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We have investigated the synchronization of chaotic dual-ring erbium-doped fibre lasers using the delay feedback—

injection scheme. Numerical simulation shows that two chaotic dual-ring erbium-doped fibre lasers can be well synchro-

nized if the strengths of delay feedback and injection are suitable. Even though the effects of the noises and the difference

between the two lasers are considered, the twins can still reach good synchronization. Secure communication could be

realized using the scheme of message-masking based on the synchronization of the chaotic dual-ring erbium-doped fibre

lasers.
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1. Introduction

Erbium-doped fibre ring lasers are attracting con-
siderable interest for their applications in optical fi-
bre telecommunication system as potential compara-
ble laser sourcel’?! with high output power and nar-
row line-width. Synchronization between the coupled
nonlinear oscillators has recently attracted the atten-
tion of many researchers. A rich palette of behaviours
has been observed in a wide variety of systems, in-
cluding, among others, populations dynamics, cou-
pled neurons, and lasers.>~13] The interest in the syn-
chronization of chaotic erbium-doped lasers has been
motivated by its potential applications: for example,
in secure communication.['4~18] We have theoretically
investigated the synchronization of dual-ring erbium-
doped fibre lasers by different methods, 1718 which
is instructive for secure communications using chaotic
erbium-doped fibre lasers. However, the delayed effect
was not considered in previous works.

In this paper, we investigate the synchronization
of chaotic dual-ring erbium-doped fibre lasers using
delay feedback-injection method, and find that two
dual-ring erbium-doped fibre lasers can be well syn-

chronized with each other even though they have dif-
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ferent parameters. On the other hand, when the ef-
fect of noise is taken into consideration, the two lasers
can also reach synchronization only if the noises are
not greater than 0.1%. Based on the synchroniza-
tion of chaotic dual-ring erbium-doped fibre lasers, we
find that the secure communications can be realized
by the message-masking scheme, and the delay effect
leads to a retarded synchronization which is beneficial

to secure telecommunications.

2.A scheme of synchronization

The basic dual-ring erbium-doped fibre laser sys-
tem is shown in Fig.1. Both rings a and b contain
a wave division multiplex (WDM) coupler for each
erbium-doped fibre, and the rings a and b are coupled
to each other by coupler Cjy. I, and I3 are the pump-
ing intensity of the rings a and b, respectively. As is
known, a dual-ring erbium-doped fibre laser can show
periodic, chaotic and developed chaotic states under
different conditions.['!] In fact, a dual-ring erbium-
doped fibre laser has two erbium-doped fibre lasers,
which are coupled to each other by coupler Cy to pro-

duce chaotic lasing output.

http://www.iop.org/journals/cp
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Fig.1. Dual-ring erbium-doped laser system, where Cj is cou-
pler, WDM is wavelength division multiplexer, Iq and I, are
the pumping intensities, O, and Oy are outputs.

In our scheme of synchronization, a dual-ring
erbium-doped fibre laser (driven system called S) is
driven by a delay signal from the other dual-ring
erbium-doped fibre laser (driving system called M)
through a unidirectional coupler. M is not affected by
S, but is affected by the delay feedback signal from it-
self. The dynamic equations of the whole system keep
their original typel'!l and are shown as follows:

The system M:

dE‘:ii]‘:(T) = —karm(Eanm () + norm Epna (7)

—e1Eam (7 — Ta1)) + gam Eam (T) Do,

1
dE’(’iiA’TI(T) = — kopr (Eppr(7) — nos Eane (7)) W
+ gor Eort (7) Dyar, (2)
dg;M = — (1+ Tpans + E20(7)) Dar + Tpars — 1,
3)

dg% = — (1 + Tpbar + Eppy (7)) Donr + Ippar — 15

(4)

The system S:

%i(ﬂ = — kas(Eas(T) + nosEbs(T)
—e2Eam(T — Ta2)) + gasEas(7)Das, (5)

%i(ﬂ = — kps(Eps(T) — nosEas (7))
+ 9b5 Ebs(T) Dbs, (6)
dgjs =~ (1+ Ipas + E3s)Das + Lpas — 1, (7)
dfjs =— (14 TIpps + EZg)Dps + Ips — 1, (8)

where F, and E} are the lasing field, while D, and D,
are the population inversion in rings a and b respec-
tively. k, and k; are the products of 75 and decay rate,
go and gy are the products of 75 and gain coefficient of
lasing field in rings a and b, respectively. Here, 7 = 7t
with v = 1/72, 79 is the decay time of the lasing up-

per level and is about 10ms for erbium-doped laser;

in this paper, we take T79=10ms. 7 is the coupling
coefficient of the coupler Cy, £, and €5 are the unidi-
rectional feedback and injection strength respectively.
Tq1 and T4o are the delay time of the feedback and
injection signal for M and S, respectively and are all
normalized to 7. The subscripts M and S indicate
the systems M and S.

Luo et all'] investigated the periodic and chaotic
behaviour of the dual-ring erbium-doped fibre laser
without delay feed-back signal. In this paper the equa-
tions of systems M and S are the same as those in
Ref.[11] except that the delay feedback term and delay
injection term are added in M and S, respectively. We
choose appropriate system parameters to assure that
M and S are in chaotic states. The parameters are as
follows: kqpns = kpyr = 1000; gopr = 10500, nops = 0.2;
Tpam = Ippmr = 4, the parameters in S are the same as
those in M, €; = €9 = 0.09, Tq; = Tqa = 5.0 X 107 5%s.
Figure 2(a) shows the strange attractor projection on
the plane E,p-Fpy, and Fig.2(b) shows the power
spectrum of F,ps. The corresponding phase graph and
power spectrum for system S are the same as those for
M and we need not provide them. From the strange
attractor and power spectrum, one can find that the
systems M and S are chaotic, which is consistent with

Luo’s results.11]
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Fig.2. The attractor projection on the plane E,ps-
Eppr and the power spectra of E,ps. The system pa-
rameters are as follows: k,ar, kyamr, kas, kbps:1000;
9aM s 9a5:10500; gpar, gps: 47005 10:0.25 Ipans,s Ipbaas
Iyas, Ipps: 4; Ta1, Td2: 5.0 X 1075; €1, e2: 0.09.
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Figure 3 shows the synchronization between
chaotic systems S and M. The system parameters
are the same as those in Fig.2. The corresponding pa-
rameters in systems M and S are the same and the

)5 (32)

Figures 3 (a;) and (ag) show the time se-

noise effects are not considered in Figs.3 (a;
and (a3).
ries of lasing fields E,p and E,g, respectively, which
indicate that S and M are both in chaotic states. Fig-
Eas;

one can find that system S can well be synchronized

ure 3(as) shows the time series of 0E = E,py —
with M after the transient process has died out. In

order to test the robustness of the synchronization,

as an example, Gauss noise terms &;(r) and £y
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Fig.3. Synchronization of S and M after transient process. §E =

(0 < &1¢r), €2(r) < 0.1%) are added in Egs.(1) and (5),
respectively. Figs.3 (b1), (bg) and (bs) are similar to
Figs.3 (a1), (ag) and (a3) respectively except that the
Gauss noise is considered, and the systems S and M
are still chaotic and synchronize well with each other
(6E <1074

If the noise terms are added in other equations, simi-

) after the transient process has died out.
lar results would be obtained. However, the system S
is not identical with M, for the system parameters of

S are different from those of M. As an example, kps
and gps differ from the corresponding kyps and gpps as
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|Eqnm — Eqs|, the parameters are the same as

those in Fig.2. The Gauss noises are not considered in (ai1), (a2), and (as), but considered in (b1), (b2) and (bs).

kys = kon (1 + 6k), (9)

gbs = gom (14 89); (10)

other parameters are the same as those in Fig.2. We
|Bart — Ebum|

over a long time after the transient process died out

calculate the maximum difference 6 E =
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with —0.1 < 6k < 0.1 and —-0.1 < §g < 0.1. éFE
in decibel can be taken as the loss scale of synchro-
nization. Figure 4 shows the relationship among ¢ F,
0k and ég. One can find that there exists a mini-
mum value for §F if §g = 0 and §k = 0; in other
words, if all corresponding parameters of the systems
S and M are identical, S and M can be best synchro-
nized with the feedback and the injection strength:
€1 = g2 = 0.09 (of course they can still reach a syn-
chronization for other values of €1 and €3). Otherwise,
the loss scale of synchronization becomes larger and
larger as |dg| and |6k| become larger and larger. On
the other hand, there are ‘valleys’ along the line from
(—0.036, —0.1) to (0.036,0.1), i.e. if the corresponding
parameters in system S can match those in M, S can
well synchronize with M. Of course, the difference of
the corresponding parameters should not be too big,
which can be found from the depth of the ‘valley’. For
other parameters, we can obtain a similar result using

the same method.

§E/db

Fig.4. The loss scale of synchronization (§E in deci-
bel) versus variation of kps and gps: 8k, 6g. Other
parameters are the same as those in Fig.2.

Hence, by means of the delayed feedback—
injection method, two dual-ring erbium-doped fibre
lasers can well synchronize with each other even
though there is some difference between them; on the
other hand, the twins reach good synchronization even
though the noises are taken into consideration. In
a word, the synchronization is robust in our scheme,
which is very useful in practice, for example, in secure
communications.

In the process of numerical simulation, we find
that, if 741 # 7Ta2, Eus(7 — 7q1) would synchronize
with E,p(7 — 7a2). The reason is that the states of
the two lasers is determined by the delay feedback

signal e;E4p (T — 7q1) and the delay injection signal
eaEon (T — Tq1) respectively, ie. E,s(t — 7q1) and
Eop (7 — Ta2) are both determined by the lasing field
Eap (T — Ta1 — Ta2), hence the delay feedback and in-
jection signal play an important role, and E,g(7—7q1)
synchronize with E,p(7 — 742). This is consistent
with the generalized synchronization of S and M.[1?]
In practice, 7q1 < Tgo is always true for S is in a re-
mote place, hence the output of the system S would
synchronize with that of the system M in an earlier
time: that is to say, the delay effect leads to retarded
synchronization, which is fit for the secure telecom-

munications.
3. A scheme for masking signal

Figure 5 shows the system for the message-
masking scheme, which contains a transmitter and a
receiver. The main part of the transmitter (left part of
the dashed line) or receiver (right part of the dashed
line) is a dual-ring erbium-doped fibre laser, shown in
Fig.1. We still call the laser in transmitter and re-
ceiver as M and S, respectively. C; — C5 are couplers
and D is the delayed line. The signal S; is coupled into
the output optic field through C;, then the mixed sig-
nal S; + E,p is divided into two parts: one is fed
back into ring a of M with a certain delay time which
is determined by D. The other is transmitted to the
receiver and is divided into two parts by coupler Cjy.
One is injected into the ring a of S as driving signal,
the other with the output of S is used to decode the
message signal from the mixed chaotic signal and mes-
sage signal through the decoder. Sy is the extracted

message signal that one needs.

S.

decoder

transmitter

receiver

Fig.5. Message-masking scheme. C1,...,Cs: coupler; D: de-
layed line. S;, message signal; S, extracted message signal.
As an example, the analogue and digital mes-
sage signal is extracted from the mixed message and
chaotic signal by the synchronization of two lasers.
The chaotic signal is used to mask the message signal

in order to realize secure communication.
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The analogue signal is written in the following
expression:

S; = m(1 + sin(wt)), (11)
where m is the amplitude of S;, w = 2nf , f is the
frequency of S;, here f=50kHz. After adding the
signal S;, the feedback signal E,p (7 — 741) and in-
jection signal E,p (7 — 7q2) in Egs.(1) and (5) are
changed to Eon (T — 7Ta1) + Si(7 — 7a1) and Eop (7 —
Taz) + Si(T —Taz) respectively and other quantities are
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changeless. 7y9 is determined by the distance of trans-
mission. In our numerical simulation, 745 = 5.0x1074,
Ta1 = 5.0 x 1075, m = 0.01, f=5kHz. The digital sig-
nal is a series random 0,1 signal and is expressed as

follows:

0.01,
0,

if digital signal is 1, (12)

if digital signal is O.
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Fig.6. Numerical simulation results of the secure communications using message-masking scheme. The

system parameters are the same as those in Fig.3. except that 7q; = 5.0 X 1075, 795 = 5.0 x 107%. (a1),

(a2), and (a3) are for analogue signal, (b1), (b2) and (bs) are for digital signal. So(7) = Eom (7 — (Ta1 —

Taz2)) + Si(7 — (Ta1 — Ta2)) — Eas(7).

Figure 6 shows the result of the secure communi-
cations after the transient process has died out. We
only present the behaviours of the signals for a very

short time (0.1ms) in order to see clearly the analogue

and digital signals. Figures 6 (a;) and (b;) show the
analogue and digital signals S;. Figures 6 (as) and
(b2) show the Eqpr(7—7a2) —7a1))+Si(7—(Ta2 —Td1));
in fact, the behaviours of the curves for long time are
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similar to those in Fig.3 (a;) which shows the chaotic
behaviour of F,ps. One can find that S; is completely
masked by the chaotic signal E,s; of course, S; is a
small signal compared with E,s. Figures 6 (ag) and
(bs) show the extracted analogue and digital signals
So(1) = Eapm (T — (Taz — Ta1)) + Si(T — (Taz — Ta1)) —
E,s(7) respectively. Comparing Fig.6 (a;) with (as)
and Fig.6 (b;) with (bs), one can find that the ex-
tracted message signal Sy is not identical with the
imported message signal S;, but the basic outlines of
So are the same as those of S;. A receiver can eas-
ily recognize the message signal. Hence, the message
signals are successfully decoded by using the synchro-
nization of the two chaotic dual-ring erbium-doped fi-
Of course, S; and FE,p both affect the

state of M and S; however, S; is very small and could

bre lasers.

be neglected compared with E, s, the driving signal,
and the synchronization of the two lasers is almost
not affected by S;. If S; is big, it would change the
state of S and M, and affect the realization of syn-
chronization. Hence, secure telecommunication can
be realized by message-masking and decoding through

synchronization of chaotic dual-ring erbium-doped fi-

bre lasers for small message signals. It is pointed out
that our method is also suitable for high or low fre-
quency signal, for the chaotic signal has a very wide

frequency range.

4. Conclusion

Two dual-ring erbium-doped fibre lasers can syn-
chronize with each other by delayed feedback-injection
method and the synchronization is robust in our
scheme. The delayed time and strength of feedback
and injection play an important role in realizing syn-
chronization. For remote S, the output at time 7
would synchronize with the output of M at the earlier
time (7 —74), which is determined by the transmitting
distance; this retarded synchronization is fit to secure
telecommunication. Optical secure communications
can be realized based on the retarded synchronization

The

message-masking scheme is useful for a small message

of chaotic dual-ring erbium-doped fibre lasers.

signal and is not successful for a large message sig-
nal. Our method is established successfully and has

potential use in practice.
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