solid lines represent
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the fitted bandwidth curve. In this case, we discovered that the chaotic bandwidth of the XP
and YP modes initially increases with the coupling coefficient, reaching a maximum value
with the coupling coefficient k;,; = 80 ns~!. Enhanced beat frequency effect and relaxation
frequency enhancement are the main reasons for the bandwidth improvement of the chaotic
signal. Then, the chaos bandwidth undergoes a slow decreasing process until the coupling
coefficient k;,; > 250 ns~!. At this point, the laser begins to enter the injection-locked state.
It can be explained that the increase in coupling coefficient will strengthen the injection
locking effect. Once the coupling coefficient is large enough, VCSEL2 will be locked by
VCSELI1. Moreover, when the coupling coefficient k;;; = 0 ns~!, YP mode has a wider
bandwidth than XP mode. However, when the coupling coefficient k;,; > 60 ns~!, the
bandwidth of the XP mode begins to surpass that of the YP mode, which continues until
the coupling coefficient k;,; > 270 ns~!. As explained before, the reason is related to the
original spectral profiles of the XP and YP modes.

— * X polarization
401 —0X % Y polarization
N
Z 30-
2
=
2
T 20
]
)
10

0 50 100 150 200 250 300

Coupling coefficient k;,; (ns™)
Figure 7. The variation of polarization chaos bandwidth for XP and YP modes of VCSEL1 with the
coupling coefficient.

Finally, we give the mapping diagrams of polarization chaos bandwidth for the VC-
SEL1 XP and YP modes as a function of the coupling coefficient k;,; and frequency detuning
Af, as shown in Figure 8. The bandwidth variation of the XP and YP modes is almost sym-
metric in terms of positive and negative frequency detuning. When 10 ns~! < kinj < 80 ns~!
and Af varies in the range of 30 GHz < | Af | <40 GHz, the chaotic bandwidth of both
XP and YP modes increases sharply. The XP mode chaos bandwidth reaches a maximum
of 35.15 GHz when the coupling coefficient k;,;; = 80 ns~! and the frequency detuning
Af =40 GHz, as shown in Figure 8a. The YP mode also has the largest bandwidth at this
point, reaching 32.94 GHz, as shown in Figure 8b. After achieving the maximum, the band
width variation decreases with k;,;. Therefore, it can be indicated that with the increase in
the coupling coefficient, the frequency components will be redistributed and uniformly
gained, but the injection locking effect will also be strengthened. Injection locking will
happen when the coupling coefficient k;,; > 200 ns~!, whereas increasing the frequency de-
tuning of the two lasers will release this locking effect. Notice that the coupling coefficient
necessary for injection locking varies for different frequency detuning.
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20 40
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Figure 8. Polarization chaos bandwidth of (a) XP mode and (b) YP mode of VCSELL1 in parallel
injection as a function of the coupling coefficient k;;; and frequency detuning Af.

3.3. Enhanced Polarization Chaos Bandwidth by Orthogonal Injection

Additionally, we investigate the effect of frequency detuning and coupling coefficient
on the bandwidth of polarization chaos in the scenario of orthogonal injection. Figure 9
shows the mapping diagrams of the bandwidth for the VCSEL1 XP and YP modes as a
function of the coupling coefficient k;,; and frequency detuning Af. It can be seen that the
broadband is concentrated in the range of 200 ns~! < kinj < 240 ns~!, while Af varies in the
range of 30 GHz < | Af | <40 GHz. Compared with parallel injection, orthogonal injection
requires a larger coupling coefficient. In addition, it is of interest to find that the injection
locking range of orthogonal injection is also different from that of parallel injection. As
shown in Figure 9a, the chaotic light of the XP mode only enters the injection-locked state
near zero frequency detuning or in the case of positive detuning, while the chaotic light
of the YP mode only enters the injection-locked state near zero frequency detuning or in
the case of negative detuning. This is due to the fact that the average intensities of the
XP and YP modes differ significantly, and the XP mode light has a larger energy than YP
mode light. In the case of positive detuning, the XP mode light requires a high coupling
coefficient to obtain a broadband chaotic signal. In contrast, the YP mode can achieve a
broadband chaotic signal through a low coupling coefficient.

[N
-
Ppmpueq

= =
(zHO)

[
w

o
>

0
40 20 0 20 40
Af (GHz) Af (GHz)

Figure 9. Polarization chaos bandwidth of (a) XP mode and (b) YP mode of VCSELL1 in orthogonal
injection as a function of the coupling coefficient k;,; and frequency detuning Af.

Finally, we obtain the maximum values of the polarization chaos bandwidth that can
be achieved in both modes. The chaos bandwidth of the VCSEL1 XP mode reaches the maxi-
mum of 32.96 GHz when the coupling coefficient k;,;; = 225 ns~! and the frequency detuning
Af =40 GHz. The chaos bandwidth of the VCSEL1 YP mode obtained a value of 31.47 GHz
when the coupling coefficient k;,; = 220 ns~! and the frequency detuning Af = 40 GHz.
Compared to parallel injection, the maximum bandwidth value that can be achieved by
orthogonal injection is slightly lower.
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4. Discussion

VCSELs have several advantages over edge-emitting semiconductor lasers, including
low power consumption, simple packaging, single longitudinal mode operation, a low
threshold current and high reliability. Compared to conventional semiconductor lasers
that require external disruption to enter chaotic oscillations [17-23], free-running VCSELSs
can generate chaotic signals directly without external perturbation. This simple structure
eliminates the periodicity in the chaotic source, enhancing the security of chaotic systems.
Thus, free-running VCSELs are a promising source of secure and broadband chaotic signals.
Moreover, our research demonstrates that chaotic signals above 30 GHz can be obtained in
each of the polarization modes of two VCSELs under the appropriate frequency detuning
and coupling coefficient. Therefore, it is expected to concurrently generate multiple, secure
and broadband chaotic signals.

5. Conclusions

We have numerically investigated broadband polarization chaos generation using
mutually coupled free-running 980 nm VCSELs. Through increasing the bias current, we
guarantee the free-running VCSEL work at a chaotic state. Based on this, we studied the
influence of frequency detuning and coupling coefficient on the bandwidth of polarization
chaos in the cases of parallel and orthogonal injection. The beating frequency between two
polarization chaos leads to a uniform distribution of energy over the frequency compo-
nents, which is the main physical mechanism to achieve the bandwidth enhancement. Final
simulation results show that broadband chaos with a bandwidth of sub-40 GHz can be
obtained in each of the polarization modes of VCSEL with an appropriate frequency detun-
ing and coupling coefficient. We expect such a simple approach can provide a secure and
broadband chaotic signal source for random number generation, secure communications,
ranging lidars and other technologies.
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