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We study the synchronization of feedback-induced chaos in semiconductor lasers by the optical injection
scheme that consists of a transmitter laser with external optical feedback and a receiver laser with optical
injection from the transmitter laser. The stable synchronization condition and the effects of the frequency
detuning between the transmitter and the receiver lasers are investigated using numerical simulation. The
results show that positive and negative frequency detuning exert different influences on the synchronization. A
time lag between the waveforms of the transmitter and the receiver lasers in the case of a large frequency
detuning is found and its experimental significance is commented on.
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Laser chaos has been of considerable interest in recefiequency detuning ¢y<wg), the receiver fails to lock to
research on chaos synchronization and its applications to ophe transmitter frequency even when the detuning is only a
tical communications owing to its high dimension and largefew hundred megahertz. In this situation, the quality of syn-
bandwidth[1]. In particular, semiconductor lasers with opti- chronization is poor. A time lag between the output wave-
cal feedback or optical injection provide simple configura-forms of the receiver and the transmitter lasers is identified
tions for the generation of subnanosecond chaotic oscillawhen the frequency detuning exceeds a certain positive
tions. Several algorithms have been demonstrated to achiev@lue. This time-lag phenomenon implies that, when there
the synchronization of optical-feedback-induced chaos beeXists a large frequency detuning, the experimentally ob-
tween two semiconductor lasdi@]. Recently, a direct injec- ser\{eq time series may behave more like a direct response to
tion scheme, i.e., an external cavity semiconductor laser o€ injection signal than a synchronized waveform.
the transmitter side and a semiconductor laser with optical W& Pegin with a pair of single-mode semiconductor lasers
injection on the receiver side, was proposed to synchroniz oupled in a transmitter-receiver spheme as s_hown |n_F|g. L
the feedback-induced optical cha@. The direct injection _h(_a output light from the transmitter laser diodELD) is .
scheme especially favors experimental implementation dug'v'ded ”?‘0 two_beams, one is coupled back to the transmit-
to its simple configuration. Several experiments using thi§er,|f.iser |ts§elf with the fgedback St“?“xv ang:l the ot.her
scheme have been conducted to show the synchronizatidﬁ injected into the receiver laser dio@@LD) with the in-

between two lasers with oscillation frequencies ranging fro ection stre_ngthr;mj_. The optlcall Iength of the external fegd-
a few kilohertz to a few gigaherfz]. ack path in TLD id . An optical isolator is used to avoid

For the direct injection scheme, the existence of the synbOth multiple reflection in the feedback loop of TLD and

chronization state requires that the injection strength be ider]® utua(lj_cc()juphr'l% betweer; ;FLE()j;ndkRLD. For ﬁ smglltla-linode
tical to the feedback strength and that there be no detunin Ser Klobe W'th_ extern_a ee dac ,_\t/)ve L;]se the v;/e Inown
between the free-running frequencies of the transmitter anjang-Kobayashi equatiof6] to describe the complex elec-

the receiver lasers. Although Ahlees al. [5] have demon- tric field :';md. the carrier denslty. De”Ot'T‘g LN
strated that the direct injection scheme has quite a large toplexT electric ,f'eTld of the transmitter laser diode BS(t)
erance to the mismatch in some laser parameters, the effect” (1)€Xp(~iwgt), one has the following equation for the
of frequency detuning and that of injection strength have not

been clear. It is of both practical importance and theoretical . LDT ET(1)
interest to investigate the influence of frequency detuning ext
and injection strength on the synchronization quality. This
paper focuses on the issue of chaos synchronization through
optical injection when a frequency detuning exists between
the transmitter and the receiver lasers. First we show that
perfect synchronization can be achieved with an appropriate
injection strength only under the condition of no frequency
detuning, i.e.w)=wf, wherew] andwf are frequencies of :

free-running transmitter and receiver lasers, respectively. In Mo LDR ER(p)

the case of positive frequency detuningt> wf), the re- -~ >

ceiver laser is frequency-locked to the transmitter laser and

good synchronization performance is achieved over a large FIG. 1. Schematic of optical chaos synchronization via optical
detuning range. On the other hand, in the case of negativigjection.
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where A is the total complex intracavity field amplitude at '%’-...”,m * 0et0,**""
the oscillation frequencw,, v, is the cavity decay ratey, 8 hadl
is the longitudinal mode frequency of the cold laser caity, 0 0.1 0.2 0.3

is the linewidth enhancement factdr, is the confinement
factor, 7=1./c is the delay time of the external feedback,
andg is the gain coefficientF, is the complex Langevin FIG. 2. Largest transverse Lyapunov exponent as a function of
noise term that is characterized by the spontaneous emissi@e injection parameter @f=J"=0.67, |.,=15 cm (r=0.5 ng,
factorRg, [7]. It is noted that the above equation also applieséiy= e, andQ=0.
to a single-mode laser with weak to moderate optical feed-
back from an external mirror as shown in many previoustuning. Figure 2 shows the largest transverse Lyapunov ex-
works[2-4,6,9. ponent\ . as a function of the injection parameté;
The receiver laser with the optical injection from the out- = ¢, varying from 0 to 0.3 fod?=J"=0.67, 7=0.5 ns, and

put of the transmitter laser can be described with following()=0. At this injection current density, the laser parameters
equation usindeR(t) = AR(t)exp(—iwf) [9]: are b=4, I'=0.4, y.=2.4x10" s71, y,=1.458<10°
s !, and Ry,=4.7x10" V2m~2s7!, which are measured
from a single-mode Fabry-Perot semiconductor 1§8gWe
also simulated synchronization behavior from random initial
T - ) R conditions and found that,,,, gives a good test of synchro-

+ A (1= TR)eXi wo TR~ 1 Q) +F g, (2)  nization. In general, we find that the synchronization of

T R. ) optical-feedback-induced chaos can only be achieved when

where ) =wo—wg is the detuning frequency between the yhe injection strength exceeds a certain level. For very small
t_ransm|tter and the receiver lasers @rﬂs the propagation injection strengths &= £e<5X 1073), we also find that
time between TLD and RLD. In this paper we assume  the largest transverse Lyapunov exponent is negative, imply-
= 7 without loss of generality. The carrier density within the jng successful synchronization. Actually, with such a small

Injection Parameter, &y

dAR

c : I _
=~ AR (5 - oD AR+ 5 (1-ib)gRAR(Y)

cavity is described by the following equation: feedback coefficient, the state of TLD is usually a stable
ANTR(t) TR Den? fixed point and can be easily synchr_onizgd. S
T NTR() - LQT,R|AT,R(U|2 Next, we investigate the synchronization characteristics in
dt ed fi(wy™)? ’ the presence of a frequency detuniid#0) by numerically

©) calculating Eqs(1)—(3). Figure 3 shows the output charac-
teristics of TLD and RLD af)/2m=1 GHz, andéiy= £ex
=0.25. Other parameters are the same as those used for ob-
) - ) . k taining Fig. 2. In each plot of Fig. 3, the characteristics of the
electric charged is the active layer thickness, and is the  yranspitter laser are presented in the upper trace, whereas
carrier decay rate. The injection current densityan be  nqe of the receiver laser are presented in the lower trace for
measured with a normalized dimensionless paraméter direct comparison. Under this condition, TLD is in a com-
= (J/ed—ysNo)/ysNo. Also, 7ex and u;y are normalized pletely chaotic state, as can be seen from the time series in
With ¥ @S 7ex= Yeéext @Nd 7= iy, respectively. We  Fig. 3@ and the broadened peaks in the RF power spectrum
assume identical values of T, y., and ys for both TLD  in Fig. 3(c). The optical spectrum in Fig.(8) shows a large
and RLD. shift to lower frequencies due to the strong external feed-
From the above equations, we can easily find that theyack. The strong feedback also induced many peaks in the
perfect synchronization solutioh®=AT andN®=NT" exists  optical spectrum with the peak spacing corresponding to 1/
whenJR=]JT, &inj= Eext» andQ=0. One may think that per- We summarize the phenomena in the presence of a positive
fect synchronization also exists even for a nonzero frequencirequency detuningup to 10 GHz as follows.(1) The opti-
detuning because the injection signal can lock RLD to thecal frequency of RLD is locked to that of TLO2) The
same frequency of TLD. Although injection locking does optical and RF spectra of RLD well coincide with those of
occur within a certain range of frequency detuning and in-TLD, indicating that a good correlation can be obtained be-
jection strengt 8], it also causes a phase shift in RLD and tween the output intensity waveforms of the two laséBs.
thus will destroy perfect synchronization. Careful comparison of the time series of RLD and TLD
The stability of perfect synchronization depends on theshows that the high-frequency portions of two time series are
injection parameter. From Eq$l)—(3), we calculate the well synchronized with each other, whereas the low-
transverse Lyapunov exponeit] for zero frequency de- frequency portions with large-intensity fluctuations exhibit a

031802-2

where the superscript§ and R denote transmitter and re-
ceiver, respectively] is the injection current densitg,is the
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Time (ns) the presence of positive frequency detuning. We find that the
0 © receiver laser is not frequency-locked to the transmitter laser
2 when the negative detuning frequency exceeds only a few
g-20 | hundred megahertz for the injection level up &@j= &ex
% =0.3. As a consequence, the synchronization performance is
%—40 - generally worse than that obtained in the case of positive
by frequency detuning. This can be qualitatively explained from
-60 the injection-locking properties of the receiver laser. As stud-
0 2 4 6 8 10 ied in previous workg9], the stable locking regime ranges
@ roughly from —15 GHz to 0 GHz foi;,;= 0.25. Meanwhile,
g _| h l l I | with the external feedback, the oscillation frequency of the
g f’é’ transmitter laser is shifted to the negative-frequency dle
%;’ i With such a negative frequency shift in the transmitter laser
2 & l h h ﬁ I | caused by the feedback, a positive frequency detuning brings
o) more frequency components into the stable locking region
than a negative detuning does. Therefore, a positive fre-
-50 -25 0 quency detuning results in a better locking performance than

Frequency (GHz) a negative frequency detuning. The detailed dynamics of a
laser subject to optical injection from a chaotic laser with
frequency detuning is still under investigation.

To quantitatively evaluate the synchronization perfor-
mance, we define a synchronization error as
=(|SR(t) = ST(t)|)/(S(t)), where() denotes the time aver-
age.o is calculated to be about 16% in Fig. 3 far27=1
discrepancy, a phenomenon also observed when there isGHz. Figure 4 shows the synchronization ertorand the
mismatch in other parameters as described in Rdf.We  time lag T4 as a function of the detuning frequency. The
further find that this discrepancy is characterized by a finesynchronization error has a minimum value(a0 and in-
shift in time. (4) The amplitude and the rate of occurrence ofcreases a8 deviates from 0. We find that in the region of
this discrepancy increase with the increase in the frequenc{2>0 is generally smaller than that in the region @%O0.
detuning. To further verify the above-mentioned temporalThe time lag, on the other hand, shows an abrupt jump from
shift in the waveform caused by the frequency detuning, wé to 7 around a detuning frequendy/27=0.8 GHz.
average the time series in FigaBwith a 1-ns window. The It is worthwhile to briefly discuss the significance of the
result is shown in Fig. ®). This is the time series that would time lagT4. For perfect synchronization with no frequency
be observed in an experimental situation using a photodioddetuning, since we assumg= 7 in the simulation, the out-
with a detection bandwidth of 1 GHz. In this case a time lagput of the RLD,ER(t), is synchronized and identical to the
T4 between the receiver and the transmitter output intensitputput of TLD, E'(t), while receiving the injection signal
waveforms is clearly identified. The value ®f is found to  ET(t—7) from TLD. In the case of synchronization with a
be equal to the time delay Actually, the cross-correlation large frequency detuning, the existence of the time Tgg
function Cpr(At)=(ST(t)SR(t+At)) indicates that the =7 indicates that the RLD outp&ER(t) directly follows the
maximum correlation occurs at the time delAy=T, =17 injection signalE™(t— 7) itself. Considering a practical ex-
when the frequency detuning exceeds a certain value. periment where a detector with a bandwidth of less than a

The synchronization characteristics in the presence ofew gigahertz is employed, we can predict the following re-
negative frequency detuning are quite different from those irsults. For zero- or a small-frequency detuning, the output of
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FIG. 3. Laser outputs af®=J"=0.67, 7=0.5 ns, &= fext
=0.25, and)/27=1 GHz.(a) Time series(b) averaged time series
of (a), (c) RF power spectrum, andl) optical spectrum. Note that
time scales ina) and(b) are different.
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RLD reproduces the dynamics of TLD. In contrast, for a In conclusion, we have investigated the synchronization
large positive frequency detuning beyond a few gigahertzof optical-feedback-induced chaos through optical injection
the RLD behaves more like a driven oscillator and its outpuby taking into account the frequency detuning, the injection
directly responds to the injected signal although we may obstrength, and the laser noise. In particular, we have the fol-
serve very similar optical and RF spectra between the twdowing conclusions(1) Perfect synchronization of chaos can
lasers in both cases. only be achieved d2=0 with a strong injection strengt(R)

The influence due to the mismatch betwegpandée.is  In the presence of frequency detuning, reasonable synchro-
also investigated. In general, the synchronization error in th@ization performance can still be expected with strong injec-
case Wheren > e is smaller than that wheé,<&e; be-  tion. (3) In the case of positive frequency detuning(
cause stronger injection results in better frequency locking- ), the optical frequency of the receiver laser is locked to
according to the results shown in Fig. 2. For a laige, we  that of the transmitter laser, whereas in the case of negative
find that there also exists a lag tinfig=7 betw.een the out- detuning (¢ <wf), the frequency locking easily fails. As a
put waveforms of TLD and RLD, implying driven phenom- ¢onsequence, positive frequency detuning results in better
enon rather than synchronization. The influence of thesynchronization performance than negative detunid.
Langevin noise is investigated and the result is shown in Figyhen measuring the output intensity with a slow detector, a
4 with solid curves. It is found that the laser noise causes gme lag T4= 7 will be observed in the time series between

substantial increase in the synchronization error 8880,  {he transmitter and the receiver lasers when the detuning fre-
but causes little change at large detuning frequencies. Fua

: : ; juency exceeds a few gigahertg) A similar time lag phe-
thermore, the laser noise has little effect on the time lag andlymenon can be observed 8> £ex. OUI results demon-

its dependency of. _ _ strate the possibility of synchronizing the feedback-induced
We briefly comment on the relationship between our cal-

; ) ) optical chaos through the optical injection scheme in a very
culations and several recent experiments. In experiments of;

o A X . actical sense. Furthermore, these results also provide ex-
fast oscillation synchronization by Fischeral. and Fujino  nerimental researchers with a means to distinguish the syn-

et al, the time lag between waveforms of the transmitter anqyronization behavior from the driven oscillations in experi-
the receiver was calculated to fg=7 [4]. It is noted in  ents.

both experiments the authors distinguished their observations

from the synchronization predicted by the modelisy Our We are grateful to Dr. B. Komiyama for encouragement
numerical results suggest that the above observations are exAd support. Y. Liu acknowledges the support of the Col-
pected when a strong injection and/or a moderate positiviaboration Project between ATR-ACR and UCLA. H. F.
detuning exist and therefore provide a reasonable interpret&hen and J. M. Liu were supported by the U.S. Army Re-
tion for experimental observations. search Office under Grant No. DAAG55-98-1-0269.
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