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Abstract In this paper, we propose a chaos synchroniza-
tion configuration based on the optoelectronic coupled
semiconductor lasers ring (OCSLR). The synchronization
characteristics between semiconductor lasers (SLs) under
unidirectional or bidirectional OCSLR are numerically in-
vestigated, and the influences of some typical internal and
external mismatched parameters on synchronization are si-
multaneously discussed. The results show that, compared
with a unidirectional OCSLR, the bidirectional OCSLR pos-
sesses better synchronization properties and robustness to
the mismatched parameters. Moreover, the extraction of the
encoded signals is preliminarily examined under the chaos
shift keying scheme.

PACS 42.55.Px - 42.65.Sf

1 Introduction

Since chaos synchronization was put forward firstly by Pec-
ora et al. in 1990 [1], it has received a great deal of interest
due to its potential applications in various research fields.
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As one aspect of applications, optical chaos, chaos synchro-
nization and communication based on semiconductor lasers
(SLs) subject to external perturbations have been paid spe-
cial attention in the last two decades [2-28]. Generally, the
chaotic carrier can be generated by SL with optical feed-
back, optoelectronic feedback or optical injection. By syn-
chronizing a receiver laser to a transmitter laser, messages
masked in the chaotic carrier can be extracted at the receiver.
Extensive research efforts have been concentrated on unidi-
rectional transmission from a transmitter laser to a receiver
laser. With the development of relevant investigations and
technologies, bidirectional (or multiple directional) trans-
mission [12-16] and chaos synchronization among three
or above SLs [17-22] have attracted much attention in re-
cent years. For example, Vicente et al. proposed simultane-
ous bidirectional message transmission through a partially
transparent optical mirror placed in the pathway connecting
two SLs [13]. Zhang et al. theoretically investigated a chaos
communication system with extremely asymmetrical bidi-
rectional injections [14] and network communication tech-
nology using mutually coupled SLs [15]. Chaos synchro-
nization and communication of a chain of semiconductor
lasers have been investigated experimentally and theoreti-
cally [17-22]. Buldd et al. [12] proposed a novel structure of
an optical injection coupled semiconductor lasers ring, and
theoretically studied unidirectional and bidirectional chaos
synchronization properties among these SLs.

Different systems have different characteristics regarding
chaos synchronization. For optical feedback and optical in-
jection systems, the frequency, phase and amplitude of the
laser field participate in the dynamics of these systems, and a
frequency detuning of even a few hundred MHz between the
transmitter and receiver lasers could lead to a large degrada-
tion of the synchronization. As for an optoelectronic cou-
pling or feedback system [4, 25, 26], though there always
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exists a bandwidth limitation from the components such as
the amplifiers and the photodetectors, it has received great
interest because it does not require fine frequency match-
ing between the transmitter and receiver lasers. Compared
with optical feedback and optical injection, optoelectronic
coupling or feedback is flexible and reliable because of its
insensitivity to optical phase variations and its convenience
to be electrically controlled [25]. In this paper, by drawing
lessons from Ref. [12] where optical injection coupling is
taken into consideration, we propose a configuration of an
optoelectronic coupled semiconductor lasers ring (OCSLR),
and unidirectional and bidirectional synchronization char-
acteristics, and the influences of some typical internal and
external mismatched parameters on synchronization are in-
vestigated.

2 Model

Figure 1 is the schematic of the bidirectional OCSLR con-
figuration, where the inner ring and outer ring respectively
represent counterclockwise and clockwise coupling, and the
solid lines and dashed lines indicate the electronic paths and
the optical paths, respectively. The output light of one laser
is converted into an electronic signal by a photodectector
(PD), after being amplified by an amplifier (A), and then in-
jects into the next laser. Figure 1 can also be used to the case
of unidirectional OCSLR after moving one of the coupled
rings.

The rate equations for each laser in the bidirectional OC-
SLR system can be described as [3, 8, 11]

das,,
7 = _chSm + Fngm + 2v/ Som Sm Fsm, (1)
dNpy, i J_m 1 Ste(t — 1) ‘o Stec(t — 1)
dt o edy, " Som " Som
- ysmNm — 8m Sm (2)

where the subscript m indicates the mth (m =1, 2, 3) laser,
and the subscripts fc and fcc correspond the lasers near the

v
o)

Fig. 1 Schematic of the bidirectional OCSLR configuration, where
the solid lines and dashed lines indicate the electronic paths and the
optical paths, respectively. SL: semiconductor laser, PD: photodetector,
A: amplifier
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mth laser in the clockwise and counterclockwise directions,
respectively. S is the laser photon density, Sy is the free-
running photon density, N is the carrier density, J is the
bias current density, g is the optical gain coefficient, I" is
the confinement factor, y, is the cavity photon decay rate,
ys 1s the spontaneous carrier decay rate, e is the electronic
charge, d is the active layer thickness, ¥ and o are the di-
mensionless coupled parameters in the clockwise and coun-
terclockwise directions, respectively, t is the coupled time.
Fy is the Langevin noise-source term and (F(¢) Fs(1')) =
Rsp/2|Ao|28(t —t'), where Ry, is the rate of spontaneous
emission into the laser mode, Ag = (hwoSo/2en?)'/? is the
steady-state field amplitude of the laser in the free-running
condition, £ is the Planck constant, wq is the center opti-
cal frequency, 7 is the refractive index of the semiconductor
medium, ¢ is the permittivity of free space.

For simplification, numerical calculations are performed
on the following normalized dimensionless rate equations:

ds - L
m e G G 1) = Vpm S S + 1)

dt JnVsm
+24/ Sy + 1Fgm 3)
dN,, - -
5 = Yomton (14 I)[1+ Seet — 1)]

+ Yomom (14 ) [1 + Spee(t — 1)
- vajmgm - vaﬁm - Vnm[\}m(l + Sm)
BV o Sun(1 4 Son) @

cm

+

where the ditpensionless variables are defined as S =
(S — So)/So, N = (N — Ng)/No and J = (J/ed — ysNp)/
ysNo with respect to the free-running values Sy and Np.
Vn = &nSo, where g, = dg/dN is the differential gain para-
meter, and y, = —1"g,So, where g, = dg/0S is the nonlin-
ear gain parameter.

3 Results and discussion

The rate equations (3) and (4) can be solved numerically
by a fourth-order Runge—Kutta method. During the sim-
ulations, the data used are: RSI,/lA()|2 =25 x 10571,
Ye = 2.4 x 101 571y = 1.458 x 10°s7!, J = 1/3,
Vi =37 x 10° s~ Yp =3.6J x 10° sl t=3ns.

3.1 Chaos synchronization of the SLs in the unidirectional
and bidirectional OCSLR

Figure 2 shows the transient output intensity of the three
SLs in the unidirectional (¢« = 0.1, o = 0) and bidirectional
(k = o = 0.06) OCSLR, respectively. The output of the
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lasers is irregular and of a noise-like sub-nanosecond pulse
waveform. As shown in Fig. 2(a), the outputs of these lasers
appear to have a time delay in the unidirectional OCSLR,
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Fig. 2 Transient output intensity of the three lasers in the unidirec-
tional OCSLR (a) and bidirectional OCSLR (b)

while a zero time-lag can be observed in the bidirectional
OCSLR.

To evaluate the quality of synchronization between these
lasers, one usually uses following cross-correlation func-
tion:

(LSm (@) = (S (N[Sa (2 + A1) = (Su(D)])

(IS (@) = (S ) )2 Su (1) — (S (0))|2)1/2
&)

Cun (AL =

where S, and S, represent the transient output intensity of
the mth and nth lasers, respectively, At is a time shift be-
tween laser outputs, the brackets (-) represent the time aver-
age. The larger the |C| is, the better synchronization charac-
teristics between the lasers will be. When C = 1, the system
completely achieves chaos synchronization.

In Fig. 3, we plot the cross-correlation function between
each two lasers of the three lasers in the unidirectional and
bidirectional OCSLR, respectively. For the case of unidirec-
tional OCSLR, the maximum value of the cross correlation
is about 0.83 and located at At = 3 ns, which indicates that
the time delay between lasers is equal to the coupling time
T = 3 ns. Additionally, it can also be observed that the role
of leader switches randomly from one laser to the other. The
above results are similar to that of a unidirectional optical in-
jection coupled semiconductor lasers ring. In the case of the
bidirectional OCSLR, the cross correlation has a maximum
value higher than 0.99 as shown in Fig. 3(b), which corre-
sponds to a very good level of synchronization. It should be
pointed out that the maximum of the cross correlation can
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Fig. 3 Cross-correlation functions in the unidirectional OCSLR (a) and bidirectional OCSLR (b)
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even reach 1 if the spontaneous emission noise is ignored.
In addition, the peak cross correlation located at At =0 in-
dicates that these SLs have realized zero time-lag synchro-
nizations. So the synchronization characteristics in the bidi-
rectional OCSLR are prior to that of in the unidirectional
OCSLR.

3.2 Influence of the mismatched parameters on the chaos
synchronization

In order to obtain good chaos synchronization, it is impor-
tant to match corresponding parameters. However, in prac-
tice, perfect parameter matching is difficult to realize. In the
following, we will discuss the influences of some typical in-
ternal and external mismatched parameters on the quality of
chaos synchronization. Here, we consider two internal mis-
matched parameters, namely y. and y;, and three external
mismatched parameters of J, 7 and « (o). For convenience,
the mismatched parameters of y., ys and J are defined by
only changing the relevant parameters of SL2 and fixing
the corresponding parameters of SL1 and SL3, while the
mismatched parameters of T and k(o) are defined by only
changing the relevant values between SL2 and SL3 and fix-
ing the corresponding values between SL1 and SL2 and be-
tween SL3 and SL1 in the clockwise and counterclockwise
coupling.

Through calculating the maximum cross-correlation
function under these mismatched parameters, one can ex-
amine the influences of these mismatched parameters on the
quality of the synchronization. The results for unidirectional
(left column) and bidirectional OCSLR (right column) are
shown in Fig. 4, where the mismatched parameters range
from —10% to 10%. From this diagram, it can be seen that in
the unidirectional OCSLR, the maximum cross-correlation
function between each two lasers almost has the same vari-
ation trend with the change of the mismatched parameters.
However, in the bidirectional OCSLR, the synchronization
variation trend is different. The mismatched y, has no influ-
ence on the synchronization between SL1 and SL3, and the
maximum cross-correlation function has the same change
for SL1 and SL2, SL2 and SL3. For mismatched y;, per-
fect chaos synchronization between each two lasers can be
obtained, and the maximum cross-correlation function is
higher than 0.995. The mismatched J has no influence on
the synchronization between SL1 and SL3. However, be-
tween SL1 and SL2 and between SL3 and SL2, the synchro-
nization performance with the positive mismatch is better
than that with a negative mismatch. Because we only change
the J value of SL2 for simplification, it can be anticipated
that the mismatched parameter J has an obvious influence
on the synchronization of such a bidirectional OCSLR sys-
tem. For the mismatched « (o), it has a good level of syn-
chronization between all pairs of the SLs with the maximum
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Fig. 4 Maximum of the cross correlation function versus the relative
mismatched parameters for unidirectional OCSLR (left column) and
bidirectional OCSLR (right column), where (a), (b), (c¢), (d) and (e)
correspond to mismatched y,, ys, J, k(') and T, respectively

cross-correlation function higher than 0.999. But for the
mismatched 7, its effect on the synchronization performance
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is extensive, and there exist large fluctuations. Calculations
show that the dynamics of the SLs may be rendered into the
periodical state under some mismatched values. This indi-
cates that the synchronization performance is more sensitive
to the coupling time compared with other parameters, and
sometimes the variation of the coupling time may change the
output dynamics of lasers. Further calculations show that for
such bidirectional OCSLR an almost zero time-lag can still
be obtained within a given range of mismatched t. In other
words, the bidirectional OCSLR has a better robustness to
the mismatched parameters compared with that in the uni-
directional OCSLR. By the way, it should be pointed out
that the above results are obtained under taking into account
only one mismatched parameter. And in practice, there al-
ways simultaneously exist multiple mismatched parameters.
Under this condition, the system synchronization may fur-
ther worsen. Therefore, one should select SLs with good
parameters matching in order to improve the system syn-
chronization quality.

3.3 Signal transmission in the bidirectional OCSLR

The bidirectional OCSLR has good synchronization proper-
ties and robustness to mismatched parameters. We will sim-

50 100
time (ns)

ply examine the communication performances in this sec-
tion. The approach is that a message is encoded at one laser
and is recovered at another one. Several encoding and de-
coding schemes including chaos shift keying (CSK), chaos
masking (CMS) and chaos modulation (CM), have been
demonstrated for chaotic secure communication. Here, we
employ chaos shift keying (CSK) [27]. The binary signal is
introduced at SL1 by varying its injection current, and it is
recovered at SL2 or SL3 through a fourth-order Butterworth
low pass filter with the cutoff frequency at 1.1 times of the
signal frequency. During the simulations, the amplitude of
message is 1.8% of the pumping current and the signal fre-
quency is 250 MHz.

Figure 5(al) and (bl) show pseudo-random messages
that are introduced into SL1 by current modulation, while
Fig. 6 displays the power spectrum of these three SLs un-
der un-modulated (a) and modulated (b) cases. From this
diagram, one can observe that the messages can be well hid-
den into the chaotic carriers. Figure 5(a2) and (a3) give the
recovered messages at the SL2 and SL3 parts in the sit-
uation without mismatched parameters, respectively, while
Fig. 5(b2) and (b3) are the results for Ay, =2%. From
these diagrams, it can be seen that messages can be re-
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Fig. 6 Power spectrum of these 150 150 150 3
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Fig. 7 Eye diagrams of the recovered messages without mismatched
parameters (left column) and with mismatched parameter, Ay; = 2%
(right column), where (a) and (b) denote the eye diagrams of the re-
covered messages at SL2 and SL3, respectively

covered, and the mismatched parameter y,; of the lasers
has some influence on the decoding message, but the ef-
fect is not obvious due to the weak influence of the mis-
matched parameter y; on the system synchronization (see
Fig. 4(b2)). Furthermore, to evaluate the decoding quality,
Fig. 7 presents corresponding eye diagrams without mis-
matched parameters (left column) and with mismatched pa-
rameter Ay, =2% (right column), where (a) and (b) de-
note the eye diagrams of the recovered messages at SL2
and SL3, respectively. From these diagrams, it can be seen
that the eye diagrams are obviously open, though they are
not perfect enough. Combing Figs. 5 and 7, such an OC-
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SLR system can be used to realize secure communications.
As for the security of such system, compared with the uni-
directional coupling system, the bidirectional one gener-
ally has better robustness to the mismatched parameters.
However, this does not represent weakening the security.
Previous relevant reports [13, 28] have proven that the se-
curity of the bidirectional system can be well guaranteed
and the detailed descriptions can be found in these refer-
ences.

4 Conclusions

In this paper, an OCSLR configuration is proposed, and
the synchronization characteristics and the influences of the
mismatched parameters on synchronization in the unidi-
rectional and bidirectional OCSLR have been investigated.
Compared with the unidirectional OCSLR, the bidirectional
OCSLR possesses better synchronization characteristics and
more robustness to some typical internal and external mis-
matched parameters. In addition, the communication perfor-
mances in the bidirectional OCSLR are also investigated un-
der the CSK scheme. For a 250 MHz message sent from
one laser, messages can be extracted satisfactorily from
another laser. By the way, this approach can be extended
to the case of bidirectional OCSLR including more than
three SLs.
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