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Synchronization of feedback-induced chaos in semiconductor lasers by optical injection
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In this paper, synchronization of chaotic oscillations in semiconductor lasers by optical injection in a
transmitter-receiver configuration is studied numerically. A chaotic signal is generated from a semiconductor
laser with optical feedback in the transmitter and is injected into the receiver laser without optical feedback. We
examined the conditions of chaotic synchronization in the system. As a result, we observed complete chaos
synchronization within a finite area of very small parameter mismatch between the two laser systems. In
addition, chaotic oscillation synchronized by amplification phenomena was observed in the ordinary injection-
locking regime with higher optical injection ratios. We demonstrated that synchronization of chaotic oscilla-
tions by amplification results from a kind of injection locking under chaotic light injection and is very tolerant
to the parameter mismatch between the two lasers, in contrast to the complete synchronization case.
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I. INTRODUCTION

Semiconductor lasers subjected to optical feedback f
an external mirror or optical injection from another laser a
known as nonlinear optical systems that can generate ch
intensity fluctuations. A wide variety of nonlinear dynamic
phenomena has aroused much interest in the field of l
chaos@1–8#. In particular, semiconductor lasers with optic
feedback are good candidates as source generators for s
communications using chaos because they can generate
dimensional chaos due to feedback, ensuring a high leve
security@9,10#. In secure communications, there is a proble
of how the chaotic carrier wave form generated by a tra
mitter system can be reproduced in a receiver system.

In 1990, Pecora and Carroll first proposed the principle
chaos synchronization to produce the same chaotic w
forms in two coupled systems@11#. In this method, the trans
mitter system generating the chaotic wave form is compo
of two subsystems, while the receiver system is a replica
one of the two subsystems. Coupling one variable of
transmitter system into the receiver system produces
same chaotic system on the receiver side. They demonst
that a receiver’s wave form converges into a chaotic tra
tory of the transmitter system if all the conditional Lyapun
exponents in the receiver system are negative.

Several theoretical and experimental investigations
chaos synchronization and secure communications have
performed by applying the synchronization method in se
conductor lasers with optical feedback@12–21#. A typical
configuration used in the investigations is shown in Fig.
The two lasers are coupled by unidirectionally injecting t
transmitter laser’s output into the receiver laser via an opt
isolator~IS!. In the two coupled systems, the transmitter s
tem is composed of a semiconductor laser and an exte
mirror, emitting chaotic intensity fluctuation. The receiv
system is composed of another semiconductor laser with
tical injection. The rate equations for the coupled lasers
written as follows@14,18#:
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dET~ t !

dt
5

1

2
~11 ia!$g@NT~ t !2N0#2gc%ET~ t !

1kextET~ t2t!exp~2 ivTt!, ~1!

dER~ t !

dt
5

1

2
~11 ia!$g@NR~ t !2N0#2gc%ER~ t !

1k injET~ t2tc!exp$2 i @Dv~ t2tc!1fc#%,

~2!

dNT,R~ t !

dt
5JT,R2gNNT,R~ t !2g@NT,R~ t !2N0#uET,R~ t !u2,

~3!

where E and N are the complex electric field and carrie
number in the laser cavity, respectively, and the subscripT

FIG. 1. Configuration for chaos synchronization in coupl
semiconductor lasers. Chaotic output emitted from the transm
laser (LT) with optical feedback is unidirectionally injected into th
receiver laser (LR) via an optical isolator (IS); JT andJR represent
the pump currents of the transmitter and receiver lasers,t and tc

represent the time delay for round-trip within the external cav
and for light propagation, andRext and Rinj represent the optica
feedback rate and injection rate.
©2002 The American Physical Society26-1
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andR represent transmitter and receiver systems.a53 is the
linewidth enhancement factor,g57.031026 ns21 is the lin-
ear gain coefficient,gc5518.9 ns21 is the cavity decay rate
gN50.5 ns21 is the spontaneous carrier decay rate,J is the
pump current normalized by electron charge, andN051.68
3108 is the carrier number at transparency.t is the round-
trip delay time within the external cavity, andt t is the propa-
gation time of emitted light from the transmitter to receiv
system. Feedback coefficientkext is given by 1/t in(1
2R0)ARext/R0, wheret in58 ps is the round-trip time in the
laser cavity, andR0 andRext represent intensity reflectivity o
the laser exit facet and external mirror.vTt is the round-trip
phase shift induced by light propagation within the exter
cavity, andvT is the angular frequency of the free-runnin
transmitter laser. The coupling strength between the two
tems can be given by an injection coefficientk inj written as
1/t in(12R0)ARinj /R0 in which Rinj represents the percen
age of the transmitter’s output intensity injected into the
ceiver laser cavity.Dv5vT2vR accounts for frequency de
tuning between the two free-running lasers, andfc is the
phase difference between the two lasers. Here, we neg
the propagation delay time, i.e.,tc50, for simplicity. From
these equations, the necessary condition for realizing c
plete chaos synchronization are easily found to be

kext5k inj , ~4a!

Dv50, ~4b!

fc5vTt. ~4c!

Under these necessary conditions, the two systems ca
described by the same, or equivalently the same, rate e
tions, and one may obtain a synchronous solution asER(t
2t)5ET(t). This is somewhat strange, in that the respo
of the receiver exceeds the effect of the transmitter with ti
lag t; the receiver anticipates the future state of the transm
ter. This kind of synchronization with time lagt is known as
‘‘anticipating synchronization’’ and can often be seen in sy
chronized time-delay systems@9,10#. The recent works have
already predicted generation of anticipating synchroniza
in a different scheme based on coupled semiconductor la
in which the receiver laser has another external feedb
@14,19,20#. In the works, in order to establish a symmet
condition for achieving anticipating chaos synchronizatio
the external feedback rate and the injection rate on the
ceiver side were adjusted so that total amount of the opt
injection into the receiver laser corresponds to the trans
ter’s optical feedback. This symmetric condition is the sa
as our case when the receiver’s feedback rate is set t
zero. Therefore, our configuration is a special simple cas
considering chaos synchronization in coupled semicondu
lasers. Reference@14# has also indicated this point.

Contrary to the theoretical prediction, most of the expe
ments demonstrated that no time lag existed between
chaotic wave forms in the transmitter and receiver syste
@16,17#. We believe that the experimental synchronizati
has a different origin than the principle of complete cha
synchronization. This paper discusses reproduction of
03382
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feedback-induced chaos in coupled semiconductor la
with and without the time lag by systematically investigati
the model and the rate equations. As a synchronized cha
state, we chose a continuous chaotic wave form due to
stabilized relaxation oscillation caused in a weak opti
feedback regime. Noted that it is not LFF chaos with coh
ence collapse caused by strong optical feedback@14,19#. As-
suming the complex electric field asE(t)5E0(t)exp@if(t)#,
we can obtain a new set of rate equations for the amplitu
phase, and carrier number for each laser. We numeric
simulated the rate equations employing the fourth-or
Runge-Kutta algorithm. The semiconductor laser we c
sider here is a typical AlxGa12xAs semiconductor laser op
erating at an optical wavelength of 800 nm. In order
mainly treat deterministic phenomena, we neglect Lange
noise and other noise terms in the rate equations. The foll
ing sections will present the numerical results and disc
them. We will deal with the noise effect on synchronizati
in Sec. III C.

II. SYNCHRONIZATION OF CHAOTIC OSCILLATIONS

First, we present examples of reproduced chaotic w
forms without frequency detuning between the two lasers
Fig. 2. The device parameters of the two lasers are assu

FIG. 2. Examples of reproduction of chaotic wave forms wit
out frequency detuning.~a! Temporal chaotic wave form of trans
mitter laser ~complete chaos synchronization! at JT51.3Jth , t
51 ns, andRext50.015% (kext51.96 ns21). ~b!,~c! Chaotic wave
form in the receiver laser with the time lagt at Rinj50.015%
(k inj51.96 ns21) and correlation plot betweenI T(t) and I R(t2t)
obtained under the synchronization condition.~d!,~e! Chaotic wave
forms without any time lag in the receiver laser~synchronization of
chaotic oscillations by nonlinear amplification! at a much increased
injection rate ofRinj522% (k inj574.9 ns21) and corresponding
correlation plot betweenI T(t) and I R(t).
6-2
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SYNCHRONIZATION OF FEEDBACK-INDUCED CHAOS . . . PHYSICAL REVIEW A 65 033826
to be the same. With increasing optical feedback, the tra
mitter laser can exhibit routes to chaos, which can be c
acterized by an excitation of the relaxation oscillation a
the external cavity frequencies and by their mixing with t
inherent nonlinearity of semiconductor lasers@4#. Figure 2~a!
shows a transmitted chaotic wave form from the transmi
laser at JT51.3Jth , t51 ns, and Rext50.015% (kext
51.96 ns21). Under this condition, the chaotic wave form
continuous just after going through a quasiperiodic bifur
tion and oscillates in the gigahertz range due to the dest
lized relaxation oscillation. We applied a false neare
neighbor algorithm to this chaotic wave form an
investigated the embedding dimension. As a result, this c
otic behavior was found to exhibit more than seven dyna
cal degrees of freedom, ensuring that the feedback-indu
chaos is not low dimensional@25#. The output intensity emit-
ted from the exit facet of the semiconductor laser is cal
lated as I 5@hcvam /(4pmg)#E2, where h is the Planck
constant,am is the facet loss, andmg is the group refractive
index@12#. From Eq.~4!, we can find the necessary conditio
for complete chaos synchronization, under which the
ceiver completely synchronizes to the transmitter to beRinj
50.015% (k inj51.96 ns21), Dv50 GHz, and fc5vTt.
The round-trip phase shift isvTt52np ~n being an integer!
in this case. A receiver’s output calculated under this con
tion is shown in Fig. 2~b!. It is explicitly shown that the
receiver synchronizes to the transmitter’s chaotic wave fo
with time lag t ~51 ns!, corresponding to the theoretica
prediction. In Fig. 2~c!, the correlation plot betweenI T(t)
and I R(t2t) demonstrates that good synchronization is
tablished. For a strong injection from the transmitter into
receiver, we can see a similar but slightly different chao
output. Figure 2~d! presents the temporal wave form of th
receiver at a much higher injection rate ofRinj522% (k inj
574.9 ns21). The frequency detuning is also set to zero. T
receiver produces a chaotic wave form similar to that in
transmitter, however, there is no time lag for synchronizat
in this case. It seems that the receiver just follows the
jected intensity fluctuation. We also notice that the amplitu
of fluctuation of the receiver’s output became larger than t
of the transmitter, which seems to be a nonlinear amplifi
tion phenomenon. The immediate response of the rece
output is a typical feature of this kind of nonlinear ampli
cation phenomena in semiconductor lasers compared to
complete chaos synchronization case. Figure 2~e! shows the
corresponding correlation plot betweenI T(t) and I R(t). The
correlation is a little less than that in Fig. 2~c!, but, similarity
is good.

We will now describe another difference in the carri
Figure 3 presents the orbit in a phase space of the inten
and the carrier number. Figures 3~a! and 3~b! show chaotic
attractors, which correspond to the temporal wave forms
Figs. 2~b! and 2~d!, respectively. The vertical axis represen
carrier number normalized by the threshold carrier num
Nth for free-running operation. In the complete chaos s
chronization, as shown in Fig. 3~a!, the chaotic orbit was
found to be identical to that in the transmitter. However, F
3~b!, the amplification case, shows a different orbit. We n
ticed that the carrier number becomes much lower thanNth
03382
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in this case. It can easily be understood that the strong o
cal injection (Rinj522%) leads to the threshold-carrier r
duction in the receiver laser, since a sufficient number
photons for reaching the laser threshold is provided by
externally injected light. We actually confirmed in the oth
numerical results that the carrier reduction caused by
strong injection increases the amplification gain and
hances the synchronization effect related to similarity of
receiver output.

III. PARAMETER MISMATCH BETWEEN TWO SYSTEMS

Next, we investigate how parameter variation between
two systems influences the two types of chaos synchron
tion with and without the time lag, namely, complete cha
synchronization and chaotic oscillation synchronized by n
linear amplification. As the variable parameters, we can c
sider external parameters that we can adjust in real exp
ments or internal laser parameters determined
manufacturing the lasers. In order to quantitatively estim
the similarity between two laser outputs, we introduce a s
chronization error, which is defined ass5^uST
2SRu&/^SR&, where^¯& denotes time average, andST and
SR represent normalized intensities of the transmitter a
receiver lasers@18#.

A. Variation in external parameters

First, we chose the injection rateRinj and the frequency
detuning D f (5Dv/2p) as external parameters. We va
these parameters from those for the complete synchron
tion or amplification state in Figs. 2~b! and 2~d!. The results
are shown in Fig. 4, which presents a phase diagram as f
tion of D f and Rinj . The boundaries denoted by the sol
curves in the diagram represent a well-known injectio
locking regime that was analytically obtained by applyi
linear-stability analysis to the rate equations for semicond
tor lasers with continuous wave~cw! light injection that cor-
responds to Fig. 1 in the absence of optical feedback in
transmitter system@2,7#. In the regime ‘‘unstable,’’ various
dynamical states are induced by the cw light injection, su
as periodic~period 1, period 2, and so on!, quasiperiodic, and
chaotic states, but we do not show them to avoid conges
@6#. Figure 4~a! shows the result for complete chaos synch
nization. We used a gray scale corresponding to each ra

FIG. 3. Chaotic attractors consisting of intensity and carrier d
sity in the receiver laser.~a! and ~b! correspond to the tempora
wave forms of Figs. 2~b! and 2~d!, respectively.
6-3
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ATSUSHI MURAKAMI AND JUNJI OHTSUBO PHYSICAL REVIEW A65 033826
in the synchronization error to present the quality of synch
nization clearly. We found a very small region for good sy
chronization near the condition of Eq.~4!. The variation of
the gray level reveals that varying the parameters from
synchronization condition decreases the quality of synch
nization. Complete chaos synchronization is very sensit
even to small variations in the parameter values. In contr
we observed chaotic oscillations synchronized by amplifi
tion over a very wide area in a strong injection region of t
phase space in Fig. 4~b!. Furthermore, we found that th
amplification regime overlaps with the injection-locking r
gime. The quality of amplification tends to increase w

FIG. 4. Calculated synchronization error for variation in t
frequency detuningD f and the injection rateRinj . Quality of syn-
chronization or amplification is represented by using gray sc
with synchronization error.~a! and ~b! correspond to the complet
chaos synchronization of Fig. 2~b! and the amplification of Fig.
2~d!, respectively. The boundary denoted by the solid line rep
sents an injection-locking area for constant-intensity injection i
the receiver laser. Coincidence between the amplification area
the injection-locking area is found in~b!. ~a! is also included in~b!.
03382
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increasing injection rate and negative detuning. The co
plete synchronization area of Fig. 4~a! is included in Fig.
4~b!. These two regimes are entirely separate from e
other.

B. Mismatch of internal laser parameters

In practice, it is impossible to have two semiconduc
lasers in which all the internal parameters are the sa
Therefore, it is very important to investigate the influence
the mismatch of the two lasers on the quality of synchro
zation or amplification. The typical internal laser paramet
we chose here are the cavity decay rateg, the carrier decay
rategN , the linear gain coefficientg, and the linewidth en-
hancement factora. The result for complete chaos synchr
nization is shown in Fig. 5~a!. The original synchronization
state is the same as in Fig. 2~b!. We also found sensitivity of
the quality of synchronization to the parameter mismatch,
same as for the external parameter variations. The sync
nization is lost even for a few percent of mismatch on ea
parameter. Theg mismatch is most effective in destroyin
synchronization, and the parametera mismatch has much
less effect on the quality of synchronization. In comparis
the influence of parameter mismatch on chaotic oscillati
synchronized by amplification differs considerably. The

le

-
o
nd

FIG. 5. Calculated synchronization error as a function of
parameter mismatch forgC , gN , g, anda. ~a! and ~b! correspond
to the complete chaos synchronization in Fig. 2~b! and nonlinear
amplification in Fig. 2~d!, respectively.
6-4
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SYNCHRONIZATION OF FEEDBACK-INDUCED CHAOS . . . PHYSICAL REVIEW A 65 033826
sult is shown in Fig. 5~b!. The original amplification state is
the same as shown in Fig. 2~d!. We note that the synchroni
zation error is not reduced in amplification for parame
mismatch variation. It is very interesting that the matching
not the best condition for obtaining much more accurate a
plification. The amplified chaotic oscillation is robust fo
variations in the mismatch of each parameter. In particu
the positive mismatch of cavity decay rategc or the negative
mismatch of other parameters tends to yield better qualit
amplification. A similar tendency in mismatching was o
served for different conditions of the injection, i.e., for d
ferent values of the injection rate and the frequency det
ing. Therefore, this may be an essential characteristic
semiconductor lasers exhibiting chaotic oscillation synch
nized by amplification.

C. Noise effect on synchronization

Semiconductor lasers usually operate with their intrin
noise that can affect significantly the chaotic dynami
Therefore, we should investigate chaos synchroniza
property under the noise. We perform a numerical simulat
including typical Langevin noise termFi(t) in Eqs.~1!–~3!,
which is modeled as a white Gaussian noise with zero m
and its autocorrelation written by ^Fi(t)F j (t1t)&
5Di j d(t). The diffusion coefficientsDi j ~i,j : E0 , f, andN!
are given by

DE0E0
5Rsp, ~5a!

Dff5
Rsp

Est
2 , ~5b!

DNN5RspEst
21gNNst, ~5c!

whereEst andNst are steady state values for the electric fie
amplitude and the carrier number, andRsp represents a spon
taneous emission rate given byRsp5CspgNNst in which we
choseCsp51027. We present the numerical result in Fig.
The circle shows degree of synchronization with the noise
a function of the mismatch on the cavity decay rate for
complete synchronization case@Fig. 6~a!# and the amplifica-
tion case@Fig. 6~b!#. To clarify comparison, we also prese
the result without the noise by the solid line, which corr
sponds to Fig. 5. It is clear that the noise easily degra
synchronization quality in the complete synchronizati
case. The synchronization error reaches several percent
under the matching condition. It results that the synchron
state in complete chaos synchronization is very unsta
against noise. In contrast, the noise has much less effec
the quality of synchronization in the amplification cas
shown in Fig. 6~b!. Moreover, we found that the noise effe
partly improves the degree of synchronization compared
that without the noise. The contrast of the noise effect on
two synchronization cases is interesting. We infer that
less effect of noise on the amplification case results from
noise reduction characteristics of injection-locked semic
ductor lasers with strong injection@6#.
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IV. DISCUSSION

In this section, we concentrate on chaotic oscillation s
chronized by nonlinear amplification and discuss the num
cal results. We previously presented some aspects for s
synchronization. These are~i! the carrier reduction caused b
strong injection enhances the amplification effect and
creases the amplification gain and~ii ! the synchronization
regime overlaps with the injection-locking regime. We ne
perform a stationary analysis for the conventional injectio
locked semiconductor lasers to discuss these two res
qualitatively. When the transmitter has no feedback, the
jected term in Eq. ~2! can be written as ET(t)
5ET,stexp(ifT,st), where ET,st and fT,st represent the sta
tionary amplitude and phase of the transmitter laser. If
pump current values of the two lasers are equal,ET,st
>ER,st can be established. Under these conditions, we
obtain stationary solutions for the receiver laser from E
~2! and ~3!, as follows:

ER,st
25

JR2gNNR,st

gc22k inj cosDfst
, ~6!

NR,st5N01
gc22k inj cosDfst

g
. ~7!

FIG. 6. Calculated synchronization error as a function of
mismatch ongc with the Langevin noise included in the rate equ
tions. The circle and the solid line represent the results with
without the noise, respectively.
6-5
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Dfst5fR,st2fT,st5sin21H 2
Dv

k injA11a2J 2tan21 a.

~8!

Analyzing these equations, we found thatNR,st decreases and
ER,st increases with the increased injection strengthk inj and
negative detuning2Dv. The increase ofER,st means light
amplification @22#. Therefore, the stationary analysis agre
with the numerical result of~i!.

In the conventional injection-locking scheme, an inject
laser begins to oscillate at the same optical frequency as
of the injecting laser, and the relative phase between the
laser beams is fixed to a constant value. Such ‘‘freque
locking’’ and ‘‘phase locking’’ are typical phenomena i
injection-locked semiconductor lasers and are fully e
plained by Eq.~8!, showing that a stationary phase differen
between the transmitter and receiver lasers is time cons
In the chaotic transmitter laser, however, both the opt
frequency and the phase fluctuate chaotically. How can
discuss these locking phenomena for the chaotic light in
tion? Figure 7 shows temporal phase fluctuations in the c
otic oscillations synchronized by amplification in th
injection-locking regime, which correspond to the intens
waveforms of Figs. 2~a! and 2~d!. fT andfR are the phase
fluctuations of the transmitter and receiver, andDf is their
difference. It is clear that the receiver exactly follows t
transmitter phase fluctuation and phase locking occurs.
locked phase value in the figure is aboutDf522.39p and
is identical to the stationary value calculated from Eq.~8!.
~Note that phase differenceDf must be 2np, wheren is an
integer, in complete chaos synchronization.! In general, op-
tical spectra of lasers are related to phase fluctuations. In
case, since the transmitter laser is in incoherent state ca
by the chaotic oscillation and the transmitter’s spectrum m
be broadened due to the phase fluctuations on the subn
second time scale, compared to the solitary laser linew
~less than 100 MHz range! @22–24#. However, the synchro

FIG. 7. Temporal fluctuations of the transmitter’s phase (fT)
and receiver’s phase (fR), and their difference~Df! in the ampli-
fication case. The receiver’s phase follows exactly the transmitt
phase fluctuation so that the phase difference between them is
stant.
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nized phase of the receiver means that the two lasers ex
very similar spectral characteristics in both the center f
quency and linewidth. We consider that this is also a kind
frequency locking. Figure 7 is the results with zero detuni
but we actually confirmed that such frequency and ph
locking for chaotic light injection were usually observed in
good amplification area with frequency detuning of Fig. 4~b!.
Therefore, injection locking for chaotic light injection can b
defined as a phenomenon in which an injected laser begin
oscillate at the center frequency of the injecting laser and
injected-laser phase begins to exactly follow the chaotic fl
tuations of the injecting-laser phase so that the relative ph
is fixed to the phase-locking value. The above discussi
verify that the chaos synchronized by nonlinear-amplificat
phenomena results from the injection locking of semicond
tor lasers. We also investigated the phase dynamics, inc
ing the Langevin noise terms in numerical simulation, b
found no essential difference.

V. CONCLUSION

We examined synchronization of chaotic oscillations
semiconductor lasers by optical injection in a transmitt
receiver configuration. The transmitter consists of a semic
ductor laser with optical feedback and the receiver cons
of a solitary semiconductor laser. There are two synchro
zation schemes. One is complete chaos synchronizatio
which the rate equations of the two systems can be descr
completely in equivalent forms for internal and external p
rameters. In this case, a time lag corresponding to
feedback-induced delay time exists between the transm
and receiver chaos. The other one is the synchronizatio
chaotic oscillations induced by nonlinear-amplification ph
nomena. This was observed in the strong optical inject
regime, and the synchronized chaotic wave form has no s
time lag.

The characteristics of such a nonlinear amplification dif
considerably from those of complete chaos synchronizat
We have shown that the chaos synchronized by amplifica
was robust for a large mismatch between the two syste
while the complete chaos synchronization was very sensi
to a slight mismatch. Symmetry is strictly required to reali
the best complete synchronization when constructing
coupled systems. This fact indicates that much effort wo
be required to experimentally observe synchronized ch
with the time lag. However, in the amplification case, a bet
quality of synchronized chaotic wave form can be obtain
in asymmetric systems, than in symmetric systems. T
should make it easy for us to observe this kind of phenom
in real experiments, since it is not necessary to construct
symmetric systems or to use two identical lasers in this ca
We also investigated an effect of laser noise on the sync
nization degree by including Langevin noise terms in the r
equations. As a result, a significant degradation of the s
chronization performance was found in the complete ch
synchronization, while the synchronization by amplificati
was robust in the presence of the noise.

We explored the physical cause of the synchronization
chaotic oscillations by amplification. As a result, we fou

’s
on-
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that the carrier reduction in the receiver laser, which
caused by strong injection, can enhance the amplifica
gain and can lead to a better amplification quality. Furth
more, the amplification regime corresponded to the conv
tional injection-locking regime in semiconductor lasers.
vestigating phase fluctuations of the amplified state reve
that phase locking also occurs for chaotic light injection. W
analyzed these results by performing a stationary analysi
the conventional injection-locking case and found go
agreement between the numerical and analytical results
addition, we considered a kind of frequency locking und
chaotic light injection. From these results, we conclude t
the synchronized chaotic oscillation without a time lag
caused by nonlinear amplification due to the injection lo
ing in the receiver laser. Note that this agrees well with
earlier experimental study in Ref.@17#.

For future studies, we expect that not only complete ch
synchronization, but also nonlinear light amplification by i
ic
,

u,

J.

n

h
.

03382
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n
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n-
-
d

e
on
d
In
r
t
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e

s

jection locking will be useful for reproducing a chaotic wav
form with high accuracy in secure communications us
chaos in semiconductor lasers. However, since the ch
synchronization method by amplification has a different
bustness for parameter mismatch compared to that of c
ventional chaos synchronization, a different definition of s
curity would be needed in realizing secure communicatio
by this method. It is also interesting how one can encode
decode message in the chaos synchronization by ampli
tion. In the near future, the conventional message encod
methods should be examined, such as, amplitude modula
of chaotic output@12# and injection-current modulation@17#.
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