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Chaos Synchronization Error Compensation
by Neural Network

Junxiang Ke, Lilin Yi

Abstract— Chaos synchronization is the foundation of chaotic
optical communications. The parameter mismatch between
chaotic transmitter and receiver will significantly degrade the
synchronization performance. In this letter, neural network is
proposed to improve the performance of chaos synchronization.
The compensation for chaos synchronization error caused by the
mismatch of different hardware parameters, such as frequency
response, loop gain, modulator bias, and time delay, has been
discussed and analyzed in simulation and experiment. Compared
with other digital signal processing (DSP) algorithms including
feed-forward equalization and Volterra filter, neural network
shows best performance. In some occasions, the cross correlation
can be improved from 0 to 0.8. Further, the performance
improvement in chaotic optical communications by neural net-
work has been verified in simulation. This technique has potential
to be used in high-speed chaotic optical communications.

Index Terms— Optical communication, optical secure and
encryption, chaos.
I. INTRODUCTION
HAOTIC communications based on chaos synchroniza-
Ction was first proposed in the early 1990s [1]. Since
then, attributed to the potential applications in high-speed
secure communications, many new schemes have been pro-
posed to realize chaotic optical communications [2]-[8],
which are mainly based on the nonlinearity of modula-
tors and semiconductor lasers. For all chaotic optical com-
munication schemes, the most important function is chaos
synchronization. Compared with laser-based scheme, chaos
synchronization in modulator-based scheme is simplified and
easier for implementation [2]—[8]. In high-speed chaotic opti-
cal communications, wideband chaos generation and high
quality wideband chaos synchronization are required, which
increase the difficulty of implementation. Many wideband
chaos generation schemes have been proposed [9], [10] but
wideband chaos synchronization with high quality is still hard
to realize. Therefore, from the viewpoint of practical imple-
mentation, a very stable and accurate synchronization between
the emitter and receiver is very important. Adaptive synchro-
nization of chaotic system has been proposed to improve
the synchronization performance [11], [12], but the chaotic
bandwidth has been limited by the electronics in the loop.
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Fig. 1. Simulation and experiment setup. LD, laser diode; DML, direct-
modulated laser; MZM, Mach-Zehnder modulator; VOA, variable optical
attenuator; OC, optical coupler; DL, delay line; PD, photodiode; AMP, broad-
band radio frequency amplifier; SMF, single mode fiber; OSC, oscilloscope.

In this work, neural network (NN) filter in the chaotic
receiver side is proposed to improve the performance of
chaos synchronization. For the mismatch of different phys-
ical parameters including frequency response, loop gain,
modulator bias and time delay in modulator-based chaotic
optical systems, NN filter is used to improve the synchro-
nization performance in both simulation and experiment.
Feed-forward equalization (FFE) and Volterra filter are used
for comparison. The simulation and experiment results show
that NN filter has the best performance and the cross corre-
lation can be improved from O to 0.8 for the case of multi-
parameter mismatch. And the performance improvement in
chaotic optical communications by NN has been verified in
simulation.

II. PRINCIPLE AND SETUP

The simulation and experiment setup is shown in Fig. 1.
Firstly, the chaos synchronization without message has been
studied, the chaotic emitter consists of a closed-loop electro-
optical feedback configuration with following components:
a Mach-Zehnder modulator (MZM1) with a half voltage of
V:rF1 injected by a continue-wave (CW) light from laser
diode (LD1) with power P, which provides nonlinear transfer
function cos?(x + ¢1), where ¢; is the DC offset of MZMI.
A 50:50 optical coupler (OC1) is used to split chaotic carrier
for transmission and feedback. A photodiode (PD1) with
sensitivity S; is used to convert the optical feedback signal into
an electrical one. A variable optical attenuator (VOAL1) is used
to control the injection power of PD1, so the feedback strength
can be controlled. An electronic amplifier (AMP1) with gain
G is used to drive the MZMI1. The whole attenuation of
feedback loop is #1, and the delay time of feedback loop
tuned by delay line (DL) is Tj. Let hy(z) be the impulse
response of the electronic feedback in emitter, and V4 () be
the signal at point A in Fig. 1. Then the normalized variable
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x4(t) = Va(t)/(2VzrF1) can be expressed as:
xa(t) = Pihi (1) % cos” [xa (t = T1) + 11, e))

where [*] denotes the convolution operation, and f; =
7 P1n1S1G1/(2Vy grF1) represents the whole feedback strength
in emitter. The above equation represents the process of chaos
generation. In order to simplify the model, first-order band-
pass filter is used to represent the impulse response /1 (¢) of the
electronic feedbackin simulation, which can be expressed as:

hi (t) = (T—lle—f/’1 — Hile—’/el)u(t), )

where 71 and 6; are the high cutoff response time and
low cutoff response time of the electronic feedback. The
corresponding frequencies are v,r; = (2w 1)~ and Vi1 =
(2761)~", u(t) is Heaviside step function.

In receiver side, the input light is split into two beams
by 50:50 OC2. One branch is directly detected by PD3 with
sensitivity S3 after being attenuated by VOA3. Let h3(z) be
the impulse response of PD3, and Vp(¢) be the signal at
point B in Fig. 1. Then the normalized variable xp (1) =
7 Vp(t)/(2VzrF2) can be expressed as:

xp(t) = S3nz Py cos? {ﬁlhl (1) * cos?

X [xa (= Ti=To)+oil + o1} 5 h3 (), (3)

In this equation, 7> and 73 denote delay time and attenuation
for signal transmitted from point A to point B. The expression
of hz(t) is similar with the Eq. 2, where 73 and 03 represent
the high cutoff response time and low cutoff response time
of PD3.

The other branch is used for chaos republication, which
consists of an open-loop configuration with following
components: a MZM2 with a half voltage of V;gpr2 injected
by a CW light from LD2 with power P,, which provides
nonlinear transfer function cosz(x + ¢2), where ¢> is the
DC offset of MZM2. A PD2 with sensitivity Sy is used to
convert the optical signal into an electrical one. A VOA2 is
used to control the injection power of PD2. An AMP2 with
gain Gy is used to drive the MZM2. The whole attenuation
from LDI1 to the output of AMP2 is #,. The attenuation from
LD2 to PD4 is 74. Let ha(¢) be the whole impulse response
of the open-loop receiver, including PD2, AMP2 and MZM2,
h4(t) be the impulse response of PD4 with sensitivity Sa,
and Vc(f) be the signal at point C in Fig. 1. Therefore,
the normalized variable xc (t) = 7V (t)/(2VzrF2) can be
expressed as:

xc(t) = Sana P> cos® {,b’zhz (1) = cos?
[xa (t —T3) + 1] + (ﬂz} *ha (1), (4)

where fr = w P1n282G2/(2Vy rF2) represents the whole gain
of the open-loop receiver. The expressions of /> (t) and h4(t)
are similar with Eq. (2), where 7, and 6, are the whole high
cutoff response time and low cutoff response time of PD2,
AMP2 and MZM2, 74 and 64 are the high cutoff response
time and low cutoff response time of PD4.
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When the chaos synchronization is perfect, xp () is equal
to xc (t). According to Eq. (1)-Eq. (4), perfect emitter-receiver
matching conditions can be expressed as:

11 =12,01 =02,73 =14,03 =04
Pr= P2, 01 =02, T1 + T = T3, S3n3P) = Sans P2,

In order to improve the performance of chaos synchro-
nization under parameter mismatch conditions, NN filter is
proposed. NN filter, FFE and Volterra filter are widely used
in high-speed long-distance optical communication [13]-[15].
In simulation and experiment of chaos synchronization,
the inputs of filters are the time series measured from PD4 by
oscilloscope (OSC), and the desired outputs are the time series
measured from PD3 by OSC. The parameters of filters are
adjusted to find the best performance of chaos synchronization.
At first, the performance will become better as the input taps of
filters increase, then it will become stable. The maximum order
number of Volterra kernel is 3, and the NN filter consists of one
input layer with 71 neurons, one hidden layer with 71 neurons
and one output layer with 1 neuron. And the number of
neurons will be slightly tuned to get the best performance.
The activation function is max(0, x).

In order to evaluate the performance of synchronization,
the normalized cross correlation function C is used to measure
the chaos synchronization performance between emitter and
receiver, which is defined as:

([x(@) = xON [y@) = (y)])
) — P Iy — @) P)

where x(t) is the time trace of emitter, and y(t) is the time
trace of receiver, (-) denotes average.

In simulation, the parameters in emitter remain unchanged
where 71 = 20ps, 61 = 3.18ns, 13 = 20ps, 63 = 1.6us,
p1 =4, o1 = /4, T1 + T» = 30ns, while every parameter
in receiver is changed respectively. The simulation time is
16us, the sampling rate of oscilloscope is 100 GS/s, and
1 000 000 points are used to calculate cross correlation
function.

In experiment, the output power of LD1 is 14 dBm, the half
voltage of MZM1 and MZM?2 is 3.8V, the bandwidth of
MZMI1 and MZM?2 is 10 GHz, the sensitivity of PD1 and
PD2 is 125 mV/mW, the bandwidth of PD1 and PD2 is
10 GHz, the gain of AMP1 and AMP?2 is 45 dB, the band-
width of AMP1 and AMP2 is 10 GHz, the sampling rate of
oscilloscope is 80 GSa/s and the bandwidth of each channel is
30 GHz. In the experiment, the parameter in emitter is fixed,
where the injection power of PD1 is fixed at 0.36 mW, the DC
offset of MZM1 is fixes at 0.184V, which is corresponding to
@1 = /4. VOA2 is tuned to change the injection power of
PD2 from 0.28 mW to 0.44 mW, corresponding to the different
open loop gain in receiver, which simulates the mismatch
between f1 and f»>. The DC offset of MZM2 in receiver is
tuned from 1.298V to 5.298V, which is corresponding to the
mismatch between ¢ and ¢2. When the DC offset of MZM?2 is
3.298V, ¢, is w /4, corresponding to the best synchronization
performance. In addition, the mismatch of time delay is tuned
by the channel delay of oscilloscope.

)

C =

(6)
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Furtherly, the performance improvement of chaotic optical
communications in back to back situation by NN filter has
also been studied by simulation. As shown in Fig. 1, the output
light of the direct-modulated laser (DML) modulated by 5Gb/s
non-return-to-zero on-off-keying (NRZ-OOK) signal is mixed
with the output light of MZM1, the mixture ratio is defined as
the ratio of the message amplitude to the chaos amplitude. The
mixture ratio in our simulation is set at 0.95 to make sure that
the chaos can completely mask the message. The PD5 which
has the same parameters with PD3 is used to detect the signal
extracted from the output of MZM1 by OC3 before mixture.
In the training stage, the output of PD4 is filtered by NN filter
for minimizing the error between the output of PD5 and PD4.
Once the training process is completed, the branch including
PD5 will be dis-connected, and the trained filters can be used
to filter the output of PD4. The message can be recovered
by the subtraction between the output of PD3 and the filtered
output of PD4. However, the eavesdroppers cannot get the
output of PD5 for training if they cannot physically access
the transmitter, even if the eavesdroppers try to train the
parameters of NN when there is no message, the parameters
of NN cannot be applied to crack the system when there
is message. Because the message takes part in the chaos
generation, which has great influence on the nonlinearity of
chaos, therefore guarantees the system security. In practical
applications, the parameters of NN filter will be trained in
back-to-back situation at first, then the parameters will be
saved in the receiver. It was noted that the output of PD5 is
different from the output of PD3, because the message takes
part in the chaos generation, the output of PD3 contains the
chaos and message, but the output of PD5 only contains the
chaos.

III. RESULTS AND DISCUSSION

First of all, the improvement of chaos synchronization in
single-parameter and multiple-parameter mismatch conditions
by NN, FFE and Volterra filter are studied through simulation.
The results are shown in Fig. 2.

The mismatch between 71 and 73 is the high cutoff response
time mismatch between the combined frequency response of
PD1, AMPI, MZM1 in emitter and that of PD2, AMP2,
MZM?2 in receiver. Defining Aty = 7 — 71, as shown
in Fig. 2(a), all three DSP algorithms can compensate the
degradation of cross correlation function caused by the mis-
match of 71 and 7. However, compared with the FFE, Volterra
and NN filters have better performance, because the frequency
mismatch in loop will be converted to nonlinear mismatch
by MZM, and nonlinear filters can compensate the nonlinear
mismatch induced degradation. Then, the mismatch between
low cutoff response time #; and 6, has also been studied.
Defining A8; = 6, — 61, as shown in Fig. 2(b), the cross
correlation is not affected by the mismatch of #; and 6,
because 6; corresponds to 50 MHz, and the mismatch is
also the order of MHz, which barely has influence on chaos
synchronization with the bandwidth of 8 GHz. The mismatch
of 73 and 74 and the mismatch of 63 and 6y is linear frequency
response mismatch of PD3 and PD4, which can be completely
compensated by all three algorithms, which is not shown
in Fig2.
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Fig. 2. The simulation results of cross correlation function C for single-

parameter and multiple-parameter mismatch cases. VF, Volterra filter, (a) cross
correlation function C for the mismatch between 7; and 7o with and without
DSP, (b) cross correlation function C for the mismatch between 0; and 6, with
and without DSP, (c) cross correlation function C for the mismatch between
p1 and B with and without DSP, (d) cross correlation function C for the
mismatch between ¢; and ¢ with and without DSP, (e) cross correlation
function C for the mismatch between 77 + 7> and 73 with and without DSP,
(f) cross correlation function C for multiple-parameter mismatch with and
without DSP.

The mismatch of f; and f, is then analyzed, which
will affect the nonlinearity of MZM1 and MZM?2, therefore,
compared with linear filter, Volterra and NN nonlinear filters
have better performance, as shown in Fig. 2(c), where Af =
f> — f1. Similarly, Volterra filter and NN filter have better
performance in the improvement for chaos synchronization
degradation caused by the mismatch of ¢; and @7, as shown
in Fig. 2(d), where Ap = ¢ — @1, since ¢ corresponds
to the modulator bias and will affect the nonlinearity of
the modulator. The delay time mismatch is also analyzed,
defining AT = T + T» — T3. As shown in Fig. 2 (e), the
degradation caused by delay time mismatch can be completely
compensated by three algorithms since the algorithms simply
act as a variable time delay when all the other parameters
are matched. Finally, the multiple parameter mismatch is also
studied, where the time delay mismatch is fixed at 100ps

(AT = 100ps), defining mismatch percent as Az—l” = Ae—?‘ =
Ay _ A0 _ AB _ Ag i i
= = B = g and the mismatch percent is changed

from -0.8 to 0.8. As shown in Fig. 2(f), all three DSP algo-
rithms can improve the performance of chaos synchronization,
and the NN filter has the best performance, which shows the
powerful equalizing capability of the NN.

A comparison time series before and after the NN filter
in multiple-parameter mismatch are shown in Fig. 3, where
the time delay mismatch is 100ps, and the mismatch percent
is 20%. The time series of PD3 and PD4 without filter are
shown in Fig. 3(a), corresponding to C= —0.239, and the time
series of PD3 and PD4 with NN filter are shown in Fig. 3(b),
corresponding to C= 0.959.

The performance improvement in chaos synchronization by
NN filter has also been verified by experiment. As shown
in Fig. 4, the experimental results are quite consistent with
the simulation results. In the experiment, there may exist
mismatch in every single device, but the DSP algorithms can
compensate the degradation of chaos synchronization caused
by multiple parameter mismatch. Again, NN filter shows
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Fig. 3. Time series before and after the NN filter in multiple-parameter

mismatch. (a) Time series of PD3 and PD4 before NN filter. (b) Time series
of PD3 and PD4 after NN filter.
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Fig. 4. The experimental results of cross correlation function C in single

parameter mismatch situation. VF, Volterra filter, (a) cross correlation function
C for the mismatch between the injection power of PD1 and PD2, (b) cross
correlation function C for the mismatch between the DC offset of MZM1 and
MZM?2, (c) cross correlation function C for the mismatch of delay time.
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Fig. 5. The simulation results of BER for multiple-parameter mismatch
situation; the dashed blue line represents the SD-FEC threshold.

powerful equalizing capability in error compensation of chaos
synchronization.

Furtherly, the relationship between the bit-rate error (BER)
and the parameter mismatch percent is shown in Fig. 5. The
BER increases as the mismatch percent increases, and the
Volterra filter has the similar performance with the FFE, but
the NN filter has better performance. When BER is below than
the soft decision forward error decision (SD-FEC) threshold
2e-2, the message can be effectively extracted. In this scheme,
message takes part in the chaos generation, which may have
influence on the performance of filter, so the performance of
filter for BER in Fig. 5 is different from the performance
of filter for correlation coefficient in Fig. 2(f), and when the
mismatch percent is larger than 0.3, all three DSP algorithms
cannot decrypt the message.
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IV. CONCLUSION

In conclusion, thanks to NN filter, the performance of chaos
synchronization can be improved. Compared with FFE and
Volterra filter, NN filter has the best performance, and NN
filter can be used to compensate the mismatch of all linear and
nonlinear parameters, which has been verified both in simula-
tion and experiment. Furtherly, the performance improvement
of chaotic optical communication by NN filter has also been
verified in simulation. We hope this technique can solve the
problem of wideband chaos synchronization, which can pave
the way for high-speed chaotic optical communications. Not
only in chaotic optical communications, but also in other
applications based on chaos synchronization, this technique
provides a method to improve the performance of chaos
synchronization.
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