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Randome-injection-based two-channel chaos with enhanced
bandwidth and suppressed time-delay signature by mutually
coupled lasers: Proposal and numerical analysis*

Shi-Rong Xu(¥F1H:#%), Xin-Hong Jia (P{#77%)", Hui-Liang Ma( 5 #5%),
Jia-Bing Lin(#&{£ %), Wen-Yan Liang(¥2 3 #%), and Yu-Lian Yang(#) K 3%£)
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Simultaneous bandwidth (BW) enhancement and time-delay signature (TDS) suppression of chaotic lasing over a
wide range of parameters by mutually coupled semiconductor lasers (MCSLs) with random optical injection are proposed
and numerically investigated. The influences of system parameters on TDS suppression (characterized by autocorrelation
function (ACF) and permutation entropy (PE) around characteristic time) and chaos BW are investigated. The results
show that, with the increasing bias current, the ranges of parameters (detuning and injection strength) for the larger BW
(> 20 GHz) are broadened considerably, while the parameter range for optimized TDS (< 0.1) is not shrunk obviously.
Under optimized parameters, the system can simultaneously achieve two chaos outputs with enhanced BW (> 20 GHz)
and perfect TDS suppression. In addition, the system can generate two-channel high-speed truly physical random number
sequences at 200 Gbits/s for each channel.

Keywords: random distributed feedback-based optical injection, two-channel chaos lasing, bandwidth en-
hancement and time-delay signature suppression, physical random number generation

PACS: 42.55.Px, 42.55.7z, 42.81.4

1. Introduction

In recent years, chaotic light produced by semicon-
ductor lasers (SL) has been widely studied. Chaotic sig-
nal is of great significance for many applications includ-
ing secure communication, '8! chaos-based lidars,®! optical
time domain reflectometries (OTDRs),!!%!!! high-speed phys-
ical random number generators (PRNGs),[1>??] etc. The
nonlinear dynamics of SLs can also be used for all-optical
and high-speed neuromorphic calculations with good en-
ergy efficiencies.!??! SLs exhibit nonlinear dynamics under
external disturbances such as optical feedback,!!>?*! opti-
cal injection[?>?%! and optoelectronic feedback.!?’-*81 Among
them, optical feedback is one of the simplest schemes. How-
ever, there is an obvious disadvantage that the chaotic light
has clear time-delay signature (TDS) due to the existence of
external fixed cavity mode. TDS can be easily identified by
an autocorrelation function (ACF), which is potentially harm-
There-
fore, the identification or hiding of chaos TDS has become a

ful to the security of chaos-based communication.

hot topic. The reported suppression methods include delayed
self-interference,*! inserting a phase modulator (PM) driven
by high-speed pseudo random bit sequence (PRBS),?% self-
phase modulation optical feedback (SPMOF) combined with a
microsphere resonator (MR),?!! and various feedback config-
urations such as double feedback, *?! filtered optical feedback

DOI: 10.1088/1674-1056/abb228

(FOF),33 detuned fiber Bragg grating (FBG),3*%! chirped
FBG,% and random FBG (RFBG) feedback.?”1 However,
these feedback schemes for TDS suppression are still lim-
ited in bandwidth (BW) due to the use of a single SL, which
results in the lower transmission capacity of encrypted data
and lower generation rate of PRNG. In order to improve the
BW of chaotic light, two types of optical injection, including
unidirectionally coupled systems*8-41 and mutually coupled
systems,*=#7! have been proposed.

Recently, an unidirectional coupled SL using random
Rayleigh scattering feedback over a long fiber and continuous
wave (CW) injection has been proposed to generate wideband
chaos with suppressed TDS. A chaos output that extends to
13.6 GHz within 3 dB has been achieved.*¥! A similar but
more compact method combining RFBG feedback and CW
optical injection was also demonstrated to obtain flatter spec-
trum over ~7.53 GHz.*! It has been proved that random
lasing can considerably expand the ranges of parameters for
achieving good TDS cancellation compared with single-mirror
feedback.!*’! Compared with detuning FBG-based TDS sup-
pression that is based on dispersion-induced group delay at

34,35]

the lobe of reflection spectrum, ! using RFBG is more ro-

bust and stable, since TDS could be removed without any fre-
quency detuning of the fiber random grating.37:4°]

However, all of the reported TDS suppression by ran-
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dom lasing only supports a single-channel chaos output due to
CW injection[*34%1 or without injection.*”! The feasibility and
study of random lasing-based TDS suppression by two mutu-
ally coupled SLs (MCSLs) have not yet been reported. In this
paper, a system combining RFBG-based optical injection and
MCSLs is designed to simultaneously generate two-channel
chaos outputs with both enhanced BW and suppressed TDS.
The influences of injected current, coupling intensity and fre-
quency detuning on TDS and BW are investigated in detail.
We also numerically analyze the feasibility of simultaneously
generating two-channel high-speed physical random number
at 200 Gbits/s (for each channel) by the proposed configura-
tion, as a result of high-quality chaos with > 20 GHz band-
width and perfect TDS suppression.

2. Theoretical model

Figure 1 describes the schematic diagram of the proposed
MCSLs with random distributed optical injection. In path 1,
the light from SL1 firstly passes through a circulator (CIR1),
and enters the RFBG1 through CIR2. Then it is reflected by
each scattering center with random distribution. After CIR2,
it is amplified by a semiconductor optical amplifier (SOA1)
and weakened by a variable optical attenuator (VOAL) be-
fore being injected into SL2 through CIR3. Path 2 is simi-
lar to path 1. These two SLs are subjected to different ran-
dom optical injections by RFBG1 and RFBG2, which can
be divided into M sections with equal length of L/M (L is
the length of RFBG). Note that RFBG can be manufactured
by femtosecond laser direct writing.’%! In order to simulate
the role of random distributed injections on the TDS suppres-
sion and chaos BW, considering the computational efficiency,
10-cm-long fiber random gratings are divided into M = 300

3 CIR2
3¢ i

VOA2

scattering centers.>’l Here, the effective power reflectivity of
each scattering subsection for RFBGn (n = 1, 2) is denoted
by Ruymi (i = 1,2,...,M). For simplification, the same Ry
is assumed. Since the reflectivity of each scattering center is
very low, multiple reflections can be reasonably ignored!3”!
Rymi = 1 x 10~ is used in our simulation). The uniform dis-
tribution is selected for the location of scattering centers.3”)
The nonlinear dynamics of the proposed MCSLs with
random optical injection are governed by the following Lang—

Kobayashi rate equations37:43-1-54]

dE, 1 . 1 M
F = 5(1 —|—_](X) |:Gm(t) - Tp:| Em"'gcnmiEn(t - Tnmi)
X exp [_J (wnfnmi _Awnmt)]7 (1)
AN(t) 1 Nylt) :
i = LB G () (. @
Gn(t) = [N (t) = No]/[1 +&|En(1) ], 3)

where subscript m,n = 1,2 (m # n) stands for SLm and SLn.
The second term in Eq. (1) denotes the role of random injec-
tion for all of the scattering points. E,, and G, are the optical
field and differential gain of SLm, respectively, N,, is the car-
rier number of SLm, Ny is the carrier number at transparency,
T, is the photon lifetime, 7, is the carrier lifetime, € is the
gain compression coefficient, I is the injection current, o is
the linewidth enhancement factor, g is the differential gain co-
efficient, g is the electric charge, Aw,,, = 2xAf,,. Here fre-
quency detuning is defined as Af,,, = f, — fi- In our simu-
lation, the frequency of SL1 (f}) is fixed, the adjustment of
frequency detuning can be realized by changing the frequency

of SL2 (f2). To simplify the analysis, the same basic param-
eters (No, ., Ty, Tp, & €, and [) are used for SL1 and SL2 in

Egs. (1)-(3).

Fig. 1. Schematic diagram of the proposed MCSLs with random distributed optical injection. SL: semiconductor laser; RFBG: random fiber
Bragg grating; CIR: circulator; SOA: semiconductor optical amplifier; VOA: variable optical attenuator.

In Eq. (1), coupling strength of each scattering center
[51-54]

from SLn to SLm is denoted by ¢

(] — Ro) | GLR i
i — 4
Cnmi T Ro s “4)

where G is gain of amplifier and L is optical loss of path 1

or path 2 except for RFBG1 or RFBG2, 7y, is the roundtrip
time in laser cavity, Ry is the power reflectivity of end-facet
for laser cavity (the same values of 7;, and Ry are assumed for
SL1 and SL2). As shown in Fig. 1, the amplifiers and attenu-

ators can be used to adjust the coupling strength. We assume
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that c12; = ¢31; in simulation for simplicity.

In addition, 7,,; (i = 1,2,...M) in Eq. (1) are the cou-
pling delays for each scattering center, calculated by 7,,,; =
(Li + L) /(c/ng fiver) + 22umi/ (c/ng reBG) (see Fig. 1). Here,
L is the distance between SL1 cavity and the starting loca-
tion of scattering points, L, is the distance between SL2 cavity
and the starting location of scattering points, z,,,; (in the range
of [0, L]) is the coordinates of scattering points of RFBGn
(n=1,2), cis the light velocity in vacuum, 7 fiber and ng RFBG
represent the group refractive index of fiber link and RFBG,
respectively. For simplicity, the same L; + L, is assumed for
SL1 to SL2 and SL2 to SL1. Note that different realizations
for the distribution of scattering centers are utilized for RFBG1
and RFBG2.

TDS can be characterized by the subpeak of ACF of chaos
intensity output, defined as

C(r) = (I —1) = —o)]lI (1) = {T({)])
\/ (1t ==) =t =eNP) (@0 = 1))
where C(7) is the ACF, I(z) is the intensity of the chaotic time

series, 7 is the time shift of /(¢ — 7) with respect to I(¢), ( ) de-
notes the time average. Another method for TDS description

» 5)

is the decreased valley of permutation entropy (PE) at char-
acteristic time due to the complexity degradation in this time
scale. For a given time series {x;, = 1,2,...,T}, we can con-
struct the D-dimensional vector X; = [x;,Xi4ze, - - -, %; +(D,1)Te]
fort =1,2,...,T — (D — 1)1, where 7, is the embedding de-
lay. The subscripts of ascending orderings of X; form D! pos-

sible permutations 7; (i = 1,2,...,D!), then PE is calculated
by[55,56]

where p(7;) is the probability of D! possible orderings ;. The
chaos complexity can be characterized by whether or not the
normalized PE in Eq. (6) is close to 1.155:36]

The used parameters include:*3! o =5, 7, =2 ps, 7, =
2ns, g=15x10"8 ps7!, Ng=1.5x10% e =5x1077,
qg=1.6x 10719 C, I, = 14.7 mA [threshold current of soli-
tary laser, given by Iy, = gNy, /T, With Ny, = No+ 1/(g7)1.
Other parameters are: Ty, = 7.38 ps, Ro =0.3, L1 + L, =2 m,
Ng fiver = 1.46 (the same value of ng rrpG is utilized for sim-
plicity and considering that their difference is small in gen-
eral), A} = ¢/f1 = 1550 nm (wavelength of SL1). For the
evaluation of PE, D =4, Q, =5 ps (sampling period for PE
calculation).[33-9]

The power reflectivity for the simulated RFBG1 and

RFBG2 (RrrBG,x) can be evaluated by (571

2
M

RRFBG,n = Z VanieXp(_jwnTnmi) )
i=1

(m,n=1,2,n#m). @)

Figures 2(a) and 2(b) show the power reflection spectrum
of the used RFBG1 and RFBG2 for simulation from Eq. (7).
Multiple interference patterns resulting from the backscatter-
ing light from RFBG can be observed. The reflectivity varia-
tion for various wavelengths is attributed to the random phase
shift of injection light due to the irregular scattering location
distribution along RFBGs. The coupling strength of each scat-

tering point as a function of GL according to Eq. (4) is shown

D1 1 in Fig. 2(c). Note that the case of GL = 10 (ci2; = c21; ~
. . = 12i = C21i ~
PE = |— Zp(yr,-)ln(p(m)) ) (©6) —1 i ical injecti
= In(D!) 5.5 ns™ ") corresponds to relatively strong optical injection.
0.3 0.3 6
S (a) (c)
£ ~
£ 0.2 0.2 TR
3 i
= £
= 01 0.1 8 2
5 . . 3
3
@]
A 0 o MU R P A Y T 0
1548 1549 1550 1551 1552 1548 1549 1550 1551 1552 0 2 4 6 8 10

Wavelength (nm)

Wavelength (nm)

Fig. 2. Power reflection spectrum of (a) RFBG1 and (b) RFBG2 used in simulation. (c) Coupling strength of each scattering center as a function of GL.

3. Results and discussion

3.1. Analysis of enhanced BW and suppressed TDS of two-
channel chaos outputs

Figure 3 shows the time series, power spectra, ACF and
PE of MCSLs with the proposed random optical injection,
where Af>; = 10 GHz, c¢12; = ¢21; = 2 ns~!. From Figs. 3(bl)
and 3(b2), flat and wide power spectrums are observed for
both SL1 and SL2 (the BWs of SL1 and SL2 are ~14.5 and

13.6 GHz respectively). Here, BW is estimated by the fre-
quency range in which 80% of total energy is covered./!%!7]
From Figs. 3(cl) and 3(c2), there is no obvious subpeak for
ACF, suggesting that random injection can weaken the las-
ing periodicity by introducing many irregular external cavity
modes into SLs. Note that different from fixed cavity feed-
back, for random lasers, the large numbers of randomly spaced

scattering centers in the fiber random grating introduce large
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numbers of uncorrelated external cavity modes with irregular
spacing. These modes compete for the limited optical gain.
Therefore, a strong and stable beating among these modes is
prevented, leading to the complex dynamics and good TDS

time (~20 ns) in Figs. 3(d1) and 3(d2), indicating that both of
SL1 and SL2 exhibits high unpredictability. This can be under-
stood physically by noting that TDS suppression and complex-
ity enhancement mean the intensified dissimilarity for chaos

suppression. 37491 There is no valley for PE at the roundtrip  oscillation. [*!]
z
= . .
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=
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Fig. 3. (al) and (a2) Time series, (bl) and (b2) power spectra, (c1) and (c2) ACF, (d1) and (d2) PE for SL1 (left column) and SL2 (right

column). Afa; =10 GHz, c12; = 21, =2 ns’l, I1=1.8I,.

To study the effect of coupling strength, Fig. 4 shows the
time series, power spectra, ACF and PE of MCSLs with ran-
dom optical injection. The used data is the same as Fig. 3,
except that cjp; = cpy; is increased to 3 ns L. Compared with
Figs. 3(bl) and 3(b2), the BWs of SL1 and SL2 are increased
to ~18.2 and 15.6 GHz, respectively, due to the increased op-
tical injection.[1%1740411 A TDS peak around 20 ns of two SLs
is found [see Figs. 4(cl) and 4(c2)]. Physically, this value de-
pends on the recurrence of lasing field and equals the roundtrip
rather than single-path coupled time delay for the mutually
coupled system, which is consistent with Refs. [46,47]. Fur-
ther study shows that this is caused by the partial injection
locking of SL1 and SL2, which is confirmed by obvious sub-
peaks with ~20 ns interval and peak value of ~0.15 for the

cross-correlation function (CCF) between SL1 and SL2 out-

puts (not shown here), defined as!®!!

CCF (1)
([L(t—1)— (L= () — (L (1))

Y= 0= =) (i 0 - 3P

where I, (¢) and L(¢) are the intensity output series of SL1
and SL2 respectively. Due to the existence of TDS, a mini-
mum for PE around ~20 ns roundtrip time and its subharmon-
)[33361 can be observed in Figs. 4(d1) and

(8

ics (~10 ns, 6.7 ns
4(d2).

Figure 5 depicts the map of TDS evolution in the param-
eter space of detuning and coupling strength for different bias
currents. The good TDS concealment ranges are highlighted
by the contour lines corresponding to ACF subpeak = 0.1.
Our simulation shows that, for smaller coupling strengths, SLs
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work in an unlocked zone (bottom of each diagram in Fig. 5)
and period oscillation at the beating frequencies of SL1 and
SL2 is produced due to four-wave-mixing (FWM).53! In other
zones, there is certain overlap between the contour lines, indi-
cating that two SLs can simultaneously generate two-channel

chaotic signals with ACF subpeak < 0.1 within a certain pa-
rameter range. In addition, the contour regions of two SLs
are larger for the higher injected current, suggesting that the
broadened parameter range for good TDS suppression can be
reached by selecting proper injected current.

£ 8 8
g (al) a2)
)
£
P 4
=
ey
£
Q
4 %OO 305 310 300 305 310
Time (ns) Time (ns)
)
= 180 180 (b2)
:
2 150 150
[
2
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e 120 10 20 30 a0 2% 10 20 30 40
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S
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—-0.2 —0.2L . . . .
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Delay time (ns) Delay time (ns)
1.000 1.000
(d2)
& 0997 0.997
0-9945 10 20 30 09945 10 30 30

Embedding delay (ns)

Embedding delay (ns)

Fig. 4. (al) and (a2) Time series, (bl) and (b2) power spectra, (c1) and (c2) ACF, (d1) and (d2) PE for SL1 (left column) and SL2 (right

column). Af>; =10 GHz, c12; = ¢21;, =3 ns~!, I = 1.8L,.
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Fig. 5. Map of TDS evolution in the parameter space of detuning and coupling strength for MCSLs with random optical injection: (al) and
(a2) I = 1.4Ly, (bl) and (b2) I = 1.81, (c1) and (c2) I = 2.21y, (d1) and (d2) I = 2.6I;,. Upper: SL1, lower: SL2. The dashed lines correspond

to ACF subpeak = 0.1.
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I = 1.4y, (bl) and (b2) I = 1.8y, (c1) and (c2) [ = 2.21,, (d1) and (d2) I = 2.6I;,. Upper: SL1, lower: SL2. The dashed lines correspond to

20 GHz for BW.

Figure 6 depicts the map of BW evolution in the param-
eter space of detuning and coupling strength for different bias
currents. The ranges with < 20 GHz BW are highlighted by
the contour lines with BW = 20 GHz. As mentioned above,
BWs of both SLs are enhanced with the increase of coupling
strength. 116174041341 Eor appropriate coupling strength, the
enhanced BW can be obtained with larger detuning, since the
new frequency components in the vicinity of frequency detun-
ing are generated due to the beating of SL1 and SL2.1! In
addition, with the increasing bias current, in parameter ranges
with good TDS suppression shown in Fig. 5, the range with
> 20 GHz BW is also broadened, which means that increas-
ing current can significantly expand the optimized parameter
range for larger BW. Meanwhile, the range for optimized TDS
(ACF subpeak < 0.1) is not shrunk.

3.2. Two-channel 200 Gbits/s physical random number
generation using chaos outputs with enhanced band-
width and TDS suppression

In this section, we analyze the performance of the physi-
cal random number sequence generated by the post-processing
of the chaotic signals from the system. Various methods have
been proposed.!!>-221 Here, we use the post-processing ap-
proach proposed in Ref. [19] as shown in Fig. 7. The chaotic
signals from the two MCSLs are respectively converted into 8-
bit binary sequences with an analogue-digital converter (ADC)
with sampling rate of 50 Gs/s. A four-least-significant-bit (4-
LSB) sequence is selected. The generated 4-bit binary se-
quence and delayed version are then processed with exclusive-
OR (XOR) operation (the used delay time for SL1 and SL2
outputs are 25 ns and 46.5 ns, respectively).

As an example, according to Figs. 5 and 6, we select the
following parameters: ¢1p; = c21; =2 ns~ !, Afo; = —30 GHz,
I = 2.6ly,. Figures 8(a), 8(b) and 8(c) show the power spec-

trum, ACF and CCF of chaos outputs, respectively. Due to
the larger detuning, larger BWs for SL.1 and SL2 are obtained
(the BWs of SL1 and SL2 are ~20.6 and ~25.1 GHz, re-
spectively). The corresponding ACF subpeaks are ~0.05 and
~0.04 respectively. The correlation peaks of CCF are well
within +0.05 [see Fig. 8(c)], confirming the much weak cor-
relation between the chaos outputs of SL1 and SL2. These
higher BW, good TDS suppression and very weak cross-
correlation are helpful for generating the high-quality random
sequences.

[ delay

chaotic 8-bit select
signal ADC 4-LSBs

Fig. 7. Flow chart of post-processing for high-speed physical random
number generation.

Figure 9 gives the characterization of generated two ran-
dom bit streams. Figures 9(al) and 9(a2) show the statistical
distribution histogram of the generated binary sequences after
ADC converted to decimal system. Samples with length of
N = 100 Mbit are utilized for this diagram. The asymmetri-
cal probability distribution for both SL1 [Fig. 9(al)] and SL2
[Fig. 9(a2)] is observed, which is a typical feature of chaos
time-series generated by SL.I?!!] Using 4-LSB selection and
XOR operation, the probability distribution of 16 digital am-
plitudes is close to the ideal uniform distribution. The statis-
tics of bits 0 and 1 verify that the probability for the gener-
ated bitstream is almost equal [see Figs. 9(c1) and 9(c2)]. Fig-
ures 9(d1) and 9(d2) depict the example of 500x500 random
bits after 4-L.SB selection and XOR operation. As is expected,
no significant patterns are observed and the ratio of bits 0 and 1
is roughly equal. More specifically, a necessary condition for
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the randomness is that the bias B [defined as B = |P(1) —0.5|,
P(1) is the probability of bits 1] should be smaller than the
three-standard-deviation of 3o = 1.5/v/N?2471 (1.5 x 104

for N = 100 Mbit). The calculated biases of Figs. 9(cl) and
9(c2) are ~2.88 x 107> and ~4.06 x 10~ for SL1 and SL2,
respectively, which satisfy this criterion.

@ 180 @ = 1.0 ) 0.05
z - —SL1
- _ 0.8 1
¢ 160 o 0.6 —SL2
g % 0.4 % 0
Q, < ©)
2 140 0.2
e
% 0 . - —0.05 weak correlation peakg/( ithin +0.05)
@ 2% 30 20 30 40 50 %0 10 20 30 40 50 40 20 0 20 40
Frequency (GHz) Delay time (ns) Delay time (ns)
Fig. 8. Power spectrum (a), ACF (b) and CCF (c) of chaos outputs under cjp; = ¢21; = 2 ns™!, Afp; = —30 GHz, I = 2.61,.
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0.06
0.010 0.4
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0 45 90 135 180 225255 0 3 6 9 15 0 1 100 200 300 400 500
Amplitude Amplitude Amplitude Random bits
(aD2) (b2) (c2) (d2)

Fig. 9. Characterization of generated random bit streams. (al) and (a2) Probability of 256 digital amplitude of the generated binary sequences after
ADC converted to decimal system; (bl) and (b2) probability of 16 digital amplitude of the generated binary sequences after 4-LSB selection and
XOR operation converted to decimal system; (c1) and (c2) probability of 0 and 1 in random bit stream after 4-LSB selection and XOR; (d1) and (d2)
example of 500x500 random bit sequence after 4-LSB selection and XOR operation on a two-dimensional plane. In (d1) and (d2), bits of 1 and 0
are converted into white and black dots, respectively. Upper: SL1, lower: SL2. The used length of samples is 100 Mbit.

1.0 . . . . . 1.0 . .
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0.8 R 0.8 30, =3X10~ |
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9 9
O O
< 0.4 {1 <04 1
0.2 1 0.2 1
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Bit delay (bit)

Bit delay (bit)

Fig. 10. ACF of the generated random sequences after 4-LSB selection and XOR operation for SL1 (a) and SL2 (b). The used length of samples is 100 Mbit.

Another necessary condition for randomness is the abso-
lute value of ACF for the generated binary sequence, which
should be smaller than 3o¢ = 3/ /N (here 3 x 10~* for N =
100 Mbit) with a probability of more than 99.7%.2%*71 In
Figs. 10(a) and 10(b), we give the ACF of random number
sequence from SL1 and SL2 after 4-LSB selection and XOR
operation. Except for the delay of zero bit, the ACF is within
+30c (red lines) for the bit delay of 1-300, thus satisfying this
criterion. Though not shown here, further study shows that no

ACF subpeak is observed for the random sequences after post-
processing even when the bit delay is far larger than 300.

We then use the NIST SP 800-22 suite[*8! to test the ran-
domness of the generated two-channel 4-LSB random num-
ber sequences. We take 1000 groups of 1 Mbit data points
used for test, with a significance level of o = 0.01. After
the test, two results will be obtained: P-value and propor-
tion value. Only when the P-value (uniformity of p-value) is
greater than 0.0001 and the proportion satisfying p-value >
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in the range of 0.99 4-0.0094392 can pass the test.!!42?] The
results are listed in Table 1. For the selected system param-
eters, the binary sequences generated by the two SLs passed
all of the NIST test standard. Therefore, the proposed system
can simultaneously generate two-channel random number se-
quences, with the rate of 200 Gbits/s (= 50 Gs/s x4 LSB) for
each channel.

Finally, CCF of the generated sequences between SL1
and SL2 (after 4-LSB and XOR) is plotted in Fig. 11, where

binary data with a length of 0.1 Mbit is used considering the
computation efficiency due to longer delay time. The CCF
across the delay of —40—40 ns is close to zero, implying that
the two-channel random sequences are almost independent.
In other words, the residual weak correlation between SL1
and SL2 [see Fig. 8(c)] can be eliminated radically after post-
processing. Therefore, this system could have a potential for
generating a higher rate of 400 Gbits/s by interleaving the two-

channel binary outputs.[1%!

Table 1. Results of statistical test using NIST SP 800-22 for a set of 1000 sequences of 1 Mbit. Both of test results for SL1 and SL2 are
demonstrated. For tests which produce multiple P-values and proportions, the worst case is shown.[16-18]

Types SL1 SL2
Statistical test P value Proportion Result P value Proportion Result
Frequency 0.637119 0.9880 success 0.693142 0.9880 success
Block frequency 0.956729 0.9930 success 0.601766 0.9890 success
Cumulative sums 0.149495 0.9880 success 0.420827 0.9840 success
Runs 0.296834 0.9860 success 0.490483 0.9860 success
Longest run 0.866097 0.9900 success 0.245490 0.9890 success
Rank 0.005679 0.9890 success 0.904708 0.9890 success
FFT 0.554420 0.9860 success 0.395940 0.9950 success
Nonoverlapping templates 0.019587 0.9820 success 0.007639 0.9830 success
Overlapping templates 0.304126 0.9910 success 0.278461 0.9900 success
Universal 0.106877 0.9880 success 0.597620 0.9950 success
Approximate entropy 0.196920 0.9890 success 0.751866 0.989 success
Random excursions 0.256024 0.9853 success 0.051038 0.9809 success
Random excursions variant 0.133844 0.9837 success 0.010017 0.9872 success
Serial 0.094854 0.9910 success 0.219006 0.9940 success
Linear complexity 0.234373 0.9920 success 0.771469 0.9890 success
0.04 nel). Our work is meaningful on structure design and param-
0.02} eter optimization for high-quality chaotic laser sources, and
= may find applications in high-resolution chaos-based lidars,
[} 0 . L.
O OTDRs, high-speed secure communications and PRNGs, etc.
—0.02} 1
—0.04 - - - References
—40 —20 0 20 40

Delay time (ns)

Fig. 11. CCF of generated random sequences from SL1 and SL2 after
4-LSB and XOR operation.

4. Conclusion

In summary, a novel structure based on random-injection-
based MCSLs has been proposed and designed for simulta-
neously generating two-channel chaos outputs with BW en-
hancement and TDS elimination over a wide range of param-
eters. The effects of frequency detuning, coupling strength
and injected current on chaos characteristics have been nu-
merically discussed detailedly. The results show that, under
certain parameters, the system can achieve BW of more than
20 GHz with perfect TDS cancellation; the broader parameter
ranges for higher BW and lower TDS can be obtained by prop-
erly selecting injected current. As a practical application, we
also analyze the feasibility for generating two-channel high-
speed physical random sequences (200 Gbits/s for each chan-
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