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The optical chaotic communication system using open-loop fiber transmission is studied under strong injection
conditions. The optical chaotic communication system with open-loop configuration is studied using fiber transmission
under strong injection conditions. The performances of fiber links composed of two types of fiber segments in different
dispersion compensation maps are compared by testing the quality of the recovered message with different bit rates
and encrypted by chaotic modulation (CM) or chaotic shift keying (CSK). The result indicates that the performance
of the pre-compensation map is always worst. Two types of symmetrical maps are identical whatever the encryption
method and bit-rate of message are. For the transmitting and the recovering of message of lower bit rate (1 Gb/s),
the post-compensation map is the best scheme. However, for the message of higher bit rate (2.5 Gb/s), the parameters
in communication system need to be modified properly in order to adapt to the high-speed application. Meanwhile,
two types of symmetrical maps are the best scheme. In addition, the CM method is superior to the CSK method for
high-speed applications. It is in accordance with the result in a back-to-back configuration system.
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1. Introduction

Owing to the high dimensionality, wide band-
width and low attenuation, the optical chaos commu-
nication system has potential applications in remote
and high-speed areas. The chaos phenomenon and
chaotic synchronization have been found in several
systems, such as semiconductor lasers,* =7 solid state
lasers,®9] gas lasers,['%'1] and so on. The chaotic se-
cure communication using semiconductor lasers (SLs)
has been studied intensively in recent years. Optical
feedback, optoelectronic feedback, and optical injec-
tion are common methods to make SLs operate in the
chaotic regime. Two categories of optical chaos com-
munication systems based on external optical feedback
have been developed, i.e. closed-loop and open-loop
schemes. Although the closed-loop scheme is stud-
ied more than the open-loop scheme, it is not suit-
able for practical application because of the strict
requirement for parameter matching.['>=1% For the
open-loop case, there are two types of applications,

weak injection and strong injection. Under the condi-
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tion of weak injection, the injection strength in the
receiver must be equal to the feedback strength in
the transmitter to achieve identical synchronization.
However, isochronous synchronization can be achieved
for a wide parameter detuning between transmitter
and receiver. For the case of an open-loop scheme,
most of investigations focus on the synchronization of
the system in back-to-back configuration where the
transmission link is neglected. A few researchers have
considered the fiber link in their research.[>16:17 The
system discussed in Ref. [2] is in closed-loop configu-
ration. And only two kinds of dispersion compensa-
tion maps are compared by numerical investigation.
Meanwhile, different results are achieved on encryp-
tion methods in fiber transmission system research
compared with that of the back-to-back configuration
system. The transmitter and the receiver in Refs. [16]
and [17] were subjected to external injection. More-
over, the influence of the fiber link on performance
was not considered. Thus, further research on a re-
mote optical feedback chaotic communication system
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using fiber transmission is necessary.

In this paper, we focus on the optical chaotic com-
munication system in an open-loop configuration. The
fiber link is composed of two types of fibers with four
kinds of dispersion compensation maps, including two
maps in Ref. [2] and other two new maps. The perfor-
mances of the four maps are compared by testing the
quality of the recovered message at different bit rates
and encrypted by chaotic modulation (CM) or chaotic
shift keying (CSK).

2. Theory and model

The block-diagram of the optical communication
system used in our numerical simulation is shown in
Fig.1. It consists of two identical Fabry—Perot semi-
conductor laser diodes respectively in the transmit-
ter laser (TL) and the receiver laser (RL). Here, the
communication system is configured in an open-loop
scheme.
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Fig. 1. Optical chaos communication system.

The dynamic behaviours of the two lasers can be
described by the well-known Lang-Kobayashi equa-

tions, rewritten as follows:[1—5:18-23]
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where the subscripts t and r refer to the TL and RL;
E »(t) is the complex slowly varying amplitude of the
electric field; Ny, (t) is the carrier number within the
cavity; Gy, (t) is the optical gain; wg(t) is the oscilla-
tion frequency of the TL and RL; ~ is the feedback
coefficient of TL which is subjected to external opti-
cal feedback; kinj is the injection parameter; Eiy;(t) is

the optical field injected in RL. The second item in
Eq. (1) corresponds to the TL, and the feedback term
is valid only for the TL in the open-loop case. For
back-to-back configuration, Einj(t) = E(t). However,
for the fiber propagation link, Ej,j(t) is the optical
output after fiber. The injection term is valid only for
the RL. The other parameters may be found in Table
1.

Rewrite By (t) as Ey ,(t) = Ag . (t) exp(—ige . (2)),
and Ag,(t) = /Iy (t). Here, Aq.(t) and ¢y, (t)) are
the amplitude and phase of optical field respectively,
I; +(t) is the intensity. According to these definitions,
with considering the spontaneous emission process,
equations (1)—(3) will be converted into
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where the noise terms are as follows:

P 1) = [l BNaO),
Pt = e )

where z7 and z,4 are rand numbers with zero mean
value and one variance. 0¢(t) = ¢4 (t)— ¢ (t—T)+wo T,
0,(t) = ¢u(t) — dinj(t), t: =t — AL

In Fig. 1, S(¢) is the encrypted message, and
it comes from a pseudorandom bit sequence. How-
ever, S(t) = 1 (or —1) for “1” bit (or “0” bit).
In our analysis, two encryption methods are consid-
ered: CM [Fig. 1(a)] and CSK [Fig. 1(b)]. For the
CM method, the encrypted message S(t) modulates
the chaotic carrier of the TL using an external mod-
ulator. The modulated wave can be described by
|E mod (£)] = (1 + mS(t)) |Er(t)| and propagated by
fiber. The output of fiber is injected to the RL. Here,
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m is the modulation depth. For the CSK method, S(¥)
modulates the driving current of the TL according to
the expression I,, = I, (1 +msS(t)), while the driving
current of the RL is fixed to be I, = Ij.

For the application in the strong injection condi-
tion, we add the part 1/a, where a is the gain of the
system. By subtracting the adjusted output of RL
from the output of TL (the output of fiber when fiber
is used to propagate light signal), the encrypted in-
formation will be decoded and recovered. It has been
proved that the adjusted decoding method can im-
prove the quality of recovered information.

The performance of the system is numerically
evaluated by the @Q factor defined as follows:

(X1) — (Xo)
g1 + ago

Q= ) (10)
where (X7) and (X,) are the average optical powers of
the bits in recovered information S’(t) corresponding
to “1” bits and “0” bits in S(¢); o1 and o( are their
standard deviations.

The light propagation along the fiber connecting
the TL and the RL can be described by well-known
generalized nonlinear Schrodinger equation

9E
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where F is the total field envelope, « is the fiber atten-
uation coefficient, 7 is the nonlinear coefficient of the
fiber responsible for self-phase modulation (SPM), 35
and [3 are the second-order and the third-order chro-
matic dispersion respectively. In order to compensate
for the fiber loss, some EDFAs are added into the prop-
agation links. It is assumed that the gains of the am-
plifiers are constant. G = exp(aL.), L. is the length
of fiber with attenuation a between two EDFAs. In
order to suppress the amplified spontaneous emission
(ASE) noise that EDFA brings, we select the optical
band-pass filters which are Gaussion-like band-pass fil-
ters each with a 1.1-nm bandwidth. So the power of
ASE is Pagg = 2ns,(G —1) - hv - Af, where ny), is the

spontaneous emission factor.

3. Result and discussion

The parameters used in our numerical evaluation
are listed in Table 1. By using the Simulink tools
provided by MATLAB, the model of communication
system in Egs. (4)—(7) can be established. The differ-
ential equations are solved according to the principle
of four-order Runge—Kutta.

Table 1. Simulation parameters.

Symbol Description Units
wo Laser oscillation frequency 1.216x1015 s~ 1
g Gain coefficient 1.5x108 ps—1
Gain saturation coefficient 5x10~7
«a Linewidth enhancement factor 5
Bsp Spontaneous emission factor 1.5%1079 ps—1
e Electron charge 1.602x10~19 C
No Carrier number at transparency 1.5x108
Tng, Carrier lifetime 2 ns
Tpy,  Photon lifetime 2 ps
T External cavity roundtrip time 0.2 ns
o1 Feedback coefficient 0.01, 0.02 ps—1!
Kinj Injection parameter 0.2, 0.15 ps—1
Nsp Spontaneous emission factor 1.5

The power of an optical wave generated by TL
and injected into the fiber is calculated by P (t) =
(hwocauy,)/(Ampg) - | By (t)]?, where h is the Planck con-
stant, c¢ is the velocity of light, ., is the loss at the
head face of fiber, and p, is the group index. Here,
am = 46 cm™! and pg = 4. Two types of fiber seg-
ments, SMF and DCF, are employed in our simulation
(see Table 2).

Table 2. Fiber parameters.

Parameters
Type 2 3 1
B2/(ps*/km) Bs/(ps’/km) ~/(W~"/km) o/(dB/km)
SMF -21 0.1 1.06 0.21
DCF 190.1 0.1 5.07 0.549
DCF SMF DCF SMF

SMF DCF SMF DCF
B
SMF DCF DCF SMF
EDFA EDFA
B

Fig. 2. Schematic diagram of dispersion compensation
in the fiber link, showing (a) the pre-compensation map,
(b) the symmetrical map (type I), (¢) post-compensation
map, and (d) symmetrical map (type II).
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Four types of dispensation compensation maps for
fiber link are considered. Figure 2 shows a period of
each map. The unique difference among all maps is
that the segments of compensation fiber (DCF) are
located at different places. The period length is the
same for each map, and two EDFAs are used in the
middle and at the end of a period to compensate for
the total losses occurring in the previous fiber spans.
By choosing the segments of SMF and DCF each with
an appropriate length, the total dispersion along the
whole transmission period is set to be zero.

For the following simulation, a message of 1-Gb/s
bit rate is hidden in the transmitter laser by the
encryption method of CM or CSK. The modulation
depth is set to be 5% to hide the information well into
the chaotic carrier generated by the TL. The driving
currents of transmitter and receiver are both set to
be 23 mA, the feedback parameter of the transmitter
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! and the injection parameter of the

is v = 0.01 ps™
receiver is kinj = 0.2 ps~! to achieve the strong injec-
tion condition. The relationship between mean optical
power injected into the fiber links and the correspond-
ing @ factor for one transmission period, 100 km, is
presented in Fig. 3.

It is obvious that the @) factor first increases and
then decreases with the increase of injected optical
power. This is the joint influence of nonlinear effect
and ASE noise induced by EDFAs in fiber link. At a
small injected optical power, the strength of signal is
smaller than that of ASE noise which is constant for
the same gain of EDFAs. At a large injected optical
power, the SPM induced by nonlinear effect in fiber
increases. The two cases degrade the quality of de-
coded message, which is indicated by small @ factor.
The max @ factor will be attained at an appropriate
optical power.

15
(b)
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Fig. 3. Curves for Q factor for 1-Gb/s and 5% modulation depth versus mean optical power injected into fiber,

obtained by (a) CM method and (b) CSK method.

According to an optimal power extracted from
Fig. 3, the performance of the communication sys-
tem with respect to transmission distance is investi-
gated. The result is presented in Fig. 4. Here, 100-km
and 200-km-length periods are considered. Remote
communication can be realized by utilizing multiple
periods. It indicates that the scheme of dispersion
compensation has little effect on the quality of recov-
ered information when the distance is smaller than
100 km, and the @ factor is kept at a high level (about
12). However, with the increase of transmission dis-
tance, the @Q factor decreases at a different speed

when each map is employed. For the CM method

[Fig. 4(a)] and CSK method [Fig. 4(b)], in the case
of 100-km-period, the @ factor decreases rapidly with
the increase of transmission distance when the pre-
compensation map is employed, however it decreases
slowly when the post-compensation map is employed.
The @ factor reaches 10 at 600 km for the latter map.
The performances of the other symmetrical maps are
almost the same, and they are between the perfor-
mance of pre-compensation map and that of post-
compensation. The result is accordant with that in
Ref. [2], where the symmetrical map is proved to be
better than pre-compensation map. However, in our

experiment, the post-compensation map is indicated
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to be better than symmetrical map, and is the best
map for remote communication. In pre-compensation
map, the DCF with strong nonlinear effect follows di-
rectly the EDFA, and the strong optical power in DCF
leads to seriously self-phase modulation (SPM). The
cumulated nonlinear effect deteriorates the quality of

recovered information as distance increases. In the
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post-compensation, the DCF is far from the former
EDFA, the optical power is attenuated after the for-
mer SMF segment, thus, the quality of recovered in-
formation is deteriorated slowly. In the two kinds of
symmetrical maps, the mean distances between DCF

segment and its former EDFA are similar.
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Fig. 4. Curves for Q factor for 1 Gb/s and 5% modulation depth versus transmission distance under the condition of
100-km period length (solid symbols) and 200-km period length (blank with cross symbols), obtained by the (a) CM

method and (b) CSK method, respectively.

The cases of 200-km-length period in Fig. 4(a)
and Fig. 4(b) show that the performance of pre-
compensation map increases, but the performances of
the other maps decrease. This is because that the
nonlinear effect is dominant in the pre-compensation
map. The mean distance between DCF and its former
EDFA increases as the length of a period increases,
thereby leading the decoding quality to ameliorate.
However, nonlinear effect is small and the ASE noise
is dominant in the other maps. When the period is
lengthened, the increased ASE noise will worsen the
decoding quality. At the same time, it is noticed that
the post-compensation remains best. The result is
shown in Fig. 5. A comparison of Fig. 5 with Fig. 4
indicates that the decoding quality is deteriorated se-
riously. It is because the spectrum of information is
near to that of chaotic carrier. A lot of high-frequency
spectra in chaotic carrier remain after filtering. Com-
paring the performances of the four maps in Fig. 5, we
can find that the post-compensation map just keeps
slight superiority for the 2.5-Gb/s message. In ad-
dition, the bigger @ factor in Fig. 5(a) than that in
Fig. 5(b) indicates that the CM method benefits the
application of high-speed communication.

In order to improve the recovering quality of the
encrypted message, it is necessary to change the pa-

rameters of the system. The driving currents both in
transmitter and receiver laser are set to be 40 mA,
the feedback coefficient in transmitter laser is set to
be 0.02 ps—', and the injection coefficient in receiver

laser is set to be 0.15 ps~!.

By using these modi-
fying parameters, the security of the system is still
maintained at a high level. The result is presented in
Fig. 6.

In Fig. 6, the performances of the two symmet-
rical compensation maps are the same, and they are
better than those of the pre-compensation and pre-
compensation maps. A comparison between the Q
factor curves of post-compensation map in Fig. 5(a)
and those of the symmetrical compensation map in
Fig. 6(a) shows that the decoding quality is improved
apparently, thus appropriately setting the values of
parameters of system is necessary for the high-speed
communication. Besides, the symmetrical compen-
sation map is the best scheme for the recovery of a
message encrypted by the CM method. In addition,
it is noticed that the @ factor for the CSK method
also increases after the appropriate parameters are
used. However, the performance of the symmetrical
compensation map is always close to that of the post-

compensation map.
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Fig. 5. Curves for Q factor for 2.5-Gb/s and 5% modulation depth versus transmission distance under the
condition of 100-km period, I = 23 mA, v = 0.01 ps~!, and kinj = 0.20 ps—!, obtained by the (a) CM method

and (b) CSK method, respectively.
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Fig. 6. Curves for Q factor for 2.5-Gb/s and 5% modulation depth versus transmission distance under the
condition of 100-km period, I = 40 mA, v = 0.02 ps—1, and kinj = 0.15 ps~1, obtained by the (a) CM method

and (b) CSK method.

4. Conclusion

The numerical investigation of an optical chaotic
communication system with open-loop configuration
using fiber transmission is performed. The perfor-
mance comparison among four compensation maps is
demonstrated by means of @ factor calculation. Two
kinds of bit rates of messages and two encryption
methods are utilized. The experimental result indi-
cates that the performance of a pre-compensation map
is always worst, and two types of symmetrical maps
are identical, no matter which encryption method is

used and what the bit rate of the message is. For a
lower bit rate message, the post-compensation map is
the best scheme. It is still better than the other three
maps even if the transmission period increases. For a
higher bit rate message, it is necessary to modify the
parameters in the communication system to change
the spectrum of the chaotic carrier of the transmitter.
For high-speed application, the CM method is supe-
rior to the CSK method for the recovery of the mes-
sage, and this result is accordant with that in the case
of back-to-back configuration. Two types of symmet-
rical maps are the best scheme. However, for the CSK
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method, there is no apparent difference between the

performances of the symmetrical compensation map
and the post-compensation map.
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