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Anticipating Synchronization Based on Optical
Injection-Locking in Chaotic
Semiconductor Lasers

Kenji Kusumoto and Junji Ohtsub®ember, IEEE

Abstract—Numerical studies for anticipating chaos syn- the receiver [3]-[5]. In complete chaos synchronization, the re-
chronization in semiconductor lasers with optical feedback are cejver system outputs the signal in advance of receiving the

presented. Anticipating chaos synchronization in a delay-differen- yansmjtter signal, therefore the scheme is sometimes called an-
tial system is believed to occur when all chaos parameters between

the two systems are perfectly coincident with each other. However, t'C'pat_'ng _Chaos synchronization. '”dee‘?'v comp!ete chaos syn-
we find new schemes of anticipating chaos synchronization when Chronization has already been reported in experimental systems
the parameters between the two systems have mismatches. Underof semiconductor lasers with optical feedback. [4] The other is
these conditions, the time lag between the two laser outputs is equal so-called generalized synchronization of chaos based on phe-
to that of anticipating chaos synchronization, but the physical ,meng of injection-locking characteristics and signal ampli-
origin of the phenomenon comes from optical injection-locking fication in nonlinear systems. In this case, the receiver system
or amplification in laser systems. We show the evidence of such . X SR )
chaotic synchronization using trajectories in the phase space of the responds immediately after receiving a signal from the trans-
phase difference and the carrier density in the laser oscillations.  mitter [6]-[12]. Since the allowance of parameter mismatches
Index Terms—Chaos, optical feedback, optical injection, semi- [0 €haos synchronization in the nonlinear systems is not se-
conductor lasers, synchronization. vere compared with the case of complete chaos synchronization,
many experimental observations for generalized chaos synchro-
nization in the nonlinear systems have been reported [13]-[18].
The two schemes can be easily distinguished by investigating a
YNCHRONIZATION of chaotic oscillations in coupled time lag between the transmitter and receiver signals. Complete
Sonlinear systems is an important issue not only in bagidaos synchronization with anticipating time lag is a typical fea-
chaos research but also in applications of chaos for sectutee in nonlinear delay-differential systems. Anticipating chaos
data transmissions and communications. As chaotic nonlinggnchronization has also been observed in systems of incoherent
devices, the semiconductor laser is suitable for practiggptical feedback [19], [20] and optoelectronic feedback [21],
applications, since we can make compact and fast-respofizd]. However, generalized synchronization of chaotic oscilla-
chaotic systems using semiconductor lasers. A semicondudions has never been found in these systems, since injection-
laser (edge-emitting narrow stripe type) is a stable laser ®eking is not possible. It is noted that delay-differential con-
its solitary oscillation, however it is easily destabilized by théditions are not essential for complete chaos synchronization,
introduction of extra degrees of freedom, such as injecti@nd continuous systems (such as the Lorenz system) that are de-
current modulation, optical injection, and external opticaicribed by differential equations with more than three variables
feedback. Among possible external perturbations to indubave a solution of complete chaos synchronization [23]. The
chaos in semiconductor lasers, external optical feedback Ha¢estigation of the origin of chaos synchronization in various
been frequently used to make chaotic lasers and the chastmlinear systems is important for applications of chaotic secure
dynamics in such a system have been extensively studied. [Jommunications, since the system configurations and mecha-
Chaos synchronization in semiconductor lasers with opticailsms affect the robustness and the degree of the security in
feedback has been studied and it has also been applied to chatiomunication systems.
secure communications. [2] A system of semiconductor laserdn this paper, we numerically investigate regions of chaos syn-
with optical feedback is modeled by delay-differential equahronization in the phase space of the frequency detuning be-
tions. In such systems, there are two types of chaos synchronkwgen transmitter and receiver lasers and the optical injection
tion; one is complete chaos synchronization in which the twate in the systems of semiconductor lasers with optical feed-
systems, transmitter and receiver systems, are mathematichfigk. Besides the already reported results, we observe a new
described by an equivalent set of delay-differential equatiotype of anticipating chaos synchronization scheme when the
and the two systems exhibit entirely almost the same chaodjtical feedback rate in the transmitter laser is high enough.
outputs when a small portion of a transmitter signal is sent o these regions, a time lag between the transmitter and re-
ceiver lasers obeys anticipating chaos synchronization, while
the origin of the synchronization comes from optical injection-
locking. The evidence of the phenomena is shown by using
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" . J, electron charge, and is the thickness of the active area,
] . , is the flight time of light in the internal laser cavity; is the
C:———w--»w ~~~~~~~~~~~ >E VVVVVVVVVV R round-trip time in the external cavity; ; is the carrier lifetime,
Transmitter Laser . andr, is the transmission time of light from the transmitter to
External T, Optical the receiverw, ; is the laser frequency at solitary oscillation and
Mirror J, Isolator Aw = wy; — wo ., IS the angular frequency detuning between
E _______ - the two lasers. For small optical feedback, we only consider the
Tiny effect of a single round trip of light in the external cavity, and
Receiver Laser the feedback coefficierd; is written as
Fig. 1. Schematic diagram of a chaos synchronization system in o oy T
semiconductor lasers with optical feedback. The model is an open-loop ke = (1 - >E (9)

system in which only the transmitter laser has external optical feedback.

where we assumed that the amplitude reflectivitiggor the
II. MODEL OF THE SYSTEM front and back facets of the laser cavity are the same. It is not

. N . always true for practical lasers but the other cases can be cal-
We consider chaos synchronization in semiconductor laser, . X . .
i : : culated in a straightforward manneris the reflectivity of the
systems with optical feedback. The model under consideration . . .
external mirror. The second terms on the right-hand side of (1)

is shown in Fig. 1. We prepare two semiconductor |asers havinﬁd (2) are the external feedback effects. The second terms on

almost the same device characteristics as light sources. hg right-hand side of (5) and (6) are the effects of the optical

transmitter laser system has an optical feedback loop, Wher?nag'ction from the transmitter to the receiver. When a symmet-

the receiver system has no optical feedback loop (we refer tcaI system that also has a feedback loop in a receiver system

) : T
this type of system as an open-loop system in the followin i .
The transmitter laser exhibits chaotic oscillations dependingqonemployed (we refer to this system as closed loop system), the

the feedback parameters. With chaotic signal injection from t b e?rf]il tlz ?g)s g}gfg)nded by simply adding the external feedback
transmitter to the receiver, the receiver laser synchronizes with LN ' o
As origins of chaos synchronization, there are two types of

the transmitter laser under appropriate conditions. . R
. . the schemes. One is known as complete chaos synchronization.
The systems are described by the following set of rate equa-, ) )
. ) . "Inthis scheme, the rate equations for the receiver laser are math-
tions for the laser field€, .., the phases; ,, and the carrier

densitiesn, ... [2] The subscripts and+ stand for the trans- ematically described by the equivalent delay-differential equa-
. S . tions as those for the transmitter laser [2]. The conditions are
mitter and receiver lasers. For the transmitter we have

dE(t 1 K - _
dt( ) =2 Gl ma(t) =} (1) + - Bu(t=r1) cos (1) E.(t) =E(t — At) (10)
¢ Tin W b (t) =¢u(t — At) — woAt(mod2r) (11)
do(t) 1o m Blt=m) rr(f) =meli = A1) (12)
dt 2™ nt{me(t) = nene} = T Et) sin 0:(t) Ky =HKinj (13)
) Aw =0 14)
dny(t Jr ng(t At =1, — 1. 15
A0 T ) G~ mo B @) T (15)
s,t
0,(t) =wosme + pe(t) — pu(t — 74) (4) Under the_: above conditions, the rate equation; of the transmitt_er
_ and receiver lasers are mathematically described by the equiv-
and for the receiver we have alent equations and the receiver laser can synchronize with the
dE.(t) 1 transmitter laser by a chaotic signal transmission from the trans-
dt :iG"sT {7 (t) = en, }E () mitter laser. In this case, the receiver laser anticipates the chaotic
. Kinj Eu(t — 7.) cos£(t) (5) output of the transmitter and it outputs the signal before a tlmg
Tin 7+ in advance as understood from (15), so that the scheme is
doq(t) 1 also called anticipating synchronization. As already discussed
T :_aan,r{nr(t) - nth,r} : : . .
dt 2 in the previous paper, the complete chaos synchronization was

ninj Et(t — Tc)
Tin FE, (t)

achieved in a region of low optical injection fraction close to
zero-frequency detuning [12].

dn.(t)  J.  ng(t) ) The other type of synchronization is originated from a well-
dt ed Tor Gnr{ne(t) =m0 HE(]” (7)) known optical injection-locking scheme in laser systems. An

’ optically injected laser in the receiver system will synchronize

t) = - (1) — ¢ (t — 7)) — Awt 8 . . . .
§(t) =wo,ime & o(t) = ult = 7e) Y ®) with the transmitter laser based on the effects of optical injec-

whereG, ; (j = t,7) is the linear gain coefficienty,, ; is tion-locking or amplification due to optical injection from a dif-
the threshold carrier densityy ; is the carrier density at trans-ferent light source. The optical injection-locking phenomena in
parencyyy; is the linewidth enhancement factay, is the feed- semiconductor lasers depend on the detuning between the fre-
back coefficients;y; is the injection coefficient from the trans-quencies of the transmitter and receiver lasers and the injection
mitter to the receiver/; is the bias injection current, is the rate from the transmitter to the receiver. The injection-locking

sin§(t) (6)
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region in the phase space of the frequency detuning and the in- 3
jection rate is usually located in large injection fraction of sev-

'c\?‘ =
eral tens of percents in the amplitude with wide range of the § §
frequency detuning. The relation between the two laser fields at < g
this synchronization is written by [2] f S

= =

E,(t) o< E(t — At) (16) & 2

.2 3]
where AT = 7.. Namely, the receiver laser responds imme- ] S
diately after it receives a chaotic signal from the transmitter, =)
since the receiver signal always has a time delay with respect ] -0.5 0 05 1
to the transmitter signal. This scheme is sometimes called gen- Frequency Detuning Af [GHz]

eralized synchronization of chaotic oscillations to distinguish it
from complete chaos synchronization. We can easily distinguish
generalized synchronization from complete case by observing
the time lag between chaotic signals from the transmitter and
receiver lasers.

As we will discuss in the following, all of the conditions from
(10)—(14) are not always necessary for anticipating chaos syn-
chronization. Indeed, there is a case of anticipating chaos syn-
chronization only satisfying the condition of (10). In that case,
the synchronization comes from optical injection-locking phe-
nomenon as a physical origin, but the transmitter and receiver i
lasers show output signals corresponding to anticipating chaos 30 -20 -0 0 10 20 30
synchronization. Frequency Detuning Af [GHz]

(b)
[ll. CHAOS SYNCHRONIZATION Fig. 2. Regions of chaos synchronization in the phase space of the frequency

Reqi f ch h . icallv i EetuningAf and the optical injection rate,,,; for weak optical feedback of
egions of chaos synchronization are numerically invesp- _ 0.014. (a) Anticipating chaos synchronization. (b) Generalized chaos

gated in the phase space of the frequency detuning betweenstehronization induced by the injection-locking regime. Broken lines show
transmitter and receiver lasers and the injection fraction from tﬁ?‘ bqundary of the stable injection-locking region. The_ regions ywthln the th!n

. . . . . solid lines represent those for excellent chaos synchronization with a correlation
transmitter to the receiver lasers. In the numerical simulationSeicient higher than 0.94.
the two lasers are assumed to have the same characteristics, and

we used the parameter values@s; = 8.40 x 10713 m?s~!,

o

Correlation Coefficient

Injection Rate [r,, 100 %)

918 x 1024 m-3 A0 % 1024 M3 s — 3.0 nization. For either case, we regarded that successful synchro-
Mg == 248 X 9 m o = LADX m 7’151 -~ nization was attained when the correlation coefficient exceeded
e = 160 x 1077 C,V = dwl = 1.20 x 10 m° (V,
. . . the value of 0.940.
w, andl are the total volume, width, and length in the active Two types of chaos synchronization have already been
i R S — — <49

reglof)’TS’J 2_ 3'03‘825(;’1?“*1{'_'_ 'I?ho Fl))S "o = t(.)'d‘)‘)’ andt reported for the variations of the frequency detuning and the
Jo. . w_o”"L/] W—_l . Oh ZL'] .eth'a?hmjeﬁ |?dn_c_urr§n S optical injection rate. Fig. 2 plots regions of chaos synchro-

were J, = J. = 1.3Ju, (WhereJy, is the threshold injection nization in the phase space of the frequency detuning and the

current). The round-trip time of light within the external CaVityoptical injection rate when the external mirror has a small

wast; = 1.0 ns. Without the loss of generality, the time Of"ghtogtical feedback reflectivity of = 0.014. Fig. 2(a) shows a

transmission from the transmitter to the receiver laser was ke of anticipating chaos synchronization. Anticipating chaos

to ber. = 0. 1_'he reflectivity of the external_ mirrar, the fre- synchronization is realized within the black region around
quency detuning\f = Aw/2m, and the optical injection rate he injection rate of;,; = 0.014 at zero-frequency detuning,

Tinj from the transmitter to the receiver laser were the variab $id this is the case for complete chaos synchronization.

parameters to investigate chaos synchronization. In the NUMELS hioken line shows the boundary of the region for stable

:cal calcula]}.tlorcljs, tr:jetrc]) pt:(cal frequeng‘g,t of th2e tre]}r;f]mnter optical injection-locking when the receiver laser is injected by
aser V}/as Ixe ar;] € dre?]uengfy, — ‘.‘éjo”“/ d7r'tho q (ta "® the transmitter laser without external optical feedback. The
Celver faser was changed when we considered the de unlng'complete chaos synchronization is achieved in the unstable

To evaluate the quality of synchronization between OUtpmjection-locking region. On the other hand, generalized chaos

rameters, we used the following correlation coefficient: with a wide range of the frequency detuning as shown in

C(At) = Fig. 2(b). The broken line is also the boundary for stable
(B (t—At)—(E,(t— At HE () — (E (¢))}) injection-locking and chaos synchronization is attained within
- = . (17) the thin solid line. These results are quite consistent with the

VIEE= 20—t 20) ) {E (6 — (B, (D)) orevious ones [17]. a

ATt = 1. — 7 for the case of evaluating anticipating chaos syn- We also investigated chaos synchronization when the optical
chronization, whileAr = 7. for generalized chaos synchro-feedback rate was very high. The result for an optical feed-
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Fig. 3. Region of chaos synchronization in the phase space of the frequency
detuningA f and the optical injection rate,,; for strong optical feedback of

r = 0.300. (a) Anticipating chaos synchronization. (b) Generalized chaos
synchronization induced by an injection-locking regime.

back rate ofr = 0.300 is shown in Fig. 3. Fig. 3(a) shows
the region of anticipating chaos synchronization. Fig. 3(b) is
a case of generalized chaos synchronization. When an optical
feedback in the transmitter laser is strong enough, anticipating
chaos synchronization with injection-locking origin is realized i
only under a strong optical injection condition. Furthermore, an- -10 0 10 20
ticipating chaos synchronization is attained even for nonzero- Frequency Detuning Af [GHz]
frequency detuning, which is a different result from previous ©

one [Fig. 2(a)]. As we will discuss in the next section, an“c'ﬁi . 4. Anticipating chaos synchronization region in the phase space of

pating chaos synchronization does not always mean compl@te frequency detuning\f and the optical injection rate;,; for strong
chaos synchronization. Namely, the different origin of anticptical feedback of = (a) 0.200, (b) 0.242, and (c) 0.300. The time series

pating synchronization from the Complete chaos synchroniﬂfresmnding to the conditions of points A and B in Fig. 4(c) are investigated
. . and shown in Fig. 5.
tion scheme exists.

(=] [9%)
S =
rd
V4
Correlation Coefficient

Injection Rate [r,, 100 %]

'
=
<

feedback rate. In the previous papers, anticipating chaos
synchronization has been only reported for a small injection
In this section, we focus on anticipating chaos synchroate at zero-frequency detuning. [12] Namely, anticipating
nization in the system when the external optical feedbasknchronization is exactly coincident with complete chaos
in the transmitter laser is strong. Fig. 4 shows regions efnchronization when the optical injection rate balances with
anticipating chaos synchronization for strong optical feedbadke fraction of the optical feedback at zero-frequency detuning.
The optical injection fractions were 0.200, 0.242, and 0.30@owever, anticipating chaos synchronization is also achieved
from Fig. 4(a)—(c), respectively. Regions of high correlatioat higher injection rate and, furthermore, it is attained even for
coefficient lie along a negative slop in the phase space andnzero-frequency detuning.
expand as the increase of the fraction of optical feedback.Anticipating or complete chaos synchronization only oc-
For a rather lower external optical feedback [Fig. 4(a)], amurs under the condition of zero parameter-mismatch in a
ticipating chaos synchronization is realized in the unstabdtrict sense, namely 100% correlation. Allowing errors of
injection-locking region. On the other hand, it expands to ththe correlation coefficient, we defined anticipating chaos
stable injection-locking region for the increase of the externaynchronization. Though the correlation is not perfect, the

IV. ANTICIPATING SYNCHRONIZATION
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Fig. 6. Chaotic trajectories for the transmitter and receiver lasers in the phase
10 space of the phase differencey = ¢,(t) — ¢,(t — 7,) and the normalized
’I A l ﬂ * l h l carrier density:; / nyy, ;. The black line is for the transmitter laser and the gray
5 | | LELL AL L one for the receiver laser. The conditions are the same as those for point B
0 J u A A A A \M W{ M MJ& M w Mmu in Fig. 4(c). The shift of the phase difference between the trajectories of the
0 3 6 9 12 15

transmitter and receiver lasers is equal to the frequency detuning.

Time [ns]
@ . . .
external feedback rate, the two signals synchronize with each
25 other under the condition of complete chaos synchronization.
Transmitter Laser The two signals show almost the same oscillations not only
for the waveforms but also their levels. The value of the cor-

15 relation coefficient was calculated to BE At) = 0.99 (where
— 10 At = 7.—13). The trajectories of chaotic itineraries of the trans-
= iR N h l | mitter and receiver lasers completely overlap with each other in
£ 3 A Mﬂ Wl h Ml jw ‘ UM the phase space of the phase differef\ge= ¢;(t)—¢;(t—7)
50 U ﬂh A [\ A M and the carrier density; /n., (not shown here). On the other
% 0 3 6 ? 12 15 hand, in the presence of parameter mismatches, the receiver
?_'j signal in Fig. 5(b) looks like quite similar to that of the trans-
325 Reveiver L mitter but it is amplified due to a larger optical injection rate
=T ver e from the transmitter to the receiver though the time lag is equal
© 5 to that of the anticipating scheme. The value of the correlation
coefficient deteriorated a little compared with the case of the
10 ‘ complete synchronization in Fig. 5(a), however it still main-
sk (11 | ol Hh ﬂ tained a high value o’(At) = 0.95 (whereAt = 7. — ).
jt M A AUU[ M MJ M[UUU\ U W L Namely, this case of chaos synchronization is originated from
00 3 6 9 12 15 anopticalinjection-locking phenomenon. Fig. 5(b) corresponds

to the parameter conditions of point B in Fig. 4(c). The fre-
quency detuning at point B wasf = —13 GHz and the op-
(b) tical injection rate was,; = 0.530.

Fig.5. (a) Time series of the transmitter and receiver lasers under the conditionTo show explicitly the existence of amplified anticipating
of point A in Fig. 4(c). (b) Time series for point B in Fig. 4(c). The time lagchaos synchronization, we plot the trajectories for the time
between the two signals is compensated. . . . .

series of Fig. 5(b) in the phase space of the phase difference

A¢p = ¢;(t) — ¢,(t — ) and the normalized carrier density
output from the receiver laser shows an anticipating signaj/n.s, ;. Fig. 6 is the result. The trajectory of the receiver
under parameter-mismatch conditions and anticipating chdaser (gray line) is quite similar to that of the transmitter (black
synchronization is approximately realized in these regiorime), but they are separated both for the phase difference
The physical origin of synchronization for such a case &nd the carrier density. The separation of the two trajectories
different from the complete scheme. To show the physicalong the phase axis corresponds to the phase difference due
origin of the new type of anticipating chaos synchronizationg the frequency detuning between the two lasers (81.7 rad
we investigated time series and trajectories for complete acaofrresponding to the frequency detuning-ef3 GHz). Thus,
noncomplete cases of anticipating chaos synchronization. Tthe receiver laser imitates the transmitter output as behaving
parameter values we investigated are pointed by arrows A aaslanticipating chaos synchronization on the time lag, but the
B in Fig. 4(c). Fig. 5(a) shows time series of the outputs for treynchronization is originated from optical injection-locking or
transmitter and receiver lasers at point A. When the frequenasnplification in laser systems. As usual, when chaos synchro-
detuning is zero and the optical injection rate is equal to tmézation comes from optical injection-locking phenomenon, the

Time [ns]
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receiver laser responds immediately after it receives a chaotjto] A. Locquet, C. Masoller, P. Mégret, and M. Blondel, “Comparison of
signal from the transmitter and the receiver signal always has two types of synchronization of external-cavity semiconductor lasers,”

. . . . Opt. Lett, vol. 27, pp. 31-33, 2002.
a time delay with respect to the transmitter signal equal to thﬁl] A. Locquet, C. Masoller, and C. R. Mirasso, “Synchronization regimes

time of light transmission from the transmitter to the receiver, of optical-feedback-induced chaos in unidirectionally coupled semicon-
i.e., the generalized chaos synchronization scheme. Thereforg, ~ductor lasers,Phys. Rev. Bvol. 65, pp. 056 205-1-12, 2002.

th b d lts h ite diff tf . " [12] A. Murakami and J. Ohtsubo, “Synchronization of feedback-induced
€ observed results here are quite dierent from previou chaos in semiconductor lasers by optical injectidPkys. Rev. Avol.

chaos synchronization as a physical origin. 65, pp. 033826-1-7, 2002.

[13] I. Fischer, Y. Liu, and P. Davis, “Synchronization of chaotic semicon-
ductor laser dynamics on subnanosecond time scales and its potential for
chaos communicationPhys. Rev. Avol. 62, pp. 011 801-1-4, 2000.

‘i : . : : . 14] Y. Takiguchi, H. Fujino, and J. Ohtsubo, “Experimental synchronization
Anticipating chaos SynChromzatlon in semiconductor |aSEI[ of chaotic oscillations in external cavity semiconductor lasers in low-

systems was usually regarded as the same phenomenon as frequency fluctuation regime@pt. Lett, vol. 24, pp. 1570-1572, 1999.
complete chaos synchronization. However, we have numerf15] H.Fujinoand J. Ohtsubo, “Experimental synchronization of chaotic os-

: . . cillations in external-cavity semiconductor laser§ft. Lett, vol. 25,
cally demonstrated in the systems of semiconductor lasers with op. 625-627, 2000,

optical feedback that there were solutions for anticipating chaogs] ——, “Synchronization of chaotic oscillations in mutually coupled
synchronization with injection-locking origin when the optical semiconductor lasersOpt. Rey.vol. 8, pp. 351-357, 2001.

. p : 7] S. Sivaprakasam and K. A. Shore, “Demonstration of optical synchro-
feedback in the transmitter system was hlgh enoth' We ha\;é nization of chaotic external cavity semiconductor lase@gt. Lett, vol.

shown the evidence of anticipating chaos synchronization with 24, pp. 466-468, 1999.
optical injection-locking by showing chaotic time series and[18] M. Peil, T. Heil, I Fischer, and W. Elsa Rer, “Synchronization of chaotic

. L . - . semiconductor laser systems: A vectorial coupling-dependent scenario,”
trajectories in the phase space. The region of anticipating chaos Phys. Rev. Lettvol. 88, pp. 174 101-1—4, 2002.

synchronization increased with the increase of the optical feedi9] F. Rogister, A. Locquet, D. Pieroux, M. Sciamanna, O. Deparis, P. Mé-
back and it lay across the stable injection-locking boundary. gret, and M. Blondel, “Secure communication scheme using chaotic

laser diodes subject to incoherent optical feedback and incoherent op-
Namely, even when the two laser systems had parameter tical injection.” Opt. Lett, vol. 26, pp. 1489-1491, 2001.

mismatches, anticipating chaos synchronization occurred in thgo] F. Rogister, D. Pieroux, M. Sciamanna, P. Mégreta, and M. Blondel,

nonlinear systems. Therefore, it is concluded that anticipating “Anticipating synchronization of two chaotic laser diodes by incoherent
PR S . optical coupling and its application to secure communicatio@gt.

chaos synchron!zat!on is not aunique feature only for compIeFe Commun.vol. 207, pp. 295-306, 2002.

chaos synchronization in nonlinear systems. These results giyel] s. Tang, H. F. Chen, and J. M. Liu, “Stable route-tracking synchroniza-

rise to important information for the applications of chaos  tion between two chaotically pulsing semiconductor laseDpt. Lett,

g . C vol. 26, pp. 1489-1491, 2001.
synchronization such as for chaotic secure communications. [22] S. Tang and J. M. Liu, “Chaos synchronization in semiconductor lasers

with optoelectronic feedback|EEE J. Quantum Electronvol. 39, pp.

V. CONCLUSION
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