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The study of nonlinear dynamical systems is a subject of much interest, one application being in secure
communication systems realized through the synchronization of chaotic dynamical systems. In this paper
optical coupling is used to effect synchronization between two diode lasers in a master-slave configuration, and
we study the effect of frequency detuning between the master and slave lasers on the character of the observed
synchronization. Experimental conditions are found under which the synchronizatiotigoioed by plotting
the output power of the slave laser against that of the master at each instant)imtikes a transition from
a positive gradient to a negative gradient. The appearance of such a negative gradient is a new phenomenon,
to our knowledge, which we term “inverse synchronization.” A rate-equation model is proposed which
accounts for light injection into the slave laser, and which agrees with the experimental results. Using this
model, we etablish that inverse synchronization is caused by nonresonant coupling between the master and

slave lasers.
DOI: 10.1103/PhysRevA.64.013805 PACS nuntber42.65.Sf
[. INTRODUCTION synchronized are therefore nonidentical. When the funda-

o . . ental emission frequency of one of the lasers is varied, a
Synchronization of chaotic systems has been given m“CE]netuning is effected between the two lasers. Varying the de-
attention due to its pOtentIa| In secure communication SyStuning |eads to Changes in the Character Of the Synchroniza_
tems. The underlying concept is that the transmitted messaggn. We report what we believe to be the first experimental
should be encoded within the noiselike output of a chaoti®bservation of a transition in the synchronization plot from a
transmitter. Extraction of the message requires a receiver ipositive gradient to a negative gradidf]. We term this
which the same chaos is generated as in the transmittenggative gradient phenomenon “inverse synchronization.”
which can be achieved by synchronization of the cadsf For a zero detuning between the transmitter and receiver the

the transmitter and the receiver. A successful demonstratioffsulting synchronization diagram has a positive gradient.

of chaotic transmission of a message using a fiber [gger FOr sufficiently large detuning the system operates in the
verse synchronization regime, with a negative gradient in

was reported recently. Progress has been made toward € o :

: . . . e synchronization diagram.
perlmental encryption and decryption by use of an interest- The phenomenon of inverse synchronization has been ob-
ing form of wavelength chaog3]. Because of the ease of g experimentally when the master laser exhibits both
operation of semiconductor lasers, previous wigtkaimed  staple and unstable chaotic dynamics. Chaotic operation of
to develop a chaotic communication system utilizing thesghe master laser is induced through external optical feedback
lasers as the source of optical chaos. Encoding and effectiig]. We report experimental synchronization diagrams for
decoding of a message depend critically on the quality othaotic operation for a number of detunings. Experimental
synchronization between the two chaotic lasers used as transynchronization diagrams are also displayed for operation in
mitter and receiver. Hence synchronization, and its deperthe low-frequency fluctuatiofLFF) regime. This regime of
dence on various experimental parameters, are of paramou@peration has the advantage over the fully chaotic case of
importance. The most common method of characterizing th&ore clearly illustrating the inverse behavior in the time do-
quality of synchronization of two lasers is to plot a synchro-main. A model is presented that explains the in-phase and
nization diagram: at each point in time the intensity of one@ntiphase behaviors seen for different frequency detunings
laser is plotted as a function of the intensity of the other. [fPY accounting for both resonant and nonresonant coupling
the two lasers are perfectly synchronized, the synchroniza2€tween the master and slave lasers. The model is first dem-
tion plot will be a straight line with a positive gradient. Less o_nstrated for the simple case of sinusoidally varying injec-
than perfect synchronization leads to a broadening of thé'on from the master laser to_the slave laser. The model
plot. shovys expellept_ agreement with measurements un(_jertaken

In this paper we study the synchronization of a laser diod for smusmdal injection. The mo.del is also seen to give ex-

. : -~ tellent qualitative agreement with measurements when it is

toan e_xterna_l optical S|gngl generated by another laser d'_o plied to the cases of chaotic and LFF operation.
which is subjected to optical feedback. The systems being

Il. EXPERIMENT

The experimental arrangement used to make the measure-

N ) . . i
Email address: iestyn@informatics.bangor.ac.uk ments described in this work is shown schematically in Fig.
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BSI NDF output chaotic, its linewidth is greatly broadened. In this case
MASTER g[}< 1 ‘E the detuning is defined as the difference between the peak
1 'ﬁ emission frequencies of the solitary lasers. At a fixed value

Ml of the detuning, the slave laser intensity output is plotted

against the master laser intensity output in order to obtain a
JL on synchronization plot. Throughout this paper the detuning
will be defined as the frequency of the light injected from the
master lasefand denotedv;,;) minus the frequency of the
slave laser modddenoted wy,oq9. The detuningAw is
therefore defined as

CA myy,

Bs_z\—>D PDI

v Aw:winj_("mode- 1)
Synchronization plots for four different values of detun-
0 BS3 @ng are shown in Fig. 2, where the'external optical feedback
’O« 2V into the master I_a_ser has been adjusted such that the master
h laser output exhibits a chaotic variation in amplitude. Earlier
theoretical studies showed that synchronization is best
JL on achieved when the detuning between the two diode lasers is
zero[7]. A positive or negative detuning arises depending on
! the value of the slave bias current. A typical synchronization
PD2 U plot is shown in Fig. &), where the gradient of the synchro-
nization plot is positive, corresponding to zero detuning be-
FIG. 1. Experimental setup: BS1-BS3: beam splitters; NDF:tWe‘?n master and slave Iasers.. . o
neutral density filter; M1 and M2: mirrors; PD1 and PD2: photode- F_lgure 4a) §hows a degradatlo'n n synchron_lzatlon for a
tectors; CA: coupling attenuator; OI1 and OI2: optical isolators. po§ltlve detuning Of,+6 GHZ In this case there is no corre-
lation between the intensities of the master and slave lasers.
1. We have used two single mode Fabry-Perot diode laserBhis lack of correlation for positive detuning will be dis-
emitting at a wavelength of 830 nm, with a linewidth of 200 cussed in relation to our model in Sec. Il
MHz for our experiments. These lasers are driven by ul- As the detuning is made negative, the synchronization
tralow noise current sourcedlLX-Lightwave, LDX 3620 plot starts to branch with a portion of negative gradient as
with a current noise spectral density of 1 pMz. These shown in Fig. 2c) for a detuning of- 3 GHz. As the detun-
lasers are temperature controlled by thermoelectric controling is further increased te-6 GHz, the newly developed
lers (ILX-Lightwave, LDT 5412 to a precision of 0.01 K. branch with a negative gradient dominates and the branch
The master laser is subjected to optical feedback from awith a positive gradient disappears. This is shown in Fig.
external mirrorlM1), and the feedback strength is controlled 2(d). To the authors’ knowledge the appearance of a negative
using a continuously variable neutral density filt&DF). gradient in the synchronization diagram of two coupled la-
The cavity length is fixed at 80 cm throughout the experi-sers is a new observation, and it is termed “inverse synchro-
ment. The optical isolators ensure that the lasers experiencgzation.” In order to verify that the detuning between mas-
minimal back reflection, with typical isolation of 41 dB. ter and slave lasers is the only factor which determines the
An isolator (Ol1) ensures that the master laser is isolatedregime of operation, detuning was also effected by varying
from the slave laser. The coupling attenuaf@A) enables the operating temperatures of the both master and slave la-
control of the percentage of master power fed into the slavesers, and the same phenomena were reproduced.
laser. The two idential photodetectofPD1) and (PD2 The effect of different regimes of chaotic operation on the
(New Focus, 1621lhave response times of 2 ns. The outputresults presented in Fig. 2 is examined by repeating the mea-
of the master laser is coupled to photodete¢RiD1) by the  surements with the master laser operating conditions varied
beam splitter§BS1) and (BS2. The output of the master to yield low-frequency fluctuations in the master laser output
laser is coupled to the slave laser via mirfd42). Beam [8], observed when the laser is biased near threshold and is
splitter (BS3) couples the slave laser output to photodetectosubjected to moderate external optical feedback. Figure 3
(PD2. The photodetector outputs are stored in a digital storshows very similar behavior to the chaotic case shown in
age oscilloscopélLeCroy, LC564A and then acquired by a Fig. 2. In particular, the system is seen to yield conventional,
personal computer. positive slope synchronization for small detuniig. 3(b)]
Detuning is effected between the two lasers by varyingand inverse synchronization when the detuning is lagy.
the bias current of the slave laser. At the operating poin8(d)].
chosen for the experimental results presented, a change in the The time-domain measurements illustrated in Fig. 4 show
bias current of the laser of 1 mA shifts the laser emission bythe dropouts in power that are characteristic of LFF’s. These
1 GHz, and this is used as a scaling factor to calculate thdropouts serve as direct time-domain evidence of the an-
detuning for all other bias points. It is noted that if the mastettiphase behavior seen in the synchronization diagrams for
laser is subjected to sufficient optical feedback to drive itdarge detunings. Having described observations of inverse
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synchronization behavior for a range of detunings in aintensity, this leads to an increased injection into the slave
master-slave configuration, Sec. lll proposes a model to exaser mode, which increases the intensity of the slave laser
plain this behavior based on resonant and nonresonant coautput. This leads to an in-phase behavior, and the corre-

pling between the two lasers. sponding synchronization diagram has a positive gradient.
If the injected light is detuned from the slave laser mode
IIl. MODEL wavelength then there is very little coupling into the slave

lasing mode. In this operating regime the dominant effect is

As suggested in Sec. Il, the model must account for “nor-nonresonant amplification. Even though it is not resonant
mal” (positive gradientsynchronization when the detuning with the slave laser mode, the light coupled in from the mas-
between master and slave lasers is small, and must also reer laser is still amplified through the stimulated emission
produce the negative gradiefibverse synchronizatiorbe-  process. Furthermore, since the injected light does not meet
havior when the detuning is larger. Because positive gradierthe laser round-trip phase conditif®] it is a good approxi-
behavior occurs when the detuning is small, it follows thatmation to assume that the amplified light only makes a single
such a behavior is a resonant effect: the light injected fronpass through the device before being lost from the laser cav-
the master laser overlaps in wavelength to a large degreigy. The effect of this nonresonant amplification of light that
with the slave laser mode. If the injected light increases irdoes not couple into the slave laser mode is a reduction in
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ers from the reservoir is also increased. This leaves fewer
carriers to take part in the gain process for the slave laser
mode, reducing the optical output. Nonresonant amplifica-
tion therefore leads to antiphase behavior between the inten-
sities of the master and slave laser outputs.

The qualitative arguments of the previous paragraphs are
made more concrete by including the effects of resonant and
nonresonant coupling in a standard rate-equation model for a
slave laser with a quantum-well gain region. The rate equa-
tion for the carrier densit\ in the slave laser is given by

dN Jinj  Jspon N
E_qu wq 7?Cfg(wmode)svg

—[&nr exp{g(winj)l—}sinj]v (2

whereJj,; is the injection current densityg ., is the effec-
tive spontaneous emission curref@btained from a first-
principles optical gain calculation q is the electronic
chargew is the quantum-well widthz, is the carrier lifetime

in the semiconductor mediurg(w) is the optical gainy is

the group velocity of the optical mode,is the laser cavity
length,Sis the photon density in the slave laser maflg; is

the injected photon density, anel,, accounts for the non-
resonant coupling of the injected light into the slave laser.
The injected light is assumed to be centered about the optical
circular frequencyw;,;, while the slave laser mode fre-

FIG. 3. Measured synchronization plots for master-slave detunqUENCY iSwmoge-

ing of (&) +6 GHz,(b) 0 GHz,(c) —3 GHz, andd) —6 GHz, and

The first two terms in Eq(2) describe an electrical pump-

with the master laser operating in a low-frequency fluctuation reing of the carrier reservoir and carrier loss through sponta-

gime.

neous emission, while the third term accounts for carrier loss
through nonradiative recombination. The fourth term ac-

the carrier density in the device, since each stimulated emisounts for carrier loss due to amplification of the photons in
sion event leads to the loss of one electron-hole pair. If théhe slave laser mode. These first four terms are the same as
intensity of the injected light is increased, then the rate athe terms in a standard semiconductor laser model. This stan-
which the nonresonant amplification process removes carrdard carrier rate equation is augmented by the addition of a

(a) (b

Optical output (arb. units)

(
|

0

FIG. 4. Measured time traces
of the master(upper traces and
slave (lower traces lasers for de-
tunings (@) —6 GHz and(b) 0
GHz and with the master laser op-
erating in the low-frequency fluc-
tuation regime.
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fifth term (in square bracketswhich accounts for carriers Oulpul power

lost through single-pass amplification of the injected light at
frequencywy; .

The standard semiconductor laser rate equation for th
photon density is modified in a similar way,

........ Injected power

Optical power (arb. units)

ds

S Jspon
d_-l—:Fg(wmode)SUg_ T_p+'8

-
=]
a
o

wq +[ KresSnj I ) . . TImZétzns) 25 30

Output power
........ Injected power

wherel is the confinement factor of the optical mode with ®
the quantum-well gain regiom, is the photon lifetimeg is

the spontaneaous emission coupling factor, apdaccounts

for resonant coupling of the injected light into the slave lasel
mode.

The first three terms account for the increase in the photo
density due to amplification of the slave laser mode, losse

. 1.0 15 2.0 25 3.0
from the laser facets and from scattering processes, ar Time (ns)
spontaneous emission. The fourth tefagain in square
bracket$ is in addition to the standard rate-equation termsge o e
and accounts for the coupling of the injected light into the
slave laser mode.

With the modifications to a standard laser rate-equatiot
model detailed by the terms in square brackets in E2js.
and(3) the phenomena of normal, positive slope, synchroni-
zation and inverse synchronization occur depending on th

Optical power (arb. units)

Optical power (arb. units)

relative dominance of the two extra terms, dictated by the '° 8 T o) 25 80
coupling strength,, and«,s, which are related, as will be
described in Sec. IV. FIG. 5. Simulated variation of master and slave laser intensities

for detunings ofl@) 0 GHz,(b) —4 GHz, and(c) —8 GHz with a
sinusoidally varying injection intensity.
IV. RESULTS AND DISCUSSION

So far in the analysis presented in this paper, no assumﬂ‘-’he,reA” is the continuous-wave IlquIdth of the mode;
tions have been made about the dynamics of the injectefSSigned the experimentally determined value 200 MHz in
light. In Sec. Il experimental results were shown for thetNiS analysis Aw is the detuning defined in E@l), andK,
cases when the master laser operated in the fully chaotic argfcounts for the extrinsic coupling loss. The nonresonant
low-frequency fluctuation regimes. In both cases the beha€OUPINg ratex,, is related to the resonant coupling raigs
ior of the slave laser was dictated by the detuning betweeflY the relation
the master and slave lasers. This leads us to believe that the
inverse synchronization phenomenon does not depend on the o =K {1— Kres
master laser being in any particular chaotic state. Operation e Ky
in the LFF or chaotic regimes has the notable disadvantage
that the line shape, and consequently the spectral overlaphereK, accounts for the extrinsic losses for nonresonant
between the injected light and the slave laser mode, is diffieoupling.
cult to quantify. In order to describe the mechanism for in-  Figure 5 shows the result of numerical solution of E@$.
verse synchronization more clearly, it is advantageous to exand (3) for zero detuning and for large(8 GHz) detuning
amine the simpler case when the variation in master lasawhen the injected light exhibits a sinusoidal variation. For
intensity is not chaotic at all: the case of sinusoidal intensitythe case of zero detuning the coupling ratg; has its maxi-
variation. This has the benefit over the chaotic case of thenum value. In this case the variation in the intensity of the
line shape being well approximated by a Lorentzian functionslave laser output is seen to be in phase with the injected

By assuming that the master and slave lasers have light. This is as expected, because the resonant coupling term
Lorentzian line shape, and taking the overlap integral of thén the photon equation dominates. The extra coupling term in
two line shapes, it is possible to calculate a value for theEq. (3) accounts for this normal, positive slope synchroniza-
resonant coupling rate,es, tion behavior, since an increase in the injected light intensity,
Sinj, leads to an increase in the slave laser mode inteSsity
whose magnitude is dictated by the coupling rafs;.

, ®)

I%sz, (4) When the detuning is changed t68 GHz, the resonant
1+ Aw coupling becomes negligible, and the termsigy is seen to
2m7Av dominate. In this case, illustrated in Figch an increase in

013805-5



S. SIVAPRAKASAM et al. PHYSICAL REVIEW A 64 013805

the injected light intensity leads to a reduction in the carrier " ' " 7 Master
density which in turn reduces the output of the slave laser [ (a) Slave
mode. This is the inverse synchronization regime for sinu-
soidal excitation. The extra term in E) accounts for this
negative slope inverse synchronization behavior. If the cou-
pling «,, is the dominant term, then the system operates with
the variation in the slave laser intensity in antiphase with the
injected light. Conversely, if the term with coupling strength
Kres IS dominant, then the slave laser intensity varies in
phase with the injected light.

For an intermediate detuning ef4 GHz[shown in Fig. 0 5 10 15
5(b)], the amplitude of the output wave form is seen to be
much reduced, since the opposing effects of resonant anv;

i . . (b)
nonresonant amplification almost cancel. At such intermedi-
ate detunings in a practical system, noise would dominate the
behavior, and neither conventional nor inverse synchroniza
tion would be discernible. In order to concentrate on the
mechanism of inverse synchronization, noise is not included2
in this work, since its only effect would be a trivial broad-
ening of the synchronization diagrams and time traces.

Due to the symmetry of the variation in the coupling .
strengths with detuningdecribed by Eq(4)] for positive and
negative detunings, our model also predicts that inverse syn 0 5 10 15
chronization should occur for large positive detunings, in
contradiction of the experimental results presented in Fig. T T
2(a). In order to address this apparent anomaly, we replacec (< Mastery
the photon density in our model with a complex electric
field, thereby including the effect of phase-amplitude cou-
pling, known to cause asymmetry in behavior with detuning
in continuous-wave injection-locking studi¢s0]. The re-
sulting complex electric-field model yielded results identical
to the photon-density model, with inverse synchronization
predicted for large detunings of either sign. The observed i
asymmetry with detuning is therefore due to some other ef- ¥ VY
fect, possibly power variation. Because the slave laser is L L
tuned by changing its drive current or operating temperature
its output power is also changed. For the case of positive Time (ps)
detuning the slave laser output power is increased; therefore,
the master laser power coupled into the slave laser is reduced FIG. 6. Measured variation of master and slave laser intensities
in proportion to the zero detuning case. For positive detunfor detunings of(@ 0 GHz, (b) —4 GHz, and(c) —8 GHz with a
ings we conjecture that more injected power than is availabléinusoidally varying injection intensity.
in our experimental setup would be required to effect inverse
synchronization. The variation of the quality of synchroniza-which is behavior identical to that predicted by the model in
tion with slave laser power will be the subject of further Fig. 5@). For large detuningshown in Fig. 6c)] the slave
work. For the work presented in this paper, we will thereforelaser exhibits inverse synchronization, with the input and
limit consideration to zero and negative detunings. We fur-output intensities in antiphase, again in close agreement with
ther choose to retain the photon-density model, since it emthe prediction of the model shown in Fig(cd. This experi-
phasizes that the nonresonant coupling mechanism for irmental evidence of inverse synchronization behavior for si-
verse synchronization is an incoherent effect. nusoidally varying injection reinforces the argument that the

We now verify our model by confirming experimentally relative dominance of resonant and nonresonant amplifica-
that both positive gradient synchronization and inverse syntion dictates the regime of operation.
chronization can take place for sinusoidally modulated in- Figure 6 also shows the experimentally obtained output
jected light by varying the detuning between master andor intermediate detuning. In this case the two effects of
slave. By eliminating the optical feedback into the masteresonant and nonresonant amplification are almost equal in
laser in Fig. 1, so that the laser operates in a stable regiméjeir influence, and it is very difficult to discern either an
and adding a sinusoidal modulation to the drive current, thén-phase or antiphase relationship between the injected light
results illustrated in Fig. 6 were obtained experimentally.and the slave laser output: without the dominance of either
Again, in this case for small detuning, the slave laser outpueffect, the variation in slave laser output is seen to be con-
varies in phase with the injected lighgs shown in Fig. @],  trolled by noise. The fact that the crossover between inverse
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synchronization and positive-slope synchronization occurs ateen with reference to the dropouts in the time domain
a detuning of—4 GHz, in agreement with the model, is traces. When the detuning is increased-t8 GHz, very
somewhat fortuitous, since the crossover is dictated by théttle of the injected light couples into the slave laser mode,
experimentally determined laser linewidttw and the phe- and the dominant effect is once again nonresonant amplifi-
nomenological coupling constarts andK,. In fact inverse  cation of the injected light which changes the carrier density
synchronization behavior does not depend critically on then the slave laser and leads to a negative slope in the syn-

values ofK; andK,. chronization diagram.
Although the assumption of Lorentzian line shape em-
ployed in the case of sinusoidal modulation is not such a V. CONCLUSIONS

good approximation for chaotic operation, we obtain further

gualitative verification of our model by comparing results In conclusion we have studied the effect of detuning on
from the model with experiment when the master laser ighe character of synchronization of two semiconductor laser
operated in the LFF regime. In order to reproduce the experidiodes in a master-slave configuration where the master laser
mental results for the case of LFF input, the model describes operated in several dynamical regimes controlled by exter-
by Egs.(2) and (3) was driven by the output of a Lang- nal optical feedback. We report the observation of synchro-
Kobayashi model of a laser diode with optical feedbpk] nization with a negative gradient between two lasers for
operating in the LFF regime. Figure 7 shows time traces anthrge detunings, a phenomenon which we have termed in-
synchronization plots for zero detuning and for a detuning ofverse synchronization. The character of the synchronization
—8 GHz. For both cases the behavior shows the same trends seen to be controlled by the degree of detuning between
as for the sinusoidal case. When the detuning is small théhe master and slave lasers.

injected light couples into the slave laser mode and the out- The observation of both conventional, positive gradient
put light and injected light are in phase, as can clearly besynchronization and inverse synchronization was explained
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using a rate-equation model of the slave laser which incorand slave lasers is preserved not only for chaotic regimes of
porated the effects of resonant and nonresonant amplificatiomperation but also for nonchaotic regimes such as sinusoidal
of the light injected from the master laser. The results of thepower variation, we suggest that varying the detuning be-
rate-equation model reproduce the measurements present@gken two coupled lasers should prove useful for phase in-

in this paper. When resonant amplification is the dominantersion in optical signal processing applications.
effect, the synchronization is seen to have a positive slope,

but when nonresonant amplification dominates there is in-

verse synchronization between master and slave lasers. Vary-
ing the temperatures of the laser diodes confirms that the
changeover between conventional and inverse synchroniza- The work was supported by UK-EPSRC Grant No. GR/
tion is caused by a detuning between the master and slaw€78799. Discussions with Yanhua Hong are gratefully ac-
lasers. Since the antiphase relationship between the mastenowledged.
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