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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 dET(t) 1
TR 5(1"‘ ia){g[N7(t) = Ng]— ¥} Ex(t)

Semiconductor lasers subjected to optical feedback from
an external mirror or optical injection from another laser are + KkexET(t— T)eXp( —iwTT), (1)
known as nonlinear optical systems that can generate chaotic
intensity fluctuations. A wide variety of nonlinear dynamical ~ dEg(t) 1 )
phenomena has aroused much interest in the field of laser ~ dt §(1+'a){g[NR(t)_NO]_VC}ER(U
chaos[1-8]. In particular, semiconductor lasers with optical )
feedback are good candidates as source generators for secure +kinEr(t—ro)exp{ —i[Aw(t—1c) + ¢},
communications using chaos because they can generate high- 2
dimensional chaos due to feedback, ensuring a high level of
security[9,10]. In secure communications, there is a problem dNr (t) )
of how the chaotic carrier wave form generated by a trans- T:‘]T,R_ YuNTR(1) ~ 9[ N7 R(H) — No][Er r(D)%,
mitter system can be reproduced in a receiver system. (3)

In 1990, Pecora and Carroll first proposed the principle of
chaos synchronization to produce the same chaotic wawyhere E and N are the complex electric field and carrier
forms in two coupled systenjd1]. In this method, the trans- number in the laser cavity, respectively, and the subscfipts
mitter system generating the chaotic wave form is composed
of two subsystems, while the receiver system is a replica of
one of the two subsystems. Coupling one variable of the ext
transmitter system into the receiver system produces the
same chaotic system on the receiver side. They demonstrated
that a receiver’'s wave form converges into a chaotic trajec-
tory of the transmitter system if all the conditional Lyapunov
exponents in the receiver system are negative.

Several theoretical and experimental investigations of
chaos synchronization and secure communications have been
performed by applying the synchronization method in semi-
conductor lasers with optical feedbaftk2—21]. A typical
configuration used in the investigations is shown in Fig. 1.
The two lasers are coupled by unidirectionally injecting the 1. 1. configuration for chaos synchronization in coupled
transmitter laser’s output into the receiver laser via an opticalemiconductor lasers. Chaotic output emitted from the transmitter
isolator(IS). In the two coupled systems, the transmitter sySqaser () with optical feedback is unidirectionally injected into the
tem is composed of a semiconductor laser and an externgdceiver laserl(g) via an optical isolatorS); J; andJg represent
mirror, emitting chaotic intensity fluctuation. The receiver the pump currents of the transmitter and receiver laseesd 7,
system is composed of another semiconductor laser with ofrepresent the time delay for round-trip within the external cavity
tical injection. The rate equations for the coupled lasers arand for light propagation, an&e,; and R;,; represent the optical
written as follows[14,18]: feedback rate and injection rate.

Receiver System
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andR represent transmitter and receiver systems3 is the
linewidth enhancement factay=7.0x10 ¢ ns ! is the lin-
ear gain coefficienty,=518.9 ns ! is the cavity decay rate,
yn=0.5ns ! is the spontaneous carrier decay rakés the
pump current normalized by electron charge, &hd=1.68
x 10% is the carrier number at transpareneyis the round- St M L el T AR
trip delay time within the external cavity, angis the propa- % 3 6 9 12 15
gation time of emitted light from the transmitter to receiver Time [os)
system. Feedback coefficiente, is given by 1#,(1
—Rp) VRext/ Rg, Wherer,,=8 ps is the round-trip time in the
laser cavity, andRy andR,; represent intensity reflectivity of
the laser exit facet and external mirrary 7 is the round-trip
phase shift induced by light propagation within the external

1 (t) [mW]

I (1) [mW]

R

—_ N W B th O

I (+-7) [mW]

R

cavity, andwr is the angular frequency of the free-running %~ —"3 % o 1
transmitter laser. The coupling strength between the two sys: Time (s}
tems can be given by an injection coefficieqy; written as 5
1/7in(1—Rg) VRinj/Rg in which Ri represents the percent- g 4 5
age of the transmitter’s output intensity injected into the re- § 3k é
ceiver laser cavityA w = wt— wg accounts for frequency de- x2§ =
tuning between the two free-running lasers, afdis the 1
phase difference between the two lasers. Here, we neglec it b,
the propagation delay time, i.er,=0, for simplicity. From Time [ns]
these equations, the necessary condition for realizing com-
plete chaos synchronization are easily found to be FIG. 2. Examples. of reproduction of chaotic wave forms with-
out frequency detuninga) Temporal chaotic wave form of trans-
Kext™= Kinj (43) mitter laser (complete chaos synchronizatjot Ir=130,, 7
=1ns, andRe,=0.015% (ke,=1.96 ns1). (b),(c) Chaotic wave
Aw=0, (4b) form in the receiver laser with the time lag at R;;=0.015%

(kinj=1.96 ns 1) and correlation plot betweely(t) andg(t— 7)
obtained under the synchronization conditi¢d,(e) Chaotic wave
forms without any time lag in the receiver lagsynchronization of

Under th diti the t t chaotic oscillations by nonlinear amplificatioat a much increased
hder these necessary conditions, the two Systems can W ion rate of Riyj=22% (kiy=74.9ns ") and corresponding

described by the same, or equivalently the same, rate equg;, ajation plot betweehr(t) and | (t).
tions, and one may obtain a synchronous solutiorEg&

— 7)=Ex(t). This is somewhat strange, in that the responsgeedback-induced chaos in coupled semiconductor lasers
of the receiver exceeds the effect of the transmitter with timeyith and without the time lag by systematically investigating
lag 7, the receiver anticipates the future state of the transmitthe model and the rate equations. As a synchronized chaotic
ter. This kind of synchronization with time lagis known as  state, we chose a continuous chaotic wave form due to de-
“anticipating synchronization” and can often be seen in syn-stapjlized relaxation oscillation caused in a weak optical
chronized time-delay systenp8,10]. The recent works have feedback regime. Noted that it is not LFF chaos with coher-
already predicted generation of anticipating synchronizatiogpce collapse caused by strong optical feedljadkid. As-

@n a di_fferent scheme based on coupled semiconductor Iaser§uming the complex electric field &(t) = Eq(t)exdid(t)],

in which the receiver laser has another external feedbaclye can obtain a new set of rate equations for the amplitude,
[14,19,2Q. In the works, in order to establish a symmetric phase, and carrier number for each laser. We numerically
condition for achieving anticipating chaos synchronization,gjmylated the rate equations employing the fourth-order
the external feedback rate and the injection rate on the r'&Runge-Kutta algorithm. The semiconductor laser we con-
ceiver side were adjusted so that total amount of the opticaljjer here is a typical AGa _,As semiconductor laser op-
injection into the receiver laser corresponds to the transmit(-_‘.rating at an optical wavelength of 800 nm. In order to
ter’s optical feedback. This symmetric condition i; the SaMénainly treat deterministic pnenomena, we neglect Langevin
as our case when the receiver’s feedback rate is set to hgyise and other noise terms in the rate equations. The follow-
zero. Therefore, our configuration is a special simple case ifhg sections will present the numerical results and discuss

considering chaos synchronization in coupled semiconductghem. We will deal with the noise effect on synchronization
lasers. Referendd 4] has also indicated this point. in Sec. llI C.

Contrary to the theoretical prediction, most of the experi-
ments demonstrated that no time lag existed between the, gy cHRONIZATION OF CHAOTIC OSCILLATIONS
chaotic wave forms in the transmitter and receiver systems
[16,17. We believe that the experimental synchronization First, we present examples of reproduced chaotic wave
has a different origin than the principle of complete chaosorms without frequency detuning between the two lasers in
synchronization. This paper discusses reproduction of th€ig. 2. The device parameters of the two lasers are assumed

Pe=w1T. (4c)
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to be the same. With increasing optical feedback, the trans. 1.0
mitter laser can exhibit routes to chaos, which can be char- 1015
acterized by an excitation of the relaxation oscillation and 1O
the external cavity frequencies and by their mixing with the == 1.005HfH
inherent nonlinearity of semiconductor laspfé Figure Za) « I
shows a transmitted chaotic wave form from the transmitter * ¢ g5t ¥

(a)

N ()

laser at J1=1.3Jy, 7=1ns, and Rgy=0.015% (cey 0.9
=1.96 ns'!). Under this condition, the chaotic wave form is I — N\ L
continuous just after going through a quasiperiodic bifurca- 0 1 2 3 4 5 Y001 2 3 4 5 6

. . ; . ) I W i
tion and oscillates in the gigahertz range due to the destabi RO 1mW] 1,0 ImW)

lized relaxation oscillation. We applied a false nearest- FIG. 3. Chaotic attractors consisting of intensity and carrier den-

pelght_)or algorithm to' thls. Cha(.)tlc wave form 'and sity in the receiver lasera) and (b) correspond to the temporal
investigated the embedding dimension. As a result, this chg;_ o torms of Figs. @) and 2d), respectively.

otic behavior was found to exhibit more than seven dynami-
cal degrees of freedom, ensuring that the feedback-induc
chaos is not low dimensionf25]. The output intensity emit-
ted from the exit facet of the semiconductor laser is calcu
lated asl=[hc<uam/(47r,ug)]E2, where h is the Planck
constantan, is the facet loss, ang is the group refractive
index[12]. From Eq.(4), we can find the necessary condition
for complete chaos synchronization, under which the re
ceiver completely synchronizes to the transmitter toRpe
=0.015% (ij=1.96 ns '), Aw=0GHz, and ¢.=wrr.
The round-trip phase shift iet7=2n (n being an integer

in this case. A receiver’s output calculated under this condi-
tion is shown in Fig. th). It is explicitly shown that the . PARAMETER MISMATCH BETWEEN TWO SYSTEMS

receiver synchronizes to the transmitter’s chaotic wave form next we investigate how parameter variation between the
with time lag 7 (=1 ns, corresponding to the theoretical tyo systems influences the two types of chaos synchroniza-
prediction. In Fig. Zc), the correlation plot betweenr(t)  tion with and without the time lag, namely, complete chaos
andIr(t—7) demonstrates that good synchronization is essynchronization and chaotic oscillation synchronized by non-
tablished. For a Strong injeCtion from the transmitter into thqinear amp"fication. As the variable parametersl we cah con-
receiver, we can see a similar but slightly different chaoticsiger external parameters that we can adjust in real experi-
output. Figure &) presents the temporal wave form of the ments or internal laser parameters determined in
receiver at a much higher injection rate Bf;=22% (kiny  manufacturing the lasers. In order to quantitatively estimate
=74.9 ns !). The frequency detuning is also set to zero. Thethe similarity between two laser outputs, we introduce a syn-
receiver produces a chaotic wave form similar to that in theshronization error, which is  defined aso=(|S;
transmitter, however, there is no time lag for synchronization_ Srl)/(Sr), Where(---y denotes time average, ai%} and

in this case. It seems that the receiver just follows the ing_ yepresent normalized intensities of the transmitter and
jected intensity fluctuation. We also notice that the amplitudgecejver laser§18].

of fluctuation of the receiver’s output became larger than that
of the transmitter, which seems to be a nonlinear amplifica-
tion phenomenon. The immediate response of the receiver
output is a typical feature of this kind of nonlinear amplifi-  First, we chose the injection rat,, and the frequency
cation phenomena in semiconductor lasers compared to thdetuning Af(=Aw/27) as external parameters. We vary
complete chaos synchronization case. Figue &hows the these parameters from those for the complete synchroniza-
corresponding correlation plot betwebg(t) andlg(t). The tion or amplification state in Figs.(8) and 2d). The results
correlation is a little less than that in Fig(c®, but, similarity ~ are shown in Fig. 4, which presents a phase diagram as func-
is good. tion of Af and R;. The boundaries denoted by the solid
We will now describe another difference in the carrier.curves in the diagram represent a well-known injection-
Figure 3 presents the orbit in a phase space of the intensitpcking regime that was analytically obtained by applying
and the carrier number. FiguresaBand 3b) show chaotic linear-stability analysis to the rate equations for semiconduc-
attractors, which correspond to the temporal wave forms ofor lasers with continuous wavew) light injection that cor-
Figs. 2b) and 2d), respectively. The vertical axis representsresponds to Fig. 1 in the absence of optical feedback in the
carrier number normalized by the threshold carrier numbetransmitter systemi2,7]. In the regime “unstable,” various
Ny, for free-running operation. In the complete chaos syn-dynamical states are induced by the cw light injection, such
chronization, as shown in Fig.(&®, the chaotic orbit was as periodidperiod 1, period 2, and so prguasiperiodic, and
found to be identical to that in the transmitter. However, Fig.chaotic states, but we do not show them to avoid congestion
3(b), the amplification case, shows a different orbit. We no-[6]. Figure 4a) shows the result for complete chaos synchro-
ticed that the carrier number becomes much lower tgn nization. We used a gray scale corresponding to each range

qﬂ this case. It can easily be understood that the strong opti-
cal injection Ri,j=22%) leads to the threshold-carrier re-
duction in the receiver laser, since a sufficient number of
photons for reaching the laser threshold is provided by the
externally injected light. We actually confirmed in the other
numerical results that the carrier reduction caused by the
strong injection increases the amplification gain and en-
hances the synchronization effect related to similarity of the
receiver output.

A. Variation in external parameters
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FIG. 5. Calculated synchronization error as a function of the
parameter mismatch foy, yN, 9, anda. (a) and(b) correspond
to the complete chaos synchronization in Figb)2and nonlinear
amplification in Fig. 2d), respectively.

Complete
synchronization area

(b)

increasing injection rate and negative detuning. The com-
plete synchronization area of Fig(a} is included in Fig.
4(b). These two regimes are entirely separate from each
FIG. 4. Calculated synchronization error for variation in the other.
frequency detuning\ f and the injection rat®;, . Quality of syn-
chronization or amplification is represented by using gray scale

with synchronization errora and (b) correspond to the complete ) o ) )
chaos synchronization of Fig.(® and the amplification of Fig. In practice, it is impossible to have two semiconductor
2(d), respectively. The boundary denoted by the solid line reprelasers in which all the internal parameters are the same.
sents an injection-locking area for constant-intensity injection intol herefore, it is very important to investigate the influence of
the receiver laser. Coincidence between the amplification area arftie mismatch of the two lasers on the quality of synchroni-
the injection-locking area is found ifb). (a) is also included ir(b). zation or amplification. The typical internal laser parameters
we chose here are the cavity decay rate¢he carrier decay
in the synchronization error to present the quality of synchrotate yy, the linear gain coefficierg, and the linewidth en-
nization clearly. We found a very small region for good syn-hancement factow. The result for complete chaos synchro-
chronization near the condition of E(}). The variation of nization is shown in Fig. &). The original synchronization
the gray level reveals that varying the parameters from thetate is the same as in Figb2. We also found sensitivity of
synchronization condition decreases the quality of synchrothe quality of synchronization to the parameter mismatch, the
nization. Complete chaos synchronization is very sensitivesame as for the external parameter variations. The synchro-
even to small variations in the parameter values. In contrashization is lost even for a few percent of mismatch on each
we observed chaotic oscillations synchronized by amplificaparameter. They mismatch is most effective in destroying
tion over a very wide area in a strong injection region of thesynchronization, and the parametermismatch has much
phase space in Fig.(d). Furthermore, we found that the less effect on the quality of synchronization. In comparison,
amplification regime overlaps with the injection-locking re- the influence of parameter mismatch on chaotic oscillations
gime. The quality of amplification tends to increase with synchronized by amplification differs considerably. The re-

0 10
Af [GHz]

B. Mismatch of internal laser parameters
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sult is shown in Fig. B). The original amplification state is 100
the same as shown in Fig(d@. We note that the synchroni-
zation error is not reduced in amplification for parameter
mismatch variation. It is very interesting that the matching is
not the best condition for obtaining much more accurate am-
plification. The amplified chaotic oscillation is robust for
variations in the mismatch of each parameter. In particular,
the positive mismatch of cavity decay ragg or the negative
mismatch of other parameters tends to yield better quality of
amplification. A similar tendency in mismatching was ob-
served for different conditions of the injection, i.e., for dif-
ferent values of the injection rate and the frequency detun-
ing. Therefore, this may be an essential characteristic in 1 ~ L
. 54 3 2 1 0 1 2 3 4 5
semiconductor lasers exhibiting chaotic oscillation synchro- Mismatch of cavity decay rate [%]
nized by amplification. 100

o [%]

C. Noise effect on synchronization

Semiconductor lasers usually operate with their intrinsic
noise that can affect significantly the chaotic dynamics.
Therefore, we should investigate chaos synchronization
property under the noise. We perform a numerical simulation
including typical Langevin noise terf;(t) in Egs.(1)—(3),
which is modeled as a white Gaussian noise with zero mean
and its autocorrelation written by (F;(t)F;(t+ 7))
=Dj; (7). The diffusion coefficient®;; (i,j: Eq, ¢, andN)
are given by

o [%]

2l

De £ = Rep: (5a) 1S53 20 7100 167507364050
0-0 Mismatch of cavity decay rate [%]
R FIG. 6. Calculated synchronization error as a function of the
D¢¢:E5291 (5b) mismatch ony, with the Langevin noise included in the rate equa-
st tions. The circle and the solid line represent the results with and

without the noise, respectively.

Dun=RsEa+ YaNst, (50 IV. DISCUSSION

whereE, andN, are steady state values for the electric field [N this section, we concentrate on chaotic oscillation syn-

amplitude and the carrier number, aRgj represents a spon- chronized by nonlinear amplification and discuss the numeri-
taneous emission rate given B,= CqyynNs in which we cal result_s. We prewously presente_d some aspects for such
choseC¢,=10"7. We present the numerical result in Fig. 6 synchronization. These afB the carrier reduction caused by

sp . . 6. L e )
The circle shows degree of synchronization with the noise aSt"oNd injection enhances the amplification effect and in-
a function of the mismatch on the cavity decay rate for the®'€aS€s the amplification gain afid) the synchronization
complete synchronization cafig. 6@] and the amplifica- '€9ime overlaps with the injection-locking regime. We next

tion case[Fig. 6(b)]. To clarify comparison, we also present perform a st_ationary analysis for th_e conventional injection-
the result without the noise by the solid line, which corre-locked semiconductor lasers to discuss these two results

sponds to Fig. 5. It is clear that the noise easily degradegualitatively. When the transmitter has no feedback, the in-

synchronization quality in the complete synchronization/écted term in Eq. (2) can be written as Eq(t)
case. The synchronization error reaches several percent evarFT.st€XPi¢rs), whereEr g and ¢y g represent the sta-
under the matching condition. It results that the synchronou8ionary amplitude and phase of the transmitter laser. If the
state in complete chaos synchronization is very unstabl@ump current values of the two lasers are equgy
against noise. In contrast, the noise has much less effect GiiEr,st can be established. Under these conditions, we can
the quality of synchronization in the amplification Case,obtaln stationary solutions for the receiver laser from Egs.
shown in Fig. 6b). Moreover, we found that the noise effect (2) and(3), as follows:
partly improves the degree of synchronization compared to

that without the noise. The contrast of the noise effect on the Er 2= o~ YNNR st , 6)
two synchronization cases is interesting. We infer that the ’ Yo~ 2Kinj COSA g

less effect of noise on the amplification case results from the

noise reduction characteristics of injection-locked semicon- N o= No+ Ye~ 2Kinj COSA ¢st. @

ductor lasers with strong injectidi].
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-1r nized phase of the receiver means that the two lasers exhibit
- very similar spectral characteristics in both the center fre-
-2F AG(= o, ~ @) quency and linewidth. We consider that this is also a kind of

frequency locking. Figure 7 is the results with zero detuning,
but we actually confirmed that such frequency and phase
locking for chaotic light injection were usually observed in a
good amplification area with frequency detuning of Figp)4
Therefore, injection locking for chaotic light injection can be
defined as a phenomenon in which an injected laser begins to
oscillate at the center frequency of the injecting laser and the
injected-laser phase begins to exactly follow the chaotic fluc-
tuations of the injecting-laser phase so that the relative phase
. . e T is fixed to the phase-locking value. The above discussions
0 3 6 9 12 15 verify that the chaos synchronized by nonlinear-amplification
Time [ns] phenomena results from the injection locking of semiconduc-
FIG. 7. Temporal fluctuations of the transmitter's phagg)(  [OF lasers. We also investigated the phase dynamics, includ-
and receiver’s phaseg), and their differencéA¢) in the ampli- NG the Langevin noise terms in numerical simulation, but
fication case. The receiver’s phase follows exactly the transmitter'éound no essential difference.
phase fluctuation so that the phase difference between them is con-
stant.

'
(554
T

|
IS

Phase [ rad]

V. CONCLUSION

We examined synchronization of chaotic oscillations in
]—tanla. semiconductor lasers by optical injection in a transmitter-
receiver configuration. The transmitter consists of a semicon-
®) ductor laser with optical feedback and the receiver consists
of a solitary semiconductor laser. There are two synchroni-
Analyzing these equations, we found tihg{ ; decreases and zation schemes. One is complete chaos synchronization in
Er st increases with the increased injection strengthand  which the rate equations of the two systems can be described
negative detuning-Aw. The increase oEgr i means light completely in equivalent forms for internal and external pa-
amplification[22]. Therefore, the stationary analysis agreesrameters. In this case, a time lag corresponding to the
with the numerical result ofi). feedback-induced delay time exists between the transmitter
In the conventional injection-locking scheme, an injectedand receiver chaos. The other one is the synchronization of
laser begins to oscillate at the same optical frequency as thahaotic oscillations induced by nonlinear-amplification phe-
of the injecting laser, and the relative phase between the twnomena. This was observed in the strong optical injection
laser beams is fixed to a constant value. Such “frequencyegime, and the synchronized chaotic wave form has no such
locking” and “phase locking” are typical phenomena in time lag.
injection-locked semiconductor lasers and are fully ex- The characteristics of such a nonlinear amplification differ
plained by Eq(8), showing that a stationary phase differenceconsiderably from those of complete chaos synchronization.
between the transmitter and receiver lasers is time constanive have shown that the chaos synchronized by amplification
In the chaotic transmitter laser, however, both the opticalvas robust for a large mismatch between the two systems,
frequency and the phase fluctuate chaotically. How can wevhile the complete chaos synchronization was very sensitive
discuss these locking phenomena for the chaotic light injecto a slight mismatch. Symmetry is strictly required to realize
tion? Figure 7 shows temporal phase fluctuations in the chahe best complete synchronization when constructing two
otic oscillations synchronized by amplification in the coupled systems. This fact indicates that much effort would
injection-locking regime, which correspond to the intensitybe required to experimentally observe synchronized chaos
waveforms of Figs. @) and 2d). ¢t and ¢y are the phase with the time lag. However, in the amplification case, a better
fluctuations of the transmitter and receiver, akd is their  quality of synchronized chaotic wave form can be obtained
difference. It is clear that the receiver exactly follows thein asymmetric systems, than in symmetric systems. This
transmitter phase fluctuation and phase locking occurs. Thshould make it easy for us to observe this kind of phenomena
locked phase value in the figure is abdup=—2.397 and in real experiments, since it is not necessary to construct two
is identical to the stationary value calculated from E8).  symmetric systems or to use two identical lasers in this case.
(Note that phase differenck$ must be 27, wherenis an  We also investigated an effect of laser noise on the synchro-
integer, in complete chaos synchronizatjdm. general, op- nization degree by including Langevin noise terms in the rate
tical spectra of lasers are related to phase fluctuations. In owquations. As a result, a significant degradation of the syn-
case, since the transmitter laser is in incoherent state causetdronization performance was found in the complete chaos
by the chaotic oscillation and the transmitter’s spectrum mussynchronization, while the synchronization by amplification
be broadened due to the phase fluctuations on the subnanwmas robust in the presence of the noise.
second time scale, compared to the solitary laser linewidth We explored the physical cause of the synchronization of
(less than 100 MHz rang€22—24. However, the synchro- chaotic oscillations by amplification. As a result, we found

S A
st= PRst PT,st o 1t o2
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that the carrier reduction in the receiver laser, which isjection locking will be useful for reproducing a chaotic wave
caused by strong injection, can enhance the amplificatioform with high accuracy in secure communications using
gain and can lead to a better amplification quality. Furtherchaos in semiconductor lasers. However, since the chaos
more, the amplification regime corresponded to the convensynchronization method by amplification has a different ro-
tional injection-locking regime in semiconductor lasers. In-bustness for parameter mismatch compared to that of con-
vestigating phase fluctuations of the amplified state revealedentional chaos synchronization, a different definition of se-
that phase locking also occurs for chaotic light injection. Wecurity would be needed in realizing secure communications
analyzed these results by performing a stationary analysis doy this method. It is also interesting how one can encode and
the conventional injection-locking case and found gooddecode message in the chaos synchronization by amplifica-
agreement between the numerical and analytical results. ltion. In the near future, the conventional message encoding
addition, we considered a kind of frequency locking undemethods should be examined, such as, amplitude modulation
chaotic light injection. From these results, we conclude thabf chaotic outpuf12] and injection-current modulatidri.7].

the synchronized chaotic oscillation without a time lag is

pau§ed by non.linear amplification duga to the injection lock- ACKNOWLEDGMENTS
ing in the receiver laser. Note that this agrees well with the
earlier experimental study in Rgf17]. The authors would like to thank Professor K. Atsuki for

For future studies, we expect that not only complete chaokis valuable support, and Dr. Y. Liu, Dr. I. Fisher, and H.
synchronization, but also nonlinear light amplification by in- Takahashi for several useful discussions and suggestions.
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