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Abstract—Chaotic optical communication was originally pro-
posed to provide high-level physical layer encryption. For high-
speed and long-distance transmission, chaotic signal is very sen-
sitive to channel impairments such as dispersion and Kerr fiber
nonlinearity. In the traditional chaotic optical communications,
these impairments must be compensated in optical domain be-
fore chaos synchronization. However completely compensating the
high-order dispersion and fiber nonlinearity in the optical domain
has great challenges, therefore limiting the transmission distance
of high-speed chaotic optical communications less than 150 km.
Here we propose a method aiming to break the limit. Thanks to
coherent detection, channel impairments can be compensated in the
digital domain using various algorithms. Digital back propagation
algorithm is used for jointly compensating linear and nonlinear
impairments of the chaotic signals, constant modulus algorithm
is used for channel equalization and extended Kalman filter is
adopted for carrier phase recovery. After digital processing, the
recovered chaos signal is converted back to the optical domain for
chaos synchronization. By this means, we demonstrate a 10 Gb/s
phase-modulation signal encrypted by phase chaos transmission
over record-breaking 1000 km single-mode fiber with bit-rate error
less than 1.0 x 103 by simulation, and support the results with
extensive numerical analysis.

Index Terms—Chaos, chaotic optical communications, coherent
detection, digital signal processing.

I. INTRODUCTION

HAOS synchronization, proposed by Pecora and Carroll in
C 1990, has been used in optical communications to provide
high-level physical layer encryption [1]. In past decades, many
efforts have been dedicated to chaos synchronization and com-
munications based on the nonlinearity of lasers and modulators
due to their fast response and inherent compatibility with fiber
optic networks [2], [3]. In 2005, Argyris et al. successfully
demonstrated chaos-encrypted 1 Gb/s message transmission
over 120 km fiber via a commercial fiber-optic network [4].
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In 2010, Lavrov et al. reported that 10 Gb/s message, hidden in
the phase of optical chaos, is transmitted over 120 km fiber in
an installed fiber-optic network [5], [6]. And recently, Junxiang
Ke et al. demonstrated a 30 Gb/s chaos-encrypted duobinary
signal transmission over 100 km fiber [7]. Nevertheless, chaotic
optical communications still encounter problems in high-speed
and long-distance fiber transmissions. Chaotic carrier can be
considered as analog signal and suffers from fiber channel
impairments such as chromatic dispersion and nonlinearity [8].
In traditional chaotic receivers that employ direct detection, the
phase of optical field is lost and receiver computes decision
variables based on the measurement of signal energy. The loss
of phase information is an irreversible transformation which
prevents full equalization of channel impairments. Dispersion
compensation fiber (DCF) or tunable dispersion compensator
(TDC) must be used to compensate the second-order dispersion
in optical domain, but higher-order dispersion and Kerr nonlin-
earity effects are difficult to be compensated [2], [3], [9]. These
impairments have serious impact in long-haul transmission sys-
tems, limiting the transmission distance of high-speed chaotic
optical communications. Until now, the transmission distance of
chaotic optical communication beyond 10 Gb/s does not exceed
150 km.

Coherent detection circumvents this problem by combining
the received chaotic signal with a local oscillator (LO) laser
and by using balanced detection to down-convert it into a
baseband electrical output that is proportional to the optical
E-field [9]. The resulting chaotic signal can then be sampled
and processed by digital signal processing (DSP) algorithms,
providing a flexible platform based on a software that is an
attractive alternative to optical channel impartments compen-
sation [11]. In this paper, for the first time, we propose to use
coherent detection to mitigate the transmission impairments of
the chaotic signals in the digital domain rather than the optical
domain after long-haul transmission. Coherent detection com-
bined with DSP algorithms has great significant advantages in
dealing with fiber impairments. DSP algorithms can completely
compensate any-order dispersion and tremendously reduce the
influence of nonlinearity [12]. Coherent detection has been
widely used in digital optical communication systems. Here we
prove it can also be used in chaotic optical communications
to mitigate the impairments of analog chaotic signal with no
optical dispersion compensation module. The chaotic signal
is converted back to optical domain for chaos synchroniza-
tion after digital signal processing. With coherent detection
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Fig. 1. Setup of the coherent phase chaos communication system. LD, laser
diode; PM, phase modulator; OC, optical coupler; MZI, Mach—Zehnder inter-
ferometer; PD, photodiode; AMP, broadband radio frequency amplifier; ISO,
optical isolator; SMF, single-mode fiber; EDFA, Erbium-doped fiber amplifier;
OTF, optical tunable filter; DSP, digital signal processing; DAC, digital-to-
analog converter. Fiber connections are represented by red lines and electrical
connections by black lines.

and digital algorithms, we successfully demonstrate a 10 Gb/s
differential-phase-shifted-keying (DPSK) signal encrypted by
phase chaos transmission over 1000 km single mode fiber (SMF)
with bit-error-rate (BER) less than 1.0 x 10~3 by simulation, and
support the results with thorough analysis.

The structure of this paper is as follows. In Section II, the
structure of the transmitter and receiver setup, along with the
fiber transmission link and coherent receiver are presented.
The channel impairments are briefly introduced and a compar-
ative study of the direct detection and coherent detection has
been carried out numerically in Section III. Blind algorithms for
chaotic compensation are presented in Section I'V. The chaotic
synchronization performance and the BER performance of the
decrypted DPSK signal are shown in Section V. Summary and
conclusions are presented in Section VI.

II. SIMULATION SETUP AND ANALYSIS
A. System Simulation Setup

The setup depicted in Fig. 1 shows the transmitter-receiver
architecture of the coherent phase chaos communication system.
A laser diode (LD1) followed by a phase modulator (PM1)
performs the binary DPSK signal generation, which participates
the oscillation of phase chaos. Inside the phase chaos generator, a
delay line is used to tune the loop delay time and a Mach-Zehnder
interferometer (MZI1) is used to realize the phase-to-intensity
conversion. After optical-to-electrical conversion by photodiode
(PD1), the signal is amplified by an electrical amplifier (AMP1)
as the driven signal of PM2 to form the feedback loop. Thus, the
optical phase of the light at the PM2 output is phase modulated
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according to its own delayed history. The chaos-masked signal
is injected into the transmission line through an optical isolator
(ISO). The transmission link includes 20 spans of 50 km SMF
followed by an Erbium-doped fiber amplifier (EDFA) and a
tunable optical filter (TOF) for out-of-band noise suppression.
And there is no dispersion compensation module in transmission
link. At the receiver side, coherent receiver followed by DSP
module is used to mitigate the transmission impairments of the
phase chaos-masked signal. A digital-to-analogue (DAC) is used
to drive a new phase modulator (PM3) for generating the phase
chaos-masked signal in the optical domain. The output of the
PM3 is equivalent to the output of the phase chaos generator
thanks to the coherent detection and the DSP module. Then the
phase chaos can be cancelled in another phase generator whose
parameters are matched with those in the chaotic transmitter.
Finally, the decrypted DPSK signal is demodulated by a standard
MZI3 to achieve the original binary message.

B. Mathematical Model oF Phase Chaos

A brief description of the phase chaos generation process at
the transmitter is as follows: The dynamics follows nonlinear
delay differential equations [4]. The nonlinear transformation is
performed while modulating the phase condition in the MZII,
where the interferometer function and the phase modulation
operation are split (see Fig. 1). The interferometer is imbalanced
with a delay of 67, leading to an interference condition ruled
by the phase difference between times ¢ and r—97. As soon as
the phase modulation is performed faster (response time 7) than
the time unbalancing (67 >> 7), a dynamic scanning of the
nonlinear interference modulation transfer function is achieved.
In the phase chaos feedback loop, the nonlinearity is originated
from the MZI and the nonlinearity function is as follows [6]:

f(t) = Beos®[x(t — T) — a(t — T — 6T) + ®] (D

Where 7= 2.5 x 1078 s stands for the total loop delay time,
[ =5 is the normalized loop gain, ®y = 7/4 is the offset interfer-
ence phase and 0T = 4.0 x 107" s is the imbalanced delay time
of the interferometer. The differential nonlinear process ruling
chaotic dynamics is derived from the bandpass filtering function
of the optoelectronic feedback path including PM2, PDI1 and
AMPI. Such a filter can be approximated by two low and high
cut-off frequencies, corresponding to an integral response time
with § = 5.0 x 107° s, a differential response time with 7 =
1.8 x 107! s respectively. The corresponding high frequency
is vy = (27 - 7) ! and the low frequency is v = (27 - ) L.
These dynamics lead to the following phase chaos differential
delay equation [6]:

dz(t)

1 t
i /t #(Q)C +a(t) + 7

= Beos?[x(t —T) — x(t — T — 6T) + O] 2)
The DPSK signal also participates the phase-chaos generation

process to increase the chaos complexity. Then the phase chaos-
masked signal is injected into the transmission link.
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Fig. 2.  Diagram of coherent receiver and following DSP algorithms.

C. Signal Propagation and Coherent Detection

Considering chromatic dispersion (CD) and self-phase mod-
ulation (SPM), the chaotic signal propagation in optical fiber
channels could be described by a simplified version of nonlinear
Schrodinger equation (NLSE) as [12]:

i OFE

OFE(z,t) i 1 0°E
o T

= —— E — _—
0z s E+ 3050

—IEE ()

Where E(z, ) is the slowly varying complex amplitude of
optical field, and the fiber launch power is proportional to the
square of E(z, f). For SMF, a« = 0.2 dB/km is the attenuation
coefficient, B2 = —20.39 ps?/km and 83 = 0.1 ps’*/km are
the typically second-order and third-order chromatic dispersion
parameters, v = 1.31 W~ 'km™! is the Kerr nonlinear coefficient,
and z is the transmission distance. The span length is 50 km.
EDFAs ideally compensate the transmission loss and introduce
amplified spontaneous emission (ASE) noise with 5 dB noise
figure. An OTF with a bandwidth of 0.1 nm is used to suppress
the ASE noise in each span.

In the receiver side, coherent detection is used to achieve
the amplitude and phase information of phase-chaos signal
in the electric domain. The linewidth of both the transmitter
laser and the local oscillator (LO) laser is set to 1 kHz, which
is commercially available. Then DSP algorithms are used to
compensate the impairments of the fiber channel. The adopted
DSP algorithms must be format-independent because chaotic
signal has the characters of non-periodic and random noise, so
the receiver all uses blind algorithms to compensate the channel
impairments. Fig. 2 shows the algorithm for each DSP block.

III. FIBER CHANNEL AND RECEIVER STRUCTURE

The chaotic signal during fiber propagation suffers lots of
impairments such as chromatic dispersion, nonlinearity and
so on. Direct detection and coherent detection have different
methods and algorithms to compensate channel impairments.
Here we first review the major channel impairments in fiber
transmission and give a comparison between coherent detection
and direct detection.

A. Channel Impairments

1) Chromatic Dispersion: Chromatic dispersion (CD) is
caused by waveguide and material dispersion [14]. The effect
of dispersion can be modeled as a linear filtering process. Chro-
matic dispersion can be described analytically as an all-pass
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filter in the frequency domain by [10]:

Hep(w) —exp {_j <;ﬁ2L(w —ws)? + %ﬁgL(w — ws)?’)}

“)

Where L is the length of the fiber, wj is the angle frequency of
chaotic signal. For short-reach transmission, the second-order
dispersion is dominant, and the third-order dispersion is almost
negligible. But for long-distance chaotic transmission system,
the influence of third-order dispersion cannot be ignored. The
CD effect produces phase shift of the chaotic signal, thereby
affecting phase synchronization [15]. If the phase shift increases
beyond a certain limit, the synchronization of chaotic lasers
may disappear, thereby resulting in a low correlation degree of
chaotic synchronization.

2) Kerr Nonlinearity: The SPM effect gives rise to a phase-
shift dependence of the optical intensity [12]. The nonlinearity
experienced by a signal due to its own intensity and causes the
spectrum broadening of the chaotic carrier. The fiber nonlinear-
ity interacts with other channel impairments including chromatic
dispersion and attenuation, and generate additional noise on the
received symbols. Nonlinear noise compensation is the most
difficult and challenging in the whole optical communication
system and has serious impact in long-haul transmission system
[16].

3) ASE Noise Caused by EDFAs: EDFAs are located at the
end of each span to compensate for fiber attenuation and intro-
duce amplified spontaneous emission (ASE) noise. An OTF with
a bandwidth of 0.1nm (about 12.5 GHz at 1550 nm wavelength
region) is used to suppress the ASE noise in each span. The gain
in each span is G = exp(a - Lgpan ), Where Ly, is the span
length of fiber channel. And the average power of ASE noise
(Nasge) [9]:

Nasg =(NF-G—1)-hf- By )

Where NF is the noise figure of EDFA, £ is Planck ‘s constant, f
is the optical chaotic frequency and By is the bandwidth of OTF.
ASE noise can be ignored in short distance transmission but in
long-haul systems, interaction between ASE noise and chaotic
signal through the Kerr nonlinearity leads to nonlinear phase
noise (NLPN).

4) Laser Phase Noise: As mentioned above, coherent de-
tection can get the phase information of chaotic signal. So, the
influence of phase noise on chaotic synchronization degradation
cannot be ignored. Laser phase noise caused by spontaneous
emission of both transmitter and local laser is an important
impairment in coherent systems, and is modeled as a Wiener

process [17]:
¢
o= |

where (7) is the instantaneous phase noise, the dw(7) is mutu-
ally independence and identically distributed random Gaussian
variables with zero mean and variance UJ% =2n(Av-Ts), Av
is the linewidth of chaotic transmitter and local lasers and T
is the symbol period. The received baseband chaotic signal is
modulated by exp(i-p(f)). Chaotic synchronization is required

ow(r)dr (6)
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to ensure (7) is small so the transmitted DPSK symbols can be
detected with low power penalty.

B. Comparison Between Coherent Detection and Direct
Detection at the Receiving End

Direct detection has the advantages of simple structure and
low system complexity. In short distance transmission, the
second-order dispersion is the main impairment. For dispersion
compensation, optical compensation module like DCF or digital
equalizer can be adopted. The optical dispersion compensation
module can only compensate the second-order dispersion, which
has great limitations on the compensation of the third-order
dispersion and introduces nonlinearity. The loss of phase infor-
mation prevents full equalization of dispersion compensation
by digital equalizer. Meanwhile nonlinear compensation is a
great challenge for direct detection. Although coherent detection
increases the complexity of the system, compared with direct
detection, it can effectively compensate the channel impairments
through various algorithms at the receiver and greatly increase
the transmission rate and distance. CD is a linear impairment
in coherent detection system, which can be completely com-
pensated by FIR filter algorithm without using optical disper-
sion compensation module [8]—-[10]. For the third-order disper-
sion and nonlinearity which cannot be compensated by direct
detection, coherent detection can accurately compensate any
order dispersion and effectively compensate the nonlinearity
by DSP algorithms. Especially for phase chaos, carrier phase
recovery algorithms can be used for chaotic phase noise com-
pensation. So, after contrast, coherent detection combined with
DSP algorithms has more advantages than direct detection in
fully and accurately compensating channel impairments for
the chaotic optical communication system with long distance
transmission.

IV. DIGITAL SIGNAL PROCESSING ALGORITHMS

A. Digital Backpropagation Algorithm for Jointly CD and NL
Compensation

For the jointly CD and Kerr-nonlinearity compensation, digi-
tal backpropagation algorithm (DBP) is a universal and efficient
technique [18]-[21]. Any order CD can be compensated and
nonlinear noise can also be mitigated effectively. The total
dispersion can be compensated in the digital domain, avoiding
the extra cost and signal loss of the dispersion compensation
module in the optical domain [22], [23]. The DBP is designed
to solve an inverse NLSE based on split-step Fourier method
(SSEM) to estimate the transmitted signal [24]. The fiber length
is divided into a large number of small segments. In practice,
fiber dispersion and nonlinearity are mutually interactive at
any distance along the fiber. However, these mutual effects are
small within one step and thus the effects of dispersion and
nonlinearity are assumed to be statistically independent of each
other. As a result, SSFM can separately define two operators:
(1) the linear operator that involves attenuation and dispersion
effects and (2) the nonlinearity operator that takes into account
fiber nonlinearities. These linear and nonlinear operators are
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formulated as follows:

i 82 1 83 (6% 2
D=——08y—+ =f3—— =N =iy|E 7
2528152 + 6558t3 > | E| )
And the inverse NLSE can be reweitten in a shorter form:
oF
—— = (D+ N)E 8
52 (D+N) ®)

the complex amplitudes of optical pulses propagating from z to
7 + Az are calculated using the approximation shown here:

E(z+ Az, T) ~

z+Az
exp (A;D) exp </ N(z’)dz’) exp (A;D) E(z,T)
©)

First, the optical pulse propagates through the linear operator
that has a step size of in which the fiber attenuation and disper-
sion effects are taken into account. Then, the fiber nonlinearity
is calculated in the middle of the segment. After that, the pulse
propagates through the second half of the linear operator. The
process continues repetitively in consecutive segments of size
Az =20 m until the end of the fiber. It should be highlighted that
the linear operator is computed in the frequency domain while
the nonlinear operator is calculated in the time domain so fast
Fourier transform (FFT) algorithm is used in each iteration.

B. Constant Modulus Algorithm for Channel Equalization

We know the amplitude of the phase chaos and DPSK signal is
constant. So, after CD and nonlinearity compensation, constant
modulus algorithm (CMA) is used for channel equalization.
CMA is a blind algorithm which adapts the filter coefficients
of the equalizer to reduce inter-symbol interference (ISI) of the
received signal [25], [26]. The CMA algorithm minimizes the
error power between the equalized chaotic output and constant
amplitude of chaotic carrier. And the CMA algorithm only
uses the amplitude information of the chaotic carrier and does
not involve the phase information. Let W denote the impulse
response of the equalizer, x(k) is the input chaotic carrier, the
output as y(k) = WT(k)x(k), where W = [wq(k), wi(k),...,
wn-1(k)] is the equalizer tap weights vector and N is the length
of the equalizer. The cost function of CMA is of the form [27]:

(k) = E [(jy (0)P = 1)°]

Where E[-] indicates statistical expectation. Using a stochastic
gradient of the cost function J(k) with respect to the tap weights
vector W(k), the tap weights vector of the equalizer is adapted
by [27]:

(10)

W(k+1)=W(k)+pu-e(k) - y(k)-2" (k) (1D

Where 1 is the step size and e(k) is the error signal given by
e(k) =1 — |y(k)|> [14]. Compared with digital signals, the blind
equalization of chaotic signals requires more tap coefficients
N = 51 and a smaller step size £ = 5 x 10* to ensure the
convergence of chaotic sequences. Clearly, for the phase chaos
and DPSK signals, this criterion is optimal in the sense that for

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on January 28,2021 at 11:40:26 UTC from IEEE Xplore. Restrictions apply.



4652

perfect equalization, the error e(k) ~ 0, as the chaotic carriers
all lie on a ring in the constellation.

C. Extended Kalman Filter For Carrier Phase Recovery

Phase noise is a Wiener process with temporal correlation
and can be mitigated by extended Kalman filter (EKF) [28]. The
EKF addresses the problem of estimating the states of anonlinear
dynamical system from noisy measurements. The EKF is a blind
scheme to recursively estimate the current state by considering
the past estimates and the current observations [29]-[31]. It also
provides an optimal estimate in the sense of the minimum mean
squared error, even though the evolution process for the state
fluctuates randomly and the observation process is disturbed by
noise [32], [33]. The EKF can be used to estimate the state of
a chaotic system and synchronize two chaotic systems [34]. As
the EKF-based method recovers the transmitted signal without
any knowledge about the transmitted signal, the equalizer is
considered as a “blind” equalizer.

For the phase chaos differential delay system [32]:

a(t) = f(o(t), x(t = T), u(t))
y(t) = h(z(t)) + n(t) (12)

Where x(7) is the chaotic state, u(f) is the control input, y(f)
is the measured output, 7 donates the time delay and n(z) is the
phase noise. Symbol “-” represents the derivative operation. The
receiver filter or observer is given by:

L]

2(t) = f(@(t),2(t = T),u(t) + L(t) [y(t) — h(2(1))]
g(t) = h(2(1)) (13)

Where () is the estimate state, and has the same dimension

as state x(f). L(¢) is the time varying observer gain:
L(t) = P(t)CT(t)R™! (14)

R is a positive definite matrix and P(¢) is the solution of the
modified Riccati differential equation [32]:

P(t) = P(O[A(t) — L)C(1)] + P(H)[AT(t) — o1]

+Q+ KA (1)AT(t) (15)

Here, § > 0 is a term that makes the system robust to the noise,
k > 0 is a delay term tuning scalar, / is the identity matrix. Q
and R are positive definite matrices which are used as weighting
matrices and with

A(?) (1)
_Of(@(),2(t —T),u(t))
Ar(t) 0x(t —T)
() = JEt) (16)

By properly setting the parameters, the EKF-based filter is
implemented in the full-state estimation of phase chaos. In our
simulation, 4 = 10 and x = 14. The initial condition of the
Riccati differential equation was setas P (0) = Q =7land R =
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0.02. In such a way that estimate error is minimized by tuning
the parameters.

D. Phase Chaos Synchronization

Phase chaos cancellation is achieved using the closed-loop
receiver scheme [S5]. The phase modulation in the receiver is
ruled by a similar equation:

1 t
7).
= —Bleos?[x(t =T —x(t =T — 6T") + @]

' (t)

# QG+ (1) + 7

A7)

where symbol /"’ denotes the parameters or functions involved
at the receiver, similar to the ones at the transmitter. When all
receiver parameters are matched as closely as possible with the
ones set at the emitter, the phase chaos cancelation is obtained.

The chaos synchronization is evaluated quantitatively, and
the normalized cross-correlation function C is used to measure
the chaos synchronization performance between emitter and
receiver, which is defined as:

o= Al = @) [y) — y@)]) (18)

(0 = i) (o - (w0

where x(?) is the time trace of emitter, and y(7) is the time trace of
receiver, (-) denotes average. The sampling rate of oscilloscope
issetat Fy = 100 GSa/s, and 10 000 points are used to calculate
cross correlation function.

V. SIMULATION RESULTS

We use MATLAB to simulate the communication perfor-
mances of the 1000 km chaotic optical transmission system. A
Fourth-order Runge-Kutta algorithm is adopted to numerically
represent Eq. (2) and Eq. (17) for the phase chaos generation and
synchronization [35]. The simulation parameters of the coherent
phase chaos system and fiber channel are shown in Table I:

A. Phase Chaos Synchronization After 1000 km Fiber
Transmission

First, the performance of the phase chaos over 1000 km fiber
transmission without encoded data has been studied. Fig. 3
shows the cross-correlation function C of phase chaos with
different launch powers after the 1000 km fiber transmission.
The blue line and the green line respectively represent the case
where only the second-order dispersion is compensated and both
the second-order dispersion and the third-order dispersion are
compensated. When the launch power varies from —8 dBm to
8 dBm, C is all lower than 0.80. Therefore, for the 1000 km
fiber transmission, compensating for only CD is insufficient.
Especially the Kerr nonlinearity has great influence on the
chaotic waveform at high launch power.

For joint CD and NL compensation, the DBP algorithm has
good performance as the red line shows. When the launch power
range is from —4 to 0 dBm, C can reach above 0.90 by using
DBP algorithms. What’s more, C can even reach to 0.96 when
the launch power is from —4 to —2 dBm. DBP is very effective
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TABLE I
SIMULATION PARAMETERS

Conversion from Gaussian and

Symbol Quantity CGS EMU to SI *
A wavelength of chaos 1550 nm
T total loop delay 25%x107%s
6T interferometer delay 40x1071s
B normalized loop gain 5
D, offset phase /4
% integral response time 50x107°s
T differential response time 1.8x 10"
[ attenuation coefficient 0.2 dB/km
5> second-order dispersion -20.39 ps¥/km
s third-order dispersion 0.1 ps¥/km
y Kerr nonlinear coefficient 1.31 W' km!
NF Noise figure of EDFA 5dB
Lpan span length of fiber 50 km
By bandwidth of OTF 12.5 GHz
Az step length of SSFM 20 m
F; sampling rate 100 GSa/s
N tap coefficients of CMA 51
u step size of CMA 5x 10
1
0.8
0.6
o
0.4
0.2 | =#=with DBP algorithm
~#-2th- and 3th-order CD compensation
=8-only 2th-order CD compensation
8 6 4 2 0 2 4 6 8
Launch power/dBm
Fig. 3. Cross-correlation function C of phase chaos with different launch

power using different algorithms.

|

Receiver /V.

(a) — Transmitter chaos —— Receiver chaos

0 1 2 3 4 5 -1
Time /ns

Relative voltage /V

A e =

0.5 0 0.5
Transmitter /V

Fig.4. (a) Time series of chaos by using DBP algorithm; (b) Chaotic synchro-
nization plot of the emitter and receiver time series.

for nonlinearity compensation over a wide range of power vari-
ations, which can still achieve high cross correlation function C
when the launch power is large. The chaotic waveforms before
and after the 1000 km transmission are well matched by using
the DBP algorithm. And the time series of chaos and chaotic
synchronization plot of the emitter and receiver time series
are shown in Fig. 4, demonstrating the powerful compensation
capability of the DBP algorithm.

In the following simulation results, the DBP algorithm is
used in receiver. The influence of the phase noise caused by the
transmitter laser and local laser on the cross-correlation function
is shown in Fig. 5. The red line represents using EKF for carrier
phase recovery while the blue line represents that no carrier
phase recovery algorithm is used. When the linewidth is 1 kHz,
C can reach to 0.96. But when the linewidth is 100 kHz, C drops
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Fig. 5. Cross-correlation function C of phase chaos with different laser
linewidths of transmitter laser and LO laser.
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Fig. 6. BER performance of decrypted DPSK signals (a) BER performance

with different transmission distances. (b) BER performance with different launch
powers for 1000 km fiber transmission.

to 0.83. We can see that the chaotic signal is sensitive to phase
noise, so it is necessary to use 1 kHz narrow linewidth lasers.

B. BER Performance of Decrypted DPSK Signal

Then we add the DPSK signal into the phase chaos generator
and evaluate the system performance. As mentioned above, the
step size of DBP algorithm is set to 20 m in order to obtain
more accurate nonlinear compensation effect. We know that
simulation of more bits will get a more accurate BER curve.
But limited by the complexity of simulation system algorithms,
Pseudo-random bit sequence (PRBS) with a sequence length of
10* is used to generate the DPSK signal. So, the lowest bit error
rate is in the order of 10~%, resulting in a BER floor of 1 x 10~*
in Fig. 6.

The launch power of the phase chaos-masked signal into
the fiber is set at —2 dBm. The BER curves for the decrypted
DPSK signal with different transmission distances are calculated
and shown in Fig. 6(a). The red line and purple line are the
BER performance of the 1 Gb/s and 3 Gb/s decrypted signals,
where the number of bit errors is 0 after the 1000 km fiber
transmission. For the blue line of the 5 Gb/s signal, when the
transmission distance is less than 800 km, BER is nearly 0.
And after 1000 km transmission the BER is below 4.0 x 10~*.
There is a similar trend for the 10 Gb/s signals with green line:
when the transmission distance is less than 600 km, the BER
can be reduced to 0 by compensating channel impairments. As
the transmission distance increases, the BER begins to increase
gradually. When the transmission is 1000 km, the bit error rate
is approximately 1.0 x 1073, which is the threshold of forward
error correction (FEC).

Also, we simulate the BER of the decrypted DPSK signal
at different launch powers for 1000 km fiber transmission, and
the results are shown in Fig. 6(b). BER is positively correlated
with launch power, because the stronger the launch power is, the
stronger the nonlinearity is. The red line and purple line are the
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Fig. 7.  (a) Cross correlation function C of phase chaos with mismatch in CD
after 1000 km fiber transmission. (b) BER performance of decrypted 10 Gb/s
DPSK signal with mismatch in CD after 1000 km fiber transmission.

BER performance of the 1 Gb/s and 3 Gb/s decrypted signal,
where the BER is nearly 0 after the 1000 km fiber transmission
when the launch power is lower than 1 dBm. For the 5 Gb/s
signal represented by the blue line, when the launch power is
varied from —4 dBm to 3 dBm, the BER is changed from O to
1.2 x 1073, The 10 Gb/s signal with green line has the same
tendency: as the launch power increases, the BER gradually
increases from 4.0 x 107* t0 2.6 x 1073. So, at different launch
powers, the change range of BER is not obvious, which shows
that the coherent detection algorithms have good tolerance to
nonlinearity.

For coherent system, it would be useful to know how ac-
curately CD has to be compensated to achieve acceptable per-
formance. So, we simulate the cross-correlation function and
BER of the decrypted 10 Gb/s DPSK signal with different
mismatches in CD for 1000 km fiber transmission at —2 dBm
launch power in Fig. 7. When the mismatch in CD increases
from 0 to 1000 ps/nm, the BER increases from 1.2 x 1073 to
2.54 x 1072, Strictly speaking, to ensure that C is larger than
0.9, it is better to control the mismatch of CD within 300 ps/nm.

C. Mismatched Parameters on Chaos Synchronization Quality

Usually, the feedback-loop chaotic parameters are difficult
to be accurately controlled in practice, so it is necessary to
investigate the influences of intrinsic mismatched parameters
on chaos synchronization quality after 1000 km transmission.
We keep the chaotic parameters of the transmitter unchanged,
and a small random change is added to each parameter on the
basis of ideal matching in receiver. The integral response time
0 corresponds to tens of MHz, which barely has influence on
chaos synchronization with the bandwidth of GHz magnitude.
For the sake of convenience, we mainly study the effect of the
mismatch of differential response time 7 and normalized loop
gain 3 on chaos synchronization. AT =7 —7 and A = 3 -3’
are the mismatch between transmitter and receiver. And we can
define the mismatch percent as A7 /7 = AS/ 3, the mismatch
percent is changed from —0.2 to 0.2. The BER of the decrypted
DPSK signal transmission over 1000 km fiber variation with
the cross-correlation function caused by parameters mismatch
is shown in Fig. 8. When C is less than 0.85, BER approaches
to 1.0 x 1072 for 10 Gb/s DPSK signal. Therefore, it is better
to ensure that the parameters of the chaotic receiver and the
transmitter are well matched and Cis controlled above 0.9, which
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Fig.8. BER performance of the decrypted DPSK signal with cross correlation
functions C caused by parameters mismatch.

is achievable and in our previous experiment, C = 0.95 can be
guaranteed [7].

VI. CONCLUSION

In conclusion, with coherent detection and DSP algorithms,
a 10 Gb/s DPSK signal encrypted by phase chaos transmission
over 1000 km SMF with BER less than 1.0 x 1073 has been
realized by simulation, aiming to solve the transmission limi-
tations in the traditional direct detection-based chaotic optical
communication systems. By using digital signal processing al-
gorithms to compensate channel impairments including disper-
sion and nonlinearity, the chaotic synchronization coefficient
after 1000 km fiber transmission can reach 0.96 with no op-
tical dispersion compensation module. The simulation results
prove the feasibility of long-haul transmission of chaotic optical
communications and provide theoretical guidance for future
experiments.
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