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Synchronization of chaos in microchip lasers by using incoherent feedback
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We propose a chaos-synchronization scheme using incoherent feedback to the pumping power in two
microchip lasers. The population inversion of the slave laser is controlled for synchronization by using the
detected signals of the peak heights of chaotic pulse intensities in the two lasers. Matching of the optical
frequencies between the two lasdi®., injection locking is not required for synchronization using this
method. We numerically demonstrate the incoherent feedback method and investigate synchronization regions
against parameter mismatching between the two lasers. Synchronization is maintained within a mismatching of
1% for all laser parameters, which implies that the difficulty in reproducing the synchronized laser pulses is
very useful for applications of secure optical communications.
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[. INTRODUCTION necessary condition to achieve chaos synchronization. This
feature derives from the specific characteristics of laser

Optical encryption systems using laser chaos have beerhaos, where there are two different dynamics at different
intensively investigated to guarantee higher privacy than thaime scales. Chaotic oscillations that we can directly detect
obtained with conventional cryptograph systems for applicawith photodiodes correspond to slow envelope components
tions of secure communications. A variety of signal maskingof laser oscillations at frequencies of*:d@® Hz (depend-
methods for chaos communications have been demonstratadg on the relaxation oscillation frequencie$here is also a
such as chaotic masking—3], chaotic modulatiof4-7],  much faster frequency component of*4tHz as an optical
chaos shift keyind8—10], and chaotic on-off keying11].  carrier. Therefore, the achievement of chaos synchronization
One of the most important techniques for chaos communicas strongly dependent on the matching of the fast optical
tions is synchronization of chaos to share the same chaoticarrier (i.e., injection locking, not the matching of the cha-
waveforms between the transmitter and the receiver. Symtic slow envelope component under certain conditions. The
chronization of chaos in one-way coupling schemes has bednjection-locking effect is essential to achieve synchroniza-
intensively investigated in recent years for semiconductotion of chaos in laser systems.
lasers[12-14, gas laser$17,18, solid-state lasergl9,20, From the security point of view, the robustness of chaos
and fiber laserf21,22 by experiment. There are also a lot of synchronization against parameter mismatching between the
numerical studies of synchronization of chaos in various latwo lasers is very important to prevent synchronization with
sers[23-31]. unauthorized lasers by eavesdropppts20,37. However,

A general method for achieving synchronization of chaoschaos synchronization in solid-state laser systems is depen-
in lasers is coherent optical injection from the master to thelent on the matching of optical frequencies, not on the
slave lase12-16,19-31 It has been believed for a long matching of other laser paramet¢29]. Therefore, it would
time that all the laser parameters should be preciselpe easy to reproduce the chaotic wave forms of the master
matched between the two lasers for chaos synchronizatiotaser in the transmitter by using unauthorized lasers without
However, it has recently been repor{@f] that the principle  knowing the parameter values of the master laser, when
of chaos synchronization in lasers is based on the regeneraavesdroppers can achieve injection locking between the
tion of chaotic waveforms in the cavity of the slave lasermaster and their own lasers by tuning the optical frequency.
through the injection-locking effect, where the optical fre- Thus we need a chaos-synchronization method that satisfies
guencies of two individual lasers can be perfectly matchedhe conditions of independence of the injection-locking ef-
when the frequency difference is set to within a certainfect and narrow parameter regions for synchronization
injection-locking rang¢32]. Moreover, there exist two types against parameter mismatching, for applications of secure
of chaos synchronization in semiconductor lasers: injectioneommunications.
locking-type synchronizatiofwhich requires matching of Moreover, this “coherent” (dependent on the optical
optical frequencigsand perfect synchronizatiofwhich re-  phase or frequengysynchronization scheme cannot be ap-
quires matching of all the internal paramejef24—26. plied to conventional optical communication systems, be-
Most of the experimental observations of chaos synchronizecause recent optical communication systems do not need to
tion in semiconductor lasers correspond to injection-locking-match the optical phase between the master and slave lasers.
type synchronizatiorf12—-16. These investigations imply Amplitude modulation of the laser intensity is used to send
that matching of all the laser parameters is not always aligital bits, and only intensity information is transmitted to

the receiver to achieve signal decoding. Therefore, it is nec-

essary to develop a synchronization technique that is not

*FAX: +81-426-65-1519. dependent on optical phase for applications of optical com-
Email address: a-uchida@es.takushoku-u.ac.jp munications.
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One of the solutions for these issues is to construct a d(A ) Km _

chaotic generator induced by an “incohereitiidependent g 2mmfom™ % My SIN(Aum), (2.4
of the optical phase or frequencsignal. Chaotic oscillations
can also be generated by the feedback of laser intensities, not
only by electrical fields including optical phase. Chaotic os- dnos [ Mg,

. . . . Wg nO,s nO,s Es' (25)
cillations generated by incoherent feedback signals have dt 2
been reported in semiconductor lasers using polarization-
rotated optical feedback33—36 and optoelectronic feed- dng g 5
back [37]. Synchronization of chaos can also be achieved g~ Mast(Nos—Ny9Es, (2.6)
between these two incoherent chaotic generd@8s39, be-
cause the two injection signals for generation and synchro-
nization of chaos are identical incoherent signals. Therefore, d_ES_ K_S (n _ n_13) —1}E
this method cannot be applied to synchronization of conven- dt 2 0s 2 s
tional coherent-feedback-induced chaos whose dynamics are K
strongly dependent on the optical phase of the injected signal + ="M, COSA py), (2.7)
and lasing field. 2

In this study, we propose a chaos-synchronization method

using incoherent feedback to achieve a synchronization that d(Awy) Ks i
is independent of the injection-locking effect and that satis- gi 277fos™ 5 Ms sin(Apy), (2.8

fies narrow parameter regions for synchronization against pa-

ramgter_mlsmatéhmg, forhappllcatl_ons gfﬁsecure ?cptlcal CﬁmVNhereno andn, are the space-averaged component and the
mumcat!ons.l . urr] tec nqurJ]ed ISl e(';ef“ e?ml the first Fourier component, respectively, of the population in-
conventional incoherent method proposed in Refr]. In version density with spatial hole burning normalized by the

our scheme, we detect two signals of the laser intensity fo{hreshold valueE is the normalized amplitude of the lasing

the master and slave lasers S|multaneously, and caICL_llate tQﬁactrical field A w is the phase difference between the lasing
amount of feedback-control signal from the subtraction of

) . . and feedback electrical fields. The subscripts m, s indicate
the two detected signals. The feedback is applied to th?ne master and slave lasers, respectivelys the pumping

pumping power Of. the microchip Ia_ser in the_ slaye Iaser'power scaled to the laser threshait= 7/7,, wherer is the
Thus we synchronize chaotic dynamicspafpulation inver- pper state lifetime of population inversion ang is the

sionin the two lasers by using the feedback signal calculate hoton lifetime in the laser cavityn and f,, are the loss-

from the detected laser intensities. We numerically demo_nfnodulation amplitude and frequency, respectively, caused by

strate the synchronization method in two microchip lasers i acousto-optic modulat6AOM). Time is scaled by, We

a one-way coupling scheme, and investigate SynChronlzatIOlrJ]sed the fourth-order Runge-Kutta-Gill method to integrate

regions against parameter mismatching between the two l?ﬁese equations
sers. The principle of synchronization in this method can be During the célculations we set the parameter values of

ggg;esygfetn?g_ly to microchip lasers but also to other ChaOtI“\the Nd:YVO, miqrochip lasers as follows: Ia;ing_ wavelength
of 1064 nm, cavity length of 1.0 mm, refractive index of 1.9,
and reflectivities of the cavity mirrors of 99.8% and 99.1% at
ll. MODEL 1064 nm. From these values, the photon lifetime in the cav-
ity is calculated ag,=1.15 ns. The fluorescent decay time
_ of the upper laser level is set to=88.0 us; thusK=17/7,

We use the scaled Tang-Statz-deMars equatidd$in-  =7.67x 10*. When the pumping power is setwt=1.7, the
cluding the spatial hole burning effect to describe the dynamcorresponding relaxation oscillation frequency is 419 kHz.
ics of two Nd:YVQ, microchip lasers with loss modulation. To generate chaotic oscillation in a loss-modulation system,
The rate equations under single-longitudinal-mode operatioe set the modulation amplitude r@t=0.004 and the modu-

A. Rate equations

are as followq20]: lation frequency af,=700 kHz. Chaotic pulsations are ex-
d pected to appear in the single-longitudinal-mode operation of

nO,m:W e o= A — Mm E2 (2.1)  Microchip laserg20]. All the laser parameters are set to be
dt m 0,m 0,m 2 m? . . . .
identical between the master and slave lasers except for ini

tial conditions.

Aum__, +(Nom—Nym E3 (2.2
dt LmPATom - TLm=m ' B. Incoherent feedback method
To synchronize chaotic temporal waveforms, we propose
dEy  Kp —_— Nim) 1lE an incoherent feedback method. Figure 1 shows the concept
dt 2 om-— 2 m of the incoherent feedback method for chaos synchronization

in microchip lasers. Chaotic pulsations of the output are gen-
erated in two microchip lasers with two AOMs in single-
longitudinal-mode operation, and the outputs of the two la-

Km

+
2

MmEm COSA L), 2.3
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FIG. 1. Model of incoherent feedback method for chaos syn- 005}

chronization in microchip lasers: AOM'’s, acousto-optic modulators;
BS's, beam splitters; G, electronic amplifier for gain; IS’s, optical
isolators; L's, lenses; LD’s, laser diodes for pumping; M’s, mirrors;
MCL's, microchip lasers; PD’s, photodiodes; and T, time delay.
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sers are independently detected by two photodiodes. The
peak heights of the pulses are stored in memory and used for
calculation in a computer. When the duration between the

two pulses is within a certain timé, and the difference of FIG. 2. () Temporal waveforms of population inversion and
peak heights is within a certain vali,, a control signal is electrical field in a single-longitudinal-mode microchip lasés
applied to the pumping power of the slave laser for a certairRelationship between the amount of decrease of the population in-
durationT, just after the later pulse. The value of the controlversionAn, and the peak height of the electrical fieg in (a).
signal is proportional to the difference between the peak
heights of the square root of the laser intensities., elec- : o . . “ Y

) . . . ) the electrical field including optical phase as a “coherent
trical field E= ). This control procedure is described as
follows: feedback.

0 HETTT I
01 2 3 4 5 6 7 8
Peak value of electrical amplitude

Difference of population inversion

Ws=Ws gt G(Vlps=Vlpm) for Te C. Principle of synchronization

it | Tos Tpnl<Tin and [Vipe Vipl<Ep The mechanism of synchronization using the incoherent
2.9 feedback method can be explained as matching for the dy-
namics of population inversions estimated from the peak
_ _ heights of chaotic laser intensities. It should be noted that
wherews is the pumping power of the slave laser as shownthere is a linear relationship between the peak height of elec-
in Eq. (2.9, wsg is the constant pumping poweg is the  trical pulsations and the decrease of population inversion.
feedback gain], s andl, , are the peak heights of the de- Figure Za) shows the temporal waveforms of the population
tected chaotic pulses in the slave and master lasersTand inversion and the electrical field in a microchip laser. In the
and T, are the measured times corresponding to the pulsgase of single-mode microchip lasers, chaotic pulsations of
peak in the slave and master lasers, respectively. the electrical field are obtained when the population inver-
This synchronization method seems to be similar to thesion suddenly decreases. Figuré)2shows the relationship
occasional proportional feedback method for controllingpetween the amount of decrease of population inveraiog
chaos[41] or the continuous control method for chaos syn-anq the peak height of the electrical fieh) (= \/E)_ The

chronization[42], where the difference between two chaotic relationship betweenn, andE, can be approximately de-
signals is fed back to one of the chaotic systems. However, i@¢riped as a simple linear equ%tion,

our method the difference of peak intensities between two

lasers is fed back to the dynamics of population inversion Ang=AXE,—B, (2.10
which is a different variable from the detected signal of laser

intensity. In laser systems, one can detect only one variable

of laser intensity that is proportional to the square of thewhereA andB are positive constant values. This relationship
electrical field (=E?). Thus, we feed back the detected sig- implies that one can estimate the amount of decrease of the
nal of the laser intensity to the population inversion topopulation inversion from the peak height of the electrical
achieve “incoherent” feedback, instead of the feedback tdfield. The coefficientsA and B are dependent only on the
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ratio of the lifetimesK = 7/7,, not on the other parameters =0.004534, andC=0.01124 in Egs.(2.10 and (2.1,

w, m, andf according to our calculations. which are obtained from our numerical calculations.
Indeed, there is also a linear relationship between the dif- Figure 3 shows temporal waveforms of two laser outputs

ference ofAn, between the two lasers and the variation of (8) without and(b) with feedback control; Fig. &) shows

the pumping poweAwy, the feedback signal to the pumping power(b), and Fig.
3(d) plots the correlation between the two laser outputs in
Angs—Ang=CXAwg, (2.1)  (b). Chaotic pulsations are individually obtained and there is

no linear relationship between the outputs of the two lasers
whereC is a positive constant value. We found that the co-without the control signdlFig. 3(a)]. When feedback control
efficient C is proportional tow—1 (w: is the pumping is applied to the slave laser, synchronization of chaotic pul-
powep. From Egs.(2.10 and (2.11), we can control the sations is achieved as shown in Figb3 We found that the
variation of the population inversion by changing the pump-feedback control is necessary all the time for maintaining

ing power as follows: synchronizatioFig. 3(c)]. A linear correlation is observed
under the feedback control for synchronization as shown in
Aws=G(E, s—Epm), (212 Fig. 3(d). From these results, we see that we achieved syn-

) ] ) ] chronization of chaos using our incoherent feedback method.
whereG is the feedback gain. This equation corresponds to

our control procedure as shown in EQ.9). The feedback
gainG is dependent on the internal laser parameteasdw,
not on the modulation parametersand f,. When Aws is To evaluate the quantitative accuracy of chaos synchroni-
changed by using Eq2.12), the difference of the population zation, the variancer? of the normalized correlation plot
inversions in the two lasers can be eliminated. Therefore, thom a best-fit linear relationship is defined as follo\2§]:
principle of this method is based on the synchronization of
the dynamics of the population inversion by controlling the
pumping power of the microchip lasers using the peak
heights of chaotic electrical fields.

B. Characteristics of synchronization

IIl. NUMERICAL RESULTS

A. Synchronization of chaos

We synchronized chaos in two microchip lasers by using ,
our incoherent feedback method. The control parameters 0 05
used were G=0.810, wg=1.70, T.=1.00 us, Ty,
=1.00 us, andEy,=2.00 (normalized. The feedback gain FIG. 4. Accuracy of chaos synchronizati¢variances?) as a
was calculated from the values oA=0.009103, B function of feedback gaife.

15 2

1-
Gain

066212-4



SYNCHRONIZATION OF CHAOS IN MICROCHP . .. PH/SICAL REVIEW E 65 066212

(c) 10
100 L
-1
“ 102
@ 107
e 3
c 107
8 a4
= 10
©
> 107}
10°¢
107 - ‘ 107 :
0 5_0 5 10 10 5_0 5 1 FIG. 5. Accuracy of chaos synchronization
Error [%] ; Error [%] . 5 funci : .
(b) 10" ‘ . (d) 10 : : : (variance o“) as a function of parameter mis-
10°t matching:(a) pumping powew, (b) ratio of life-
. time between the population inversion and pho-
“o 10_2’ ton K=1/7,, (c) modulation amplitudem, and
8 1071 (d) modulation frequencyp,.
c 10°
S 10}
> 10°
10°
.7 -7
1040 10 %19 10

-5 o 5 -5 0 5
Error [%] Error [%]

1 N the same dynamics of population inversions between the two
ol=— Z (Ii,m—liys)z, (3. lasers are required in this method, all the laser parameters
N5 must be carefully matched to each other for precise synchro-
) nization. These results imply that the difficulty in imitating
where N is the total number of samples of the temporalgynchronizing lasers is greatly increased by this method,

waveforms;l; , andl; s are the normalized intensities of the \yhjch might be useful for applications of secure optical com-
master and slave lasers at tiie sampling point. A smaller unications.

varianceo? implies higher accuracy of chaos synchroniza-

tion. We define a synchronization region where the variance

o? is satisfied to less than 18. I[V. CONCLUSIONS

We investigate the characteristics of chaos synchroniza- _ L

tion when the feedback gai@ is varied. Figure 4 shows the e numerically demonstrated a chaos-synchronization
accuracy of synchronizatiofvariances?) as a function of scheme using mcohe_rent fegdback in two m|croch|p lasers.
the feedback gain. The synchronization can be achieved ifh€ feedback controlis applied to the pumping power of the
wide ranges of the feedback gain fra@=0.5 to 1.2. There- slave laser by using a signal proportional to the difference

fore, we found that the feedback gain is not a sensitive paP€Ween the peak heights of electrical fieldguare root of

rameter to achieve chaos synchronization laser intensitiesin the two lasers. Synchronization of chaos

We quantitatively investigated chaos-synchronization relS @chieved under a wide range of feedback gain from 0.5 to
gions against parameter mismatching for various internal pat-2- HOWever, the achievement of accurate synchronization
rameters in the two microchip lasers. One of the parametef€duires precise matching of each laser’s internal parameters
in the master laser was fixed and the corresponding parani© Within 1%, because the dynamics of population inversion
eter in the slave laser was slightly shifted. Other parameter31Ust be carefully matched by controlling the pumping
were set to be identical for the two lasers. Figure 5 shows th@OWer.
accuracy of synchronizatiofvarianceo?) as a function of
parameter mismatching @& the pumping powew, (b) the
ratio of lifetimes between the population inversion and pho-
ton K=7/7,, (c) the modulation amplituden, and (d) the This work was financially supported by The Sumitomo
modulation frequencyp . We found that the synchronization Foundation, The Telecommunications Advancement Founda-
is easily destroyed when the parameter mismatching is inion, Sasakawa Scientific Research Grant from The Japan
creased by more than 1% for all the laser parameatek§ m, Science Society, The Promotion and Mutual Aid Corporation
and fp. The synchronization regions obtained by our inco-for Private Schools of Japan, and Grant-in-Aid for Encour-
herent feedback method are much smaller than those olagement of Young Scientists from the Japan Society for the
tained by the coherent optical injection meth@®]. Since  Promotion of Science.
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