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Dual synchronization of chaos in one-way coupled microchip lasers
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We experimentally demonstrate the dual synchronization of chaos in two pairs of Ng:¥\d@ochip lasers

in a one-way coupling configuration over one transmission channel. Dual synchronization is achieved when the
optical frequency is matched between the corresponding pairs of lasers by using injection locking. We inves-

tigate the influence of optical injection from the two master lasers to one slave laser, and found that the dual

synchronization is observed when the injection locking is achieved between either of the master lasers and the
slave laser. Under the condition of the injection locking between both of the master lasers and the slave laser,
the injection locking is alternately achieved and the accuracy of dual synchronization is degraded. We also

confirm these results by numerical calculation.
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[. INTRODUCTION synchronization of multiplexing chaos in laser systems for
multiuser optical communications using chaos.

The technique of synchronization of chaos in laser sys- In this paper, we experimentally demonstrate the dual
tems has a potential for applications of optical secure comsynchronization of chaos in two pairs of Nd:YYGnicro-
munications and spread spectrum communicatiphg].  chip lasers in a one-way coupling configuration over one-
Synchronization of chaos is used to share the same chaos ff@nsmission channel. We changed the optical frequency of
the transmitter and the receiver as a cryptographical codé€ach laser and controlled the condition of injection locking to
Many studies on the synchronization of chaos have beefchieve dual synchronization between the corresponding
reported in one-way coupled laser systems so far for th@airs in the transmitter and the receiver, instead of the match-
purpose of optical communications. However, since the conind of internal parameters, which has been done in the pre-
figuration of synchronization is limited to a single pair of Vious studies of Refd.7,8]. We also investigate the charac-
lasers, this method cannot be applied for multiuser commuteristics of dual synchronization by both experiment and
nication system$3]. From the dynamic point of view, syn- numerical simulations when the injection-locking condition
chronization of chaos in multiple pairs of lasers is a veryiS changed.
interesting topic.

There have been many studies on the synchronization of Il. EXPERIMENT
chaos in multiple lasers or laser arrdyis-6]. In these con- A 'S
. . . Setup
figurations, the laser beams are mutually coupled to each
other, and the chaotic dynamics of coupled lasers are totally Figure 1 shows our experimental setup for the dual syn-
different from those of a solitary laser. This configuration ischronization of chaos. We use four Nd:YYQOnicrochip
not used for optical communications, in which a chaoticcrystals(1.1 at. % doped; II-VI Ing, which were obtained
wave form in the transmitter must not be changed after trandrom the same crystal rod. Each crystal is pumped by an
mission to the receiver. Thus we need to employ a synchrondividual laser diode(Coherent Inc., DCF81-1000C-100-
nization technique of chaos in one-way coupled lasers with=C) with two focusing lenses. We set each microchip laser to
multiple pairs. oscillate with a single-longitudinal mode at a low pumping

Multiplexing chaos using synchronization has been refower. The temperatures of the microchip crystals and the
ported in a simple map and electronic circuit model by Tsim-laser diodes are controlled by thermoelectric coolegsolu-
ring and Sushchik7]. Dual synchronization of chaos has tion of 0.01 K) for fine tuning of the laser frequencies. Two
also been investigated to synchronize two different pairs obf the microchip lasers are used as master lasers, which we
chaotic maps and delay-differential equations by Liu andwill refer to as “M1” for master laser 1 and M2” for
Davis [8]. To synchronize each pair of chaotic systems, allmaster laser 2. The other two lasers are used as slave lasers
the parameter settings must be identical between the tran§-S1” for slave laser 1 and S2” for slave laser 2. ForM1
mitter and the receiver, whereas they must be slightly shifteeind M2, the injection current of a laser diode used for
between different pairs of chaotic systems. Although it hagpumping is sinusoidally modulated to obtain chaotic pulsa-
been shown theoretically in Refs7,8] that it is possible to tion. A fraction of the master laser outputs is mixed at a beam
synchronize each pair of multiplexed chaotic oscillators,splitter and propagates through one-transmission channel in a
these multiplexing synchronization methods have not beefree space(the thick solid lines in Fig. )l The combined
directly applied to chaos in laser experiments. In particularsignals ofM1 andM2 are injected into the two slave laser
the injection-locking effect has not been investigated tocavities for dual synchronization. An optical isolator for each
achieve dual synchronization in these studies, although thmaster laser is used to achieve one-way coupling with an
injection-locking effect is very important for synchronization isolation of —60 dB. Chaotic temporal wave forms of the
of chaos in laser systen}9]. It is necessary to investigate four lasers are simultaneously detected with photodiodes and
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M perature of the crystals at 1.2 GHz/K. First we adjust the
Master Laser 1 (')L PDD temperatures oM 1 andM2 to obtain injection-locking be-
@:D'H n =l M tween the optical frequencies_ of a pair ldfl and S; (r_ef-
Bs V — ered to as M1-S1”), and a pair of ‘M 2-S2” by monitoring
PM LD MCL 15 the spectra on the Fabry-Perot scanning interferometer. Then
Master Laser 2 L 0 we observe six peaks of frequency beats between the four
BS M lasers on the rf spectrum analyzer. When two of the beat
—»> frequencies foM1-S1 andM2-S2 are adjusted within the
PM IDMCL BS [ ya 15 injection-locking ranges(100 and 80 MHz, respectively
Slave Laser 1 %Q—D BS U with more accurate temperature controlMfL andM2, the
L PD two beat frequencies disappear and the two laser frequencies
0 As in each pair forM1-S1 andM2-S2 are perfectly matched.
> mcL * B> UL M Conversely, the other beat frequencies bt-S2, M2-S1,
Slave Laser 2 %@L—D M1-M2, andS1-S2 remain at the same frequency of 1.6
PD GHz, which is out of the injection-locking range. In this
O case, the injection-locking effect is achieved only [fbl -S1
5 mcL ©.BS_ L BS M andM2-S2, not for the other coupling combinations.
E-P K II Figure 2 shows the temporal wave forms and their corre-
M lation plots ofM1-S1 [Figs. 2a) and 2Zb)], M2-S2 [Figs.
RFspectrum | P2 AL 2(c) and 2d)], M1-S2 [Figs. 2e) and 2f)], and M2-S1
analyzer M [Figs. 4g) and Zh)]. Synchronization of chaos is achieved

] o between the corresponding pairs dfLl-S1 andM2-S2 in-
FIG. 1. Experimental setup for dual synchronization of Chaos-dependently under injection-locking, whereas it is not
BS, beam splitter; F-P, Fabry-Perot interferometer; IS, optical iso4-pieved forM 1-S2 andM2-S1. The S1 laser reproduces
lator; L, lense; LD laser diode; M, mirror; MCL, Nd:YVOmicro- ' P .
T o ' P . the M1 component separately from the injection signal of
szmlﬁi? PD, photodiode; PM, pump modulation; VA, Varlablethe combination oM1 andM2. The output ofS2 is also
' synchronized with only theM2 component although the

a digital oscilloscopé&Sony Tektronix, TDS420 The optical CO”?b'”ed signal oM 1 a_ndl\_/IZ IS |njected_. Thus, we have_
spectra of the lasers are measured with a Fabry-Perot scafchieved dual synchronization of chaos in two pairs of mi-
ning interferomete(TEC-Optics, SA-7.h The beat frequen- crochip lasers. - S .

cies between the four lasers are measured with a radio- 't €@n be seen in Fig. 2 that the injection signal frbfi2

frequency (rf) spectrum analyzer(Advantest, R3131L to S1 has no inflgence on .the synchronizatio'n betwisEh
through a photodiode. andSl. To investigate the influence of tihé2 signal on the

The modulation frequencies of the pumping laser diode$ynchronization oM1-S1, we change the beat frequency of
are 2.46 MHz and 2.43 MHz for the master and slave laserd12-S1 maintaining the synchronization df11-S1 and
and the relaxation oscillation frequencies of the master an®y!2-S2 under their injection-locking conditions of 100 and
slaver lasers are 0.700 MHz and 0.640 MHz, respectively30 MHz, respectively. We change the temperature$/@f
Note that the fundamental oscillation frequencies of chaoti@1d S2 simultaneously to maintain synchronization of
wave forms are dependent upon the relaxation oscillatio?M2-S2. As the beat frequency ®fi2-Sl is decreased from
frequencies rather than the modulation frequencies. Thé-6 GHz to 0 MHz, the synchronization of chaos between
other laser parameters used in our experiments are as fd¥1 andS1 degrades due to the interferenceM® onS1.
lows: the injection currents of the laser diodes dig,  Here, we quantitatively estimate the accuracy of synchroni-
=243 mA, Jy,=342mA, Jg=339mA, and Jg, Zation asvariance of the normalized correlation plot from a

—332 mA, where the subscripts indicate the correspondingest-it linear relatior9] as follows:

laser. The temperatures of the laser diodes for pumping are N

set to 298.00 K for all laser diodes. The temperatures of the z:i E 1.2 21
. . — - g 4 ( m,i s,|) ) (2.7

microchip lasers arf;;=295.18 K, T,»=300.50 K, Tg; N 45

=298.00 K, andTg,=298.00 K. The injection powers of
the master lasers are set ®,;5 = 0.139 mW and
Pm2s1=0.095 mW measured in front o1, and Py s
=0.193 mW, Py;,5,=0.133 mW measured in front &2.
The powers of the slave lasers @g;=2.81 mW andPg,
=2.87 mW, respectively.

where N is the total number of samplings of the temporal

wave forms(15 000 pointy | ,; andlg; are the normalized

intensities of the master and slave lasers atithesampling

point. A smaller variances? implies higher accuracy of

chaos synchronization. We measure the accuraciifbrS1

as a function of the beat frequencyf2-S1 at three differ-

ent injection powers oM2, as shown in Fig. &). At a large
Injection locking is a very important phenomenon for injection powelthe thick solid curve in Fig. @], the accu-

chaos synchronizatiof®,10]. The optical frequencies of our racy degrades as the beat frequency is decreased, because the

microchip lasers are tuned linearly as functions of the teminjection-locking effect betweeM2 andS1 improves. At a

B. Experimental results
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(a) (b) frequency dynamics of an injection-locked laser with two
7 o o8 e g different injection lights are very important for the achieve-
. %8 8 5§ ment of dual synchronization. We therefore investigate the
£ LU l 04 3 5l accuracy of dual synchronization when the optical frequency
é oL qu.u_J Mo 32 £} & of M2 approaches the optical frequencieshf andS1,
5 o 2 5t :.-."" ] which are locked all the time. Figure 4 shows the corre-
= 005 S S S : sponding correlation plots d#l 1-S1 andM2-S1 at the beat
% l i1y “EEA ] frequencies oM2-M1 of 1 GHz and 100 MHz. Synchroni-
= ol R SRR N zation of chaos is achieved betwekrl-S1 [Fig. 4(a@)], and
Time [s] Master 1 intensity (arb. units) no linear correlation appears in the correlation plots of

(c) 04 s (@) M2-S1 [Fig. 4(b)], since the frequency dfl 2 is far from the
.%7 o5 .%.’ zi ] frequencies ofM1 and S1. Conversely, as the beat fre-
g 005 o R E ] B quency ofM2-M1 is decreased to 100 MHz, the correlation
e U_LLMJ l g & i ] of M1-S1 is degraded and that dfl2-S1 is improved as
g 0 al £1 - ] shown in Figs. &) and 4d). The accuracy of synchroniza-
£ 2 7 -§ ] - ] tion for M2-S1 is better than that foM1-S1 at the small
P 01§ S e beat frequency of 100 MHz. In this case, a part of 8ie
S o U_LLJ\U o & % -"‘. o ] com_po_nent i_s puIIeo! to the frequency Mf2, and there is a

0 5 Time}:s] ) Master 2 intensity {arb. units) partial |nJect|oq—Iock|ng betweeN 2 andS1. Therefore, the
(e) ) frequency pulling effect betweeW?2 and S1 reduces the
™ ' ' ' oe m accuracy of synchronization ol 1-S1.
-‘g’ jo5 & %‘ We investigate the change of accuracy systematically as
8" 0a i the frequency oM2 is changed. Figure 5 shows the accu-
g oL W o g % racy of synchronization foM1-S1 (the solid curveé and
2 ZF %8 M2-S1 (the dotted curveas a function of the detuning of
-E'_o.os 02 § £ M2-M 1. The accuracy of synchronization is varied between
> l l | | l s ] M1-S1 andM2-S1 as the detuning df12-M1 is changed.
2 ., MJ 0o € 3 hud PR AT When the frequency oM2 approaches the initial value of

* Crimensy % Master 1 intensity (arb. units) the frequency ofS1 (where the detuning oM1-M2 is
@ o M —150 MHz), the most accurate value fM2-S1 and the
7 e = least accurate value fdvi1-S1 are observed. These curves
2 o o8 £ indicate that the accuracy of synchronization f62-S1 is
3 4z g improved as the frequency pulling effect betwedi2 and
-‘g o 03 g z S1 is gradually increased.
.E 0.2 § é . . ]
‘é-o.osm “ l ] - =t ' lll. NUMERICAL CALCULATION
= o IL‘U?JW L, & & PRI A. Model

° 5 Time E:S] 1 20 Master 2 intensity (arb. units)

To confirm our experimental observations, we numeri-

FIG. 2. Temporal wave forms and their correlation plots for thecaIIy calculate a model for dual synchronization using micro-

: ) i | chip lasers. We expand the Tang-Statz-deMars equations
Eﬂalzr_g{ '\[g) S(t)g@’ (b)]. M2-52 [(¢), (d)]. M1-52 [(@), ()], and [9,11] for the dual synchronization of four microchip lasers.

The rate equations are described as follows:

L . . L Master 1
small injection powelthe thin solid curve synchronization

does not degrade due to less influence from Nh2 injec- dnoma
tion. We also continuously change the injection powekdr

by varying the transmittance of the variable attenuator for
M2 while the beat frequency & 2-S1 is fixed, as shown in N1m1
Fig. 3(b). As the injection power is increased, a degeneration - ( Nom1— o
of synchronization is observed at a small beat frequency of

M2-S1 [the thick solid curve in Fig. ®)] due to the strong dn

injection of theM2 signal. Therefore, when we satisfy the M i (Nom1— Nam1) B2y (3.2
conditions to achieve injection locking betwekt2 andS1, dt ' ’ ’
less synchronization of chaos is observed betwddnand

= WO,ml[ 1+ Wp,mlcos( 2 i p,mlt +® ml)] —Nom1

E2,, (3.2

S1. dEmi K _ nl,ml)_l}E . 33
The condition for achieving dual synchronization is de- dt 2 [\ Mom™ 57 mi @3

pendent upon an injection-locking range that is different

from the case of a single pair of microchip las€g$. The Master 2
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FIG. 6. Numerical results showing temporal wave forms and
their correlation plots for the pair df1 1-S1 [(a), (b)], M2-S2 [(c),
(d], M1-S2 [(e), (], andM2-S1 [(g), (W)].

2, slave 1, and slave 2 lasers, respectivelyim ;= tmi

— msjt2mA vy, it is the phase difference of lasing field be-
tween theith master and thgh slave lasersi(j are 1 or 2.
Avnisj=vmi— vs; IS the lasing frequency detuning between
theith master and thgth slave laserswg is the optical pump
parameter scaled to the laser thresh#le: 7/7,, wherer is
the upper state lifetime ang, is the photon lifetime in the

whereng andn; are the space-averaged and the first Fouriefaser cavity.3;; is the coupling strength from thieh master
components, respectively, of population inversion densityto thejth slave lasersw, and f, are the pump modulation
with spatial hole burning normalized by the threshold valueamplitude and frequency® is the initial phase of pump
E is the normalized amplitude of the lasing electrical field. modulation. Time is scaled by. We use the fourth-order
The subscriptenl, m2, s1, s2 indicate the master 1, master Runge-Kutta-Gill method to calculate these equations.
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FIG. 7. Numerical results showing accuracy of chaos synchro- -400
nization for the pair ofM1-S1 as functions of(a) the beat fre- -400 -300 -200 100 0 100 200 300 400

quency ofM2-S1, and(b) the injection power ratio oM2 toM1.

M2-M1 beat frequency [MHz]

FIG. 8. (&) Numerical results showing accuracy of chaos syn-
During the calculation, we set parameter values ofchronization for the pair oM 1-S1 (the solid curvg and M2-S1
Nd:YVO, microchip lasers as follows: lasing wavelength of (the dashed-dotted curvas a function of the beat frequency of
1.064 um, cavity length of 1.0 mm, refractive index of 1.9, M2-M1. (b) Average frequency differences 81 (the solid curvg
and the reflectivities of the cavity mirrors of 99.8% andandM2 (the dashed-dotted curvéom M1 (the dotted ling as a
99.1% at 1.064um. From these values, the photon lifetime function of the beat frequency ¢12-M1.
in the laser cavity is calculated ag=1.15 ns. The fluores-
cent decay time of the upper laser level is sett088 us,  frequency detunings are set to be small for the corresponding
thusK = 7/7,=7.67X 10*. When the optical pumping param- pairs of lasers to achieve injection-locking, LA Ymis1
eterw, is set at 1.7, the corresponding relaxation oscillation=A v, ,=20 MHz, whereas they are large enough for dif-
frequency is 0.42 MHz. To generate chaotic oscillation in aferent pairs of lasers, i.e.Avpo=Avms =200 MHz.
pump modulation system, we set the pump modulation amSynchronization of chaos is achieved between the corre-
plitude atw,=0.40, the pump modulation frequency faf  sponding pairs oM1-S1 andM2-S2 due to the injection-
=0.70 MHz, and the initial phase of modulation @,  locking effect. Conversely, synchronization is not achieved
=®,=0. All the parameters for the four lasers are set to bdor the different pairs ofM1-S2 and M2-S1. We can
identical except the initial conditions. achieve dual synchronization of chaos when the frequency
We calculate the temporal wave forms and correlationdetuning is adjusted. These results are consistent with our
plots for the four lasers as shown in Fig. 6. The couplingexperimental observations shown in Fig. 2.
strengths are set to 50% for all the lasers. In these coupling We also calculate the influence of injection light in a slave
strengths, the injection-locking range is within 35 MHz. Thelaser from the other pair of the master laser. Figure 7 shows

B. Numerical results
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(a) of M2 approaches to the frequencies MdflL and S1, the
80— accuracy forM2-S1 is improved, whereas the accuracy of
[ M1] M1-S1 is degraded. These results correspond to our experi-

= 60L l l l ] mental result shown in Fig. 5. To confirm frequency dynam-
ﬂ [ La b a1 IJ ics of dual synchronization, we calculate the average fre-
E 40 [ M2 guency differences 061 andM2 from M1 by using Egs.

= $ . (3.13 and(3.14), when the frequency d¥12 is changed as
.d 20 ] well in Fig. 8@a). Figure 8b) shows the average frequency
= ] differences ofS1 (the solid curve and M2 (the dashed-
.E. l ] dotted curve from M1 (the dotted ling At large frequency
.2‘ 0 [ ] of M2, the frequency ofS1 is locked toM1, which is a
CT) - $1] normal injection-locking effect. As the frequency M2 ap-

c 21 ] proaches that d11, the frequency 081 is pulled to that of
3 ] M2 and the average frequency 81 moves betweei 1

E -40 l l and M2. Therefore, the injection-locking betwed&hl and

ﬂ I ll A A Lﬂ Sl is degraded due to thd 2 injection.

. . . . . . Figure 9 shows the temporal dynamicsMfL, M2, and
0 8 16 24 32 40 48 56 Sl, and the corresponding phase dynamicSbfat the de-
(b) . tuning ofM2-M 1 of 150 MHz under the injection of the two
Tlme[IJ,S] master lasers. There are stepwise variations for phase dy-
o ] namics. The values of slopes of the phase dynamics corre-
' spond to frequency detuning 8L-M 1, i.e., 0 and 120 MHz,
5 . which correspond to the frequency differences i -S1
] andM2-S1. While the pulses o1 are injected into th&1
laser, the frequency difference M1-S1 is equal to zero,
which implies injection-locking is achieved fdr1-S1. On
the other hand, the frequency BF2 is locked to that oS1
only in the presence of th#2 pulses. Therefore, the fre-
quency ofS1 is locked to that of eitheM 1 or M2, and the
J locking is automatically switched betweedWll and M2,
- . which depends on the presence of the injected pulses from
] either of the two master lasers. Therefore, synchronization is
instantaneously achieved betweltl-S1 andM2-S1 dur-
ing the duration of injection-locking. The injection-locking
and synchronization phenomena in one-way coupled mul-
T tiple pairs of lasers are different from the case for the syn-
8 16 24 32 40 48 56 chronization in a single pair of lasers.

Time [us]
FIG. 9. () Temporal wave forms oM 1, M2, andS1, and(b)

phase dynamics db1 under the small beat frequency f2-M1
(150 MH2).

Slave 1 phase [arb.units.]

o

IV. CONCLUSION

We have experimentally demonstrated the dual synchro-
nization of chaos in two pairs of Nd:YVQOmicrochip lasers
in a one-way coupling configuration over one transmission

the accuracy of chaos synchronization F6.-S1 as a func- channel. Dual synchronization is achieved when the optical
tion of the beat frequency ofM2-S1 [Fig. 7(a)] and the frequency i_s m_at_che_d betwgen the corresponding pairs of I_a-
injection power ratio oM2 to M1 [Fig. 7(b)]. These nu- S€rs by using |nJect|on-Iock|pg. The accuracy of s.ypch.ronl—
merical calculations in Fig. 7 agree with our experimentalzation betweenM1 and Sl is degraded as the injection
results in Fig. 3, where synchronization of chaosNbt-S1 ~ power ofM2 into S1 is increased or the detuning frequency
degrades as the beat frequencyM®-S1 or the injection betweenM2 and Sl is decreased. The achievement of
power of M2 approaches its injection-locking range. Thusinjection-locking for the corresponding pairs of lasers is im-
we have confirmed numerically that dual synchronization ofportant for the dual synchronization. We have confirmed the
chaos can be achieved in two pairs of microchip lasers whedual synchronization of chaos by numerical calculation. The
the optical frequencies are locked only between the correfrequency of theS1 is locked to that of eitheM1 or M2
sponding pairs of microchip lasers. under two optical injection, and the locking is automatically

We calculate the accuracy of synchronization not only forswitched betweet1 andM2, which depends on the pres-
M1-S1 but also forM2-S1 when the beat frequency of ence of the injected pulses from either of the two master
M2-M1 is changed as shown in Fig(a. As the frequency lasers.
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