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This paper numerically investigates the effects of dispersion on optical fibre chaotic communication, and proposes

a dispersion compensation scheme to improve the performance of optical fibre chaotic communication system. The

obtained results show that the transmitter-receiver synchronization progressively degrades and the signal-to-noise ratio

of the recovered message deteriorates as the fibre length increases due to the dispersion accumulation. Two segments of

2.5-km dispersion-compensating fibres are symmetrically placed at both ends of a segment of 245-km nonzero dispersion-

shifted fibre with low dispersion in one compensation period. The numerical results show that the signal-to-noise ratio

of the extracted 1 GHz sinusoidal message is improved from —2.92dB to 15.38 dB by this dispersion compensation for

the transmission distance of 500 km.
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1. Introduction

Data security is one of the most important is-
sues in communication networks. Owing to higher
dimension and broader bandwidth of optical chaos
generated from laser, optical chaotic communication
has shown the better security and attracted increas-
ingly extensive attention. Many systems for optical
chaotic communication based on either fibre lasers!*2
or semiconductor lasers(®~6 have been proposed and
successfully demonstrated in free space. Theoretical
investigations!”8! indicated that optical chaotic com-
munication had potential application in optical fibre
transmission, and could achieve optical fibre chaotic
secure communication by combining with the exist-
ing optical fibre links. Similar to that of conventional
optical communication network, the loss and disper-
sion are two of the most important factors to limit
the transmission distances and rates of optical fibre
chaotic communication. The loss of optical power can
be easily solved by optical amplifiers, but dispersion
is a more challenging problem, especially for high bit
rate communication system. For example, a field op-
tical chaotic communication system was successfully

realized in 120-km commercial fibre-optic channel for

1-Gb/s transmission rate. However, its bit-error rates
were only 10~7 mainly due to the dispersion.!”) There-
fore, compensating the dispersion can effectively im-
prove the system’s performance of fibre chaotic com-

munication.

A little research has already been devoted to the
dispersion effects in optical fibre chaotic communica-
tion system. Reference [10] numerically investigated
the effects of dispersion on the recovered message of
fibre chaotic communication system in which fibre
nonlinearity and amplifier noise were together taken
into account. Reference [11] further theoretically in-
vestigated the effects of dispersion on chaotic car-
rier, synchronization quality and the recovered mes-
sage of fibre chaotic communication system in which
fibre nonlinearity and amplifier noise were together
included. However, both Refs.[10] and [11] did not
carry out the dispersion compensation. Reference [12]
suggested that the symmetrical dispersion compensa-
tion map was more efficient than the pre- and post-
dispersion compensation maps and the maps utilizing
nonzero dispersion-shifted fibre (NZ-DSF) were supe-
rior to that employing other types of fibre for optimiz-
ing the transmission properties of fibre chaotic com-

munication system by a numerical simulation. In this
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paper, by combining the advances of the symmetrical
map and the maps utilizing NZ-DSF, we especially
propose a dispersion compensation scheme to over-
come the downgrading of the system performance and
improve the quality of the recovered message. Mean-
while, we numerically study the effects of dispersion
on chaotic carrier, synchronization performance and
the retrieved message of fibre chaotic communication
system.

2. Theoretical model

2.1. Transmitter and receiver lasers

The closed-loop scheme in our study is shown in
Fig.1. Both transmitter (LDt) and receiver (LDg)
have the same configuration, which are composed
of a semiconductor laser with an external reflector.
The message is superposed on the chaotic carrier by
injection-current modulation. The output from the
transmitter is injected into the fibre for long-distance
transmission where the optical isolator (ISO) is used
to ensure unidirectional transmission. At the end of
the fibre an erbium-doped fibre amplifier (EDFA) is
placed to restore the fibre loss. The restored chaotic
carrier encoded by the message is divided into two
beams by beam splitter (BS). One beam is injected
into the receiver laser. The other beam, as well as the
output from the receiver laser, is separately detected
by two identical photodiodes (PDs). The message can
be recovered from the subtracting of the two detected

signals.
signal
)
ISO
1125 Q0
fibre
signal
transmitter -~
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Fig.1. Schematic diagram for fibre chaotic communica-
tion system.

We use the Lang—Kobayashi rate equations which
consider the semiconductor laser with optical feedback
and optical injection to describe the dynamics of the
transmitter and the receiver. The rate equations are

described as follows: 2]
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Where E and N are the slowly varying complex elec-
trical field amplitude and the carrier density in the
laser cavity respectively, subscripts T and R represent
the transmitter and receiver respectively. wr is the
round-trip phase shift induced by the external feed-
back, where w is the angular frequency of the free-
running laser. The field Fey is the input signal at the
receiver and [ is the pump current density of the semi-
conductor laser. We define the feedback coefficient of
semiconductor laser with optical feedback kr g and
the injection coefficient from the transmitter to the
receiver kiyj as follows:
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where Ty, is the round-trip time in the laser cavity,
ro and rp g represent amplitude reflectivity of the
laser exit facet and the external reflector respectively,
Tinj represents the percentage of the transmitter’s out-
put electrical field amplitude injected into the receiver
laser cavity. All the involved laser parameters and
their values used in our numerical model are from
Ref.[13].

2.2. Fibre channel

The light propagation along the fibre connecting

the transmitter and the receiver is described in terms

of the well-known nonlinear Schrédinger equation. !
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where E(z,T) is the complex slowly varying ampli-

—|E’E, (6)

tude field, z is the propagation distance, and T is
the time measured in a reference frame moving at the
group velocity. « is the fibre attenuation coefficient,
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B2 is the second-order dispersion parameter, and -y
is the nonlinear coeflicient. In this paper, we only
investigate the effects of fibre dispersion on the sys-
tem of fibre chaotic communication, and do not take
into account such subordinate factors as fibre non-
linearity and amplifier noise when the optical power
injected into the fibre is appropriate. So we set y=0
here. In our numerical simulation, we consider NZ-
DSF (1550nm) with typical values of a=0.2dB/km
and Bo=1 ps?/km as transmission channel. Two ideal
EDFAs whose amplified spontaneous emission noise is
neglected are utilized in each 250-km-long span of fi-
bre channel and placed at the beginning and at the
end of the link. Their gain value is set to G=exp(a.L)
in order to compensate for the fibre loss in an ampli-
fication period.

3. Dispersion influences

3.1. The effects of dispersion on chaotic
carrier

The correlation dimension of the chaos generated
by the transmitter is 6.37 according to Grassberger—
Procaccia (G-P) algorithm,™ and the largest Lya-
punov exponent is 3.6ns~!. Therefore, the out-
put waveform of the transmitter is high-dimensional
chaos. We use the chaotic output of transmitter as the
carrier whose bandwidth is about 4.18 GHz. The mean
optical power of the chaotic carrier is about 5.6 mW.
Chaotic carrier is injected into fibre channel, and af-
ter the long propagation distance, its output is shown
in Fig.2. Figure 2 shows that the irregular pulses of
chaotic carrier generated by transmitter laser and the
outputs of chaotic carrier through optical fibre of

241 B2=1ps?/km
20
16

12

Power/mW

Fig.2. Chaotic evolution of the transmitter and the fibre,
100, and 300 km.

length 100, and 300 km.
chaotic carrier is widened due to the accumulated dis-

From Fig.2, we see that

persion as the length of fibre increases. Meanwhile,
at the end of 100, and 300-km-long fibres an EDFA is
placed to compensate for the fibre loss.

3.2. The effects of dispersion on synchro-
nization

The synchronization error o is a criterion of the
synchronization quality of fibre chaotic communica-
tion system, with a small value of ¢ indicating a high
synchronization quality. The synchronization error is
defined as o = (|Pr — Pr|)/{Pr), where {-) denotes
averaging over time. Figure 3 shows the synchroniza-
tion correlation plots of two chaotic waves of trans-
mitter and receiver for different lengths of fibre. The
ideal synchronization scenario would correspond to a
straight line. For short propagation distances, the dis-
tortion induced by the fibre is very small and the syn-
chronization diagram fits very well to a straight line.
In fact, even in the absence of a fibre, the synchroniza-
tion will never be perfect because both lasers are not
operating in exactly the same regime and the receiver
laser has an injected signal. It is clear that the syn-
chronization progressively degrades as the fibre length
increases. The main reason is that as the fibre length
increases, the accumulation of fibre dispersion leads to
the widening of chaotic carrier shown in Fig.2. From
Fig.4, we also find that when the length of fibre is
less than 100 km, the accumulated dispersion is very
small and the synchronization error o is almost kept
constant, and when the length of fibre is greater than
100 km, synchronization error o linearly increases with
the propagation length.

3.3. The dispersion versus SNR

We use the signal-to-noise ratio (SNR) to evalu-
ate the quality of the extracted message of the sys-
tem. The SNR is defined as SNR=10log;o(Ps/Pn),
where Ps and Py represent the power of the signal
and noise, respectively. The message is encoded in
the chaotic carrier through direct current modulation
of the transmitter. We define the modulation cur-
rent as I = I, + Iysin(27ft). Where I;,=18 mA is the
bias current; I,,=3.6 mA is the current amplitude of
the modulated message; and f=1GHz is the modula-
tion frequency. When the receiver synchronizes with
the transmitter, the message can be recovered by sub-
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tracting the receiver output from the transmitted sig- ity of the recovered message obviously degrades with
nal. The decoded messages are shown in Fig.5. Figure  the propagation distance. When the length of fibre
5(a) is the encoded 1GHz sinusoidal message. Figure  reaches 500km, the decoded message is almost sub-
5(b)-5(d) are the recovered messages for the lengths  merged in the noise.

of fibre, 100, 300, and 500 km, respectively. The qual-
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Fig.3. Synchronization plots of receiver output power versus transmitter output power for the
fibre 0, 100, 300, and 500 km.
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Fig.5. Encoded and decoded messages. (a) encoded
Fig.4. Synchronization error o as a function of the prop- 1GHz sinusoidal message, (b)—(d) decoded messages for
agation distance. fibre lengths of 100, 300, and 500 km, respectively.
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Figure 6 shows that the SNR of the recovered
message decreases with the increase of the length of fi-
bre. For fibre chaotic communication system encoding
1 GHz sinusoidal message, the SNR, of the recovered
message is 14.63 dB when the length of fibre is 50 km.
However, the SNR of the recovered message degrades
to —2.92dB when the length of fibre is 500 km. In ad-
dition, we also find that the SNR does depend on the
message frequency and it is degraded as the frequency

increases.
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Fig.6. SNR versus the propagation distance for the mes-
sage frequency of 0.5, 1, and 1.5 GHz, respectively.

4. Dispersion compensation

As mentioned above, we can find that the disper-
sion plays an important role in fibre chaotic communi-

cation system. The symmetrical dispersion compen-
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sation map was more efficient than the pre- and post-
dispersion compensation maps and the maps utilizing
NZ-DSF were superior to that employing other types
of fibre."?! By combining the advances of the symmet-
rical map and the maps utilizing NZ-DSF, we propose
a new dispersion compensation scheme to compensate
the dispersion in fibre chaotic communication system.
The proposed dispersion compensation map is shown
in Fig.7, which consists of a segment of 245-km-long
NZ-DSF with B2=1ps?/km, two segments of 2.5-km-
long DCF's with 32=-49 ps? /km symmetrically placed
before and after the NZ-DSF, and two EDFAs in one
compensation map. Thus the value of the average dis-
persion of fibre between two optical amplifiers closes
to zero in a dispersion compensation period.

After dispersion compensation is carried out, the
performance of fibre chaotic communication system is
significantly improved. Figure 8 shows the comparison
between the synchronization plots and the recovered
messages with and without dispersion compensation
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Fig.8. Comparison between the synchronization plots and the recovered messages with and without dispersion

compensation. (a), (c¢) the synchronization plot and the recovered message without dispersion compensation

for the length of fibre, 500 km; (b), (d) the synchronization plot and the recovered message with dispersion

compensation for the length of fibre, 500 km.
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when the length of fibre is set to 500km From
Figs.8(a) and 8(b), an evident synchronization im-
provement of the transmitter and receiver system is
observed after dispersion compensation. Furthermore,
the synchronization error decreases from 0.32 to 0.14
via dispersion compensation for the transmission dis-
tance of 500 km. From Figs.8(c) and 8(d), it is obvious
that the quality of the recovered message with dis-
persion compensation is better than that without dis-
persion compensation. For 1GHz sinusoidal message
encoded through 500-km-long fibre, the SNR of the re-
covered message increases from —2.92dB to 15.38dB
via dispersion compensation.

After the dispersion in fibre chaotic communica-
tion system is compensated, not only the transmission
distances are significantly extended but also higher
transmission rates can be achieved. Figure 9 shows
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Fig.9. SNR of the extracted message as a function of
the message frequency for the transmission distance of
500km in fibre chaotic communication system with dis-
persion compensation.

that the SNR of the extracted message is plotted as a
function of the message frequency for the dispersion-
compensated system. Although the SNR of the ex-
tracted message decreases with the increase of the
message frequency for the transmission distance of
500km, the SNR of the extracted 3 GHz sinusoidal
message can still reach 1.82. This indicates that when
the frequency of the transmitted sinusoidal message
is as high as 3 GHz, the message extraction of the
dispersion-compensated system is possible. However,
as mentioned in the preceding section, even if 1 GHz
sinusoidal message is encoded, the message recovery
cannot be achieved without the dispersion compensa-
tion for the transmission distance of 500 km.

5. Conclusions

In this paper, a theoretical model to characterize
long-distance fibre chaotic communication system is
described. The effects of dispersion on synchroniza-
tion quality and the recovered message of the system
are qualitatively and quantitatively investigated. The
dispersion accumulation degrades the system’s syn-
chronization and deteriorates the recovered message
as the length of fibre increases. We present a sym-
metrical dispersion compensation scheme to compen-
sate the effects of dispersion on fibre chaotic commu-
nication system. The synchronization error decreases
from 0.32 to 0.14 when the length of fibre is 500 km.
The SNR of the recovered 1GHz sinusoidal message
increases from —2.92dB to 15.38 dB for the transmis-
sion distance of 500 km.
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