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Synchronized Chaotic Mode Hopping in DBR Lasers
with Delayed Opto-Electric Feedback

Yun Liu, Peter Davis, and Tahito Aida

Abstract—We propose and demonstrate a scheme for gener- to the simplicity of implementation and feasibility of gener-
ating synchronized chaotic mode hopping in two wavelength-tun- ating high dimensional dynamics [15]. In achieving synchro-
able lasers. Chaotic mode hopping resulting in large hops in wave- nization of laser chaos in delayed-feedback systems, a unidi-
length is induced by delayed feedback of an electrical signal pro- . . . ’
portional to the intensity of the laser output which passes through rectional coupling scheme hé}s been widely employed. Abar-
an optical filter. Mode hopping among up to 11 modes was exper- banel and Kennel [16] numerically demonstrated the synchro-
imentally observed and optical signals in each wavelength band nization of two Ikeda type ring cavities via the unidirectional
show a different on—off modulation time series. Analysis of thetime coupling. Recent experiments by Van Wiggeren and Roy [9]
series indicates high dimensionality. By using a unidirectional cou- and Goedgebuest al. [10] demonstrated the excellent perfor-

pling method that injects part of the output of one laser into an- f tical data t ission based h
other, we can synchronize the chaotic mode hopping of two sepa- mance of secure optical data transmission based on chaos syn-

rate lasers and obtain synchronized chaotic on—off modulation pat- Chronization using a particular unidirectional coupling method,
terns in multiple corresponding wavelength bands. The robustness i.e., the open-loop receiver scheme, which was first proposed by
of the synchronization with respect to the parameter mismatch and \/olkovskii and Rulkov [17] in electronic systems.

the effects of the coupling strength are investigated. The chaotic Another attractive aspect of laser chaos is the possibility

mode hopping dynamics and synchronization are well described f ti . | ith ltipl | ths. This i
with a numerical model thatincludes the characteristics ofthe laser ©' 9€Néraling signais with - muitiple - waveiengins. IS 1S

tuning and the filter transmission. A multiplexed data transmis-  potentially useful for communications systems using wave-
sion scheme using chaotic carriers is proposed and experimentslength-hopping spread spectrum [18] or systems combining

demonstrate that multiple messages can be simultaneously recov-spread spectrum with wavelength multiplexing [19]. Chaotic
ered when chaos synchronization is achieved. variation of wavelength has been observed and studied in
Index Terms—Chaos, synchronization, mode hopping, optical a number of different laser systems. Liu and Ohtsubo [20]

communications, secure data transmission, spread-spectrum.  demonstrated chaotic oscillations in a laser diode with feed-
back from a Twyman—Green interferometer which nonlinearly
I. INTRODUCTION converts wavelength variation to injection current of the laser

o o ~diode itself. In their experiments, attention was given to inten-
( :HAOS synchronization, or synchronization of chaotic 0ssjty variations and the accompanying wavelength oscillations

cillators, provides a means to copy chaos, that is, to g&fjere limited to a few tens of gigahertz corresponding to a
erate identical chaotic oscillations in different sites, by coupling,pnanometer order. Recently, Larger al. [21] proposed
the oscillators with suitable link signals [1], [2]. The topic ofy chaotic wavelength oscillation system that consists of a
chaos synchronization has received considerable attention \%Velength-tunable laser and a birefringent plate between
cause of possible relevance to secure and robust communiG@ssed polarizers to generate a feedback signal which is a
tions [2], [3] and signal processing in biological systems [4honlinear function of lasing wavelength. The variation range of
[5]. In the context of communication, an information signal conthe wavelength is extended to a few subnanometers but is still
taining a message is transmitted using a chaotic signal ag,ighin the continuous tuning range of a single mode of the laser.
broad-band carrier. A key problem is the synchronization §fey further demonstrated synchronized chaotic oscillation in

a driven oscillator in a remote receiver by injecting a signgjyo similar lasers using the unidirectional coupling scheme
sent from a master oscillator in a transmitter. This is importapo],

when applying chaos to both secure communications and spegy gur previous work [22], we reported the synchronization

trum-spread systems where chaotic oscillations are used to mMgskhaotic mode hopping among multiple longitudinal modes

or multiplex information in signals. in two wavelength-tunable distributed Bragg reflector (DBR)
Owing to its high dimension and high bandwidth, laser cha@ssers. This paper extends the previous work and presents
has been of particular interest in recent research on chaos f&hiled discussions, both experimentally and numerically, on
chronization and related secure communications using Ch‘#’?éde-hopping dynamics, its synchronization, and applications
[6]-[14]. Most of the laser chaos systems studied so far hayesecure data transmission. This paper is organized as follows.
been implemented using a delayed-feedback configuration dHane next section, we describe the setup of the experimental

system which mainly consists of a wavelength-tunable DBR

laser, an optical wavelength filter, and delayed opto-electric
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tories, Kyoto 619-0288, Japan. e tuning characteristics of the light source and the optica
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measurements. A numerical modeling of the system is briefl

described at the end of this section with the details left t A ”| || optical spectrum
the Appendices. In Section Ill, chaotic mode hopping is

investigated from two aspects: the mode switching amon /ﬂ/

different modes and the optical output time series of a partic o—( ) = total light output
ular wavelength band. The key features of the mode hoppir a

are: 1) the laser lases in one mode at a time; 2) the laser ho Ay ou

among different modes; and 3) the total optical power is nearl s Ao output
constant. The deterministic nature of the dynamics has bet

verified through the observation of bifurcations, dimensionality
analysis, and comparison with numerical simulations. Ir

Section IV, we show that it is possible to synchronize mod:

hopping between two similar lasers by coupling light outpu ppp 1
from the transmitter laser to the receiver laser. The robustne
of the synchronization with respect to parameter mismatche
and the effects of coupling strength are investigated with bot
numerical calculations and experimental measurements.
Section V, a form of multiplexed secure data transmission i o
demonstrated using the chaotic signals as carriers which ma iy
the data. Based on the fact that, in the synchronized state, t
modulation pattern for each wavelength band coincides wit
its counterpart in the receiver laser, we propose a multiplexe
data encoding scheme using multiple wavelength bands. We L Sehematic di . , | . o of chaot
experimentally demonsirate that two different pseuo-randf. . sehemate segiam of experineta se for & generan of chaol
sequences can be successfully recovered in the receiver $i@&tion current.,: offset DBR currentZ,: fiber delay line. C1, C2: fiber

when the receiver laser is synchronized to the transmitter lagw@pplers. P1, P2: photo-receivers. OVA: optical variable attenuator. AMP: RF
We summarize our work in Section VI amplifier. Inset: spectral and intensity measurements of the laser output.

output signal
X(®)

1I. EXPERIMENTAL SETUP AND MODELING intenSity fluctuation of the total laser OUtpUt is detected with a
i photo-receiver. Third, each longitudinal mode of the laser is se-
A. Experimental Setup lected using a narrow-band optical filter (0.3-nm bandwidth and

The experimental setup is shown schematically in Fig. 1. Tlsenter wavelength continuously tunable from 1540 to 1560 nm)
light source is a wavelength-tunable DBR laser diode (NEland its intensity variation is measured with a photo-receiver.
KELD1571) with a fiber output. An optical isolator with 55-dB  The DBR laser diode used in the experiment has a structure
isolation is employed within the laser package, which prevertensisting of three sections: an active section, a passive phase
external optical feedback from the fiber facet or the coupler. Tleentrol (PC) section, and a passive DBR section, which are, re-
wavelength of the laser can be tuned by control of the curresgectively, driven by a pumping injection currépta PC injec-
injected into the DBR section of the laser. The light output frorion current,, and a DBR injection currerf. When there is no
the DBR laser is transmitted through a fiber delay lifig) and injection in the passive sections, the laser lases at the threshold
then divided into two parts by a 90:10 fiber coupler C1. Thef 8 mA and in a single mode at the wavelength of about 1554
first port (90%) of C1 is connected to a polarization-independenin. The side-mode suppression ratio is more than 45 dB, which
wavelength-tunable optical filter and the second port A (10%uarantees the single-mode behavior. As longyeendi, are
is used for laser output monitoring as described later. The ligtinstant values, the laser is always in a single-mode state regard-
output from the optical filter is further divided into two partdess of the pumping level. Whep is increased, the laser wave-
by a 70:30 fiber coupler C2. The first port (70%) of C2 is conlength decreases monotonically with the mode hops. The mode
nected to a fast photo-receiver (New Focus 1611, 1 GHz barsgparation is measured to be 0.7 nm. The laser output power
width) and the detected signal is amplified with an RF amplifiaveakly depends on the changegf Fig. 2(a) shows a mea-
(1.3 GHz bandwidth) before being fed back to drive the DBRured wavelength tuning characteristic of the DBR laser. Here,
section of the laser diode. The second port (30%) of C2 is cafnp-and:, are fixed at 30 and O mA, respectively. The character-
nected to another photo-receiver (New Focus 1811, 125 Miistic contains 11 segments corresponding to the 11 modes within
bandwidth) and the detected signal is monitored with a digitle 7.5-nm tuning range of the laser. The variation of the PC
oscilloscope (LeCroy 9362, 750-MHz bandwidth). An opticahjection current,, on the other hand, causes a periodic wave-
variable attenuator (OVA) is employed in the feedback loop tength shift with the period equal to the mode separation 0.7 nm.
adjust the feedback gain.

The light output from port A of the fiber coupler C1 is inves- The 3-dB bandwidth of the commercially available op-
tigated in three ways, as shown in the inset of Fig. 1. First, thieal filter (Santec OTF-310) is about 1.4 nm and the center
spectral structure of the DBR laser is measured with an optieehvelength is continuously tunable from 1540 to 1560 nm.
spectrum analyzer (HP71450A, 0.1-nm resolution). Second, thieis wide-band optical filter is used to obtain a nonlinear
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single slow variable, such as the tuning current of the DBR sec-

1555 1.25
tion. The current injected into the DBR section determines the
1553 1 refractive index and, thus, the effective reflectivity of the DBR.
This, in turn, determines the lasing mode, its wavelength, and
= 1551 075 o amplitude [23]-[25]. Since the pumping levigl is kept fixed,
5 £ the carrier density in the active section of the laser can be re-
= 1549 - 05 “ garded as constant. The relaxation of the optical field in the
laser, including mode transitions, due to changes in the refrac-
1547 - o 0.25 tive index in the DBR section is much faster than the response
of the electrical feedback driving the refractive index changes,
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so we consider the lasing state adiabatically follows the change
of the electrical feedback signal. Therefore, we can describe the
dynamics of the chaotic mode hopping in terms of the relaxation

of a single slow variable such as the tuning current with delayed

electrical feedback.

The dynamics of chaotic mode hopping can be mathemat-
ically modeled using a delay-differential equation for the re-
laxation of the tuning current with a single nonlinear feedback
function representing the compounded effects of the variation of
laser output wavelength and amplitude with refractive index, the
optical filter transmission characteristics, and the dependence
of electrical feedback signal on the optical intensity. The details
of the modeling are described in the Appendices. Here, we list
only the main results showing how these variables are related
with each other.

In Appendix A, we show that the wavelength and output

i - wer of the DBR laser are functions &f, ¢,,, andir. For
Fig. 2. Characterlstlcsofkeycomponentsofthesystem.(a)WaveIengthtunPl%1 e. .O € aser are functions &, ‘p> L
characteristic and accompanying power variations of the DBR laser used in HBPliCity, we denote them as
experiment at; = 30 mA and¢, = 0. (b) Transmission characteristic of

A(t) = falia(t);ip,ip) 1)

optical filter measured at, = 1548 nm.

P(t) = fp(ia(t);ip, i) 7
function between the light output and the wavelength over a
wide multinanometer range of wavelength variation, coveringhere f and f,, represent, respectively, variation functions of
multiple longitudinal modes of the laser. Fig. 2(b) shows thée wavelength and the power of the DBR laser. We have as-
measured transmission characteristic of the optical filter. TRgmed constant values fgg andi;. The filter outputu(t) of
light output of the optical filter is detected with a photo-receivehe optical filter is described in terms afand P as
and this electric signal is further amplified with an RF amplifier
to generate feedback signal. Finally, the feedback signal is
coupled to the DBR section of laser with a variable offset
currenti,.

The response characteristics of the system are measuredvbgre7;. is the time delay in the loop, and, F, A, \,, are
opening the loop at port B in Fig. 1, driving the DBR sectioparameters of the filter. The deduction of the above equation and
of the laser with an external modulation signal and measuritige definition of parameters are given in Appendix B. The filter
the output signal of the amplifier. The frequency characteristiutput is converted to the feedback signal through the photo-
of the open loop gain is obtained by changing the frequencyefceiver and the RF amplifier and, finally, the feedback signal
the modulation signal. The result reveals that the 3-dB cut-@bntributes to the DBR section injection current as
frequency of the system is about 250 MHz, implying that the
response time of the wholg_system is about4 ns. Although both Tdid(t) Fig(t) = iy + Eut) (4)
the detector and the amplifier have a bandwidth of more than 1 dt
GHz, this frequency is mainly limited by the electrical Chara(fivhere
teristics of the laser module, namely the bandwidth of the elec-
trical driving of the refractive index of the DBR section in the
laser.

AP(t —T;)

Tis 4 F2sin? [7”<A<§TT>*AC>

s \w

u(t)

®3)
}

¢ feedback gain;
response time of the feedback circuit;
i, offset of the DBR injection current.
We further rewrite the equation of the mode-hopping gener-

B. Numerical Modeling ation system as

The dynamics of the above system can be understood from ag; ,(+) .
relatively simple dynamical model describing the relaxation of & —z— T ia(t) =io + X(t - 1;) ()
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X(t) = Flia(t)] I
_ EASp(ia(t); 1p, %) ©)
1 + %FQ Sin2|:7T(f,\(id(t)§ip:if)*)\c):| ’

s Aw

Here, X (¢) is proportional to the optical filter output and is re-
garded as the output signal as shown in Fig. 1. We did not con-
sider noise effects in the modeling. As shown in the following
sections, the modeling agrees well with experimental results on 05 }
mode hopping dynamics and its synchronization behavior de-
spite several assumptions made. .

Vout (V)

20 -10 0 10 20
Vin (mV)
()

I1l. M ODE-HOPPINGDYNAMICS

In this section, we first describe the mode-hopping dynamics
which occur when there is strong feedback with large optical
bandwidth, and delay which is long compared with the response 4

time of the wavelength tuning of the laser. For the open loop A

or the weak feedback condition, the DBR laser operates in a 2 L
single mode with the wavelength uniquely determined:ipy
and+<, and the corresponding system outptshows a con-
stant level. When the feedback gain exceeds a certain critical
level, the system output becomes unstable. There are two types st \
of wavelength dynamics, depending on the feedback bandwidth 2t
and gain. The first type is the continuous wavelength variation j ~
of one mode, as was investigated in previous works [20], [21].
The second type is large wavelength variations with mode hops.
Fig. 3 shows experimentally the measured open-loop charac-
teristics corresponding to the above two types of wavelength
dynamics. HereV,, andV,,, are, respectively, the modulation (b)
signal of the DBR injection current and the output signal afig. 3. Measured open-loop characteristics for different wavelength variation
the RF amplifier in the feedback loop. When the DBR injedanges. (a) Continuous nonlinear curve when the wavelength variation
tion current is modulated within a small range, the wavelengfiyeiangth variation Ivolves mode hops,  the moduiation signal of DER
varies within one mode and we observe a continuous nonlin@géction current.V,...: output signal of the feedback measured at Port B in
curve as shown in Fig. 3(a). On the other hand, when the waég- 1.
length variation exceeds the mode separation, mode hopping oc-
curs and one observes a piecewise nonlinear curve as showghBws a period-2 waveform at = 1547.5 nm showing a pe-
Fig. 3(b). In this paper, we consider the second type of wavgodic switch between two states with the period of aliljt.
length dynamics. In the following experiments, the time delayig. 4(b) shows a period-4 waveform &t = 1547.0 nm after
T introduced by the fiber line is 660 ns, and the response tig€period-doubling bifurcation. Note that, although the period
7 of the system is fixed at about 4 ns. is doubled to47}., the number of intensity levels seems to be
The wavelength dynamics are investigated with two differefiree, corresponding to three lasing modes. The onset of square
measurements. First, the wavelength variation is convertedy@ve oscillation of perio@7;., followed by period-doubling bi-
the lightintensity variation through the optical filter and the lighfyrcations and chaos, is typical of nonlinear feedback systems
Output of the filter is detected with a phOtO-I’eceiver. The Secomth |ong de|ay7 Such as described by de'ay_differentia' equa_
measurement s to monitor the lasing wavelength with an opti¢@ns like (5) with a convex nonlinear feedback function and
spectrum analyzer to investigate the number of modes involg#h large effective delay;. /7 > 1 [15]. Note that, although
in mode hopping. the signal seems almost constant over @henterval, in the
next7, interval it can be split into two levels. This is attributed
to the discontinuous nature of the feedback as seen in the piece-
Bifurcation scenarios leading to the onset of chaos can be elise open-loop characteristic [Fig. 3(b)]. Such a splitting phe-
served by varying the offset DBR currefyt the center wave- nomenon shows a significant difference from previous systems
length of the filterA., or the attenuation factor of the feedback20], [21] with continuous wavelength variations. We did not ob-
loop £. The oscillation waveform and bifurcation route shovgerve further bifurcated periodic oscillations whenis further
quite different features from the case with continuous wavdecreased. Instead, the periodic oscillation changes to higher
length variations [20], [21], due to the abrupt change of tHearmonic oscillations and the oscillation frequency increases
lasing wavelength of the DBR laser when tunipgrig. 4 shows rapidly as). is reduced. At\. = 1546.8 nm, we observed ir-
a period doubling bifurcation observed by varyikg Other pa- regular high-frequency oscillations as shown in Fig. 4(c). The
rameters aré, = 50 mA, ¢, = 0, and:; = 30 mA. Fig. 4(a) time scale of (c) is different from those of (a) and (b). There is

Vout (V)

-4
-200 -100 0 100 200
Vin (mV)

A. Bifurcation to Chaos
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Fig. 4. Bifurcation to chaos: changes in oscillations of the output optical power Wavelength (nm)

with a change in the center wavelength of the optical filter. Optical power is

measured at photodiode P2 in Fig. 1. (a) Period-2 waveforin at 1547.5

nm. (b) Period-4 waveform at. = 1547.1 nm. (c) Chaotic waveform at. =  Fig.5. Optical spectra corresponding to Fig. 4: (a) two-mode; (b) three-mode;
1547.0 nm. Note that the time scale in (c) is different from that in (a) or (b)and (c) four-mode spectrum.

The DBR laser is operated at = 50 mA, ¢, = 0, andi; = 30 mA.

a portion of its corresponding time series. The corresponding
a coexistence of high-frequency oscillations, i.e., for the sarmRg spectrum shows a broad-band distribution. We analyzed the
parameter, depending on initial conditions, different high-freime series by an embedding method (using a public domain
guency oscillations can be excited. The coexistence of high-figonlinear time series analyzing software package [26]). Em-
quency oscillations is expected due to the large effective tidedding was done for time series consisting of 120 000 exper-
delay(Z,./7 > 1), as described in [15]. imental data points acquired at the sampling rate of 1.25 GS/s.

Fig. 5 shows optical spectra corresponding to Fig. 4. Since thig. 6(c) shows the fraction of false-nearest neighbors (FNN)
integration time of the optical spectrum analyzer is 20 ms, whegrsus the embedding dimension for the time series from which
we observed is an average within such a time interval. Fraime series in Fig. 6(b) was taken. From Fig. 6(c), the optimal
this figure, one finds that the number of modes involved in ttembedding dimension was estimated to be 9. Using this embed-
variations increased from two (period-2) to three (period-4), aniihg dimension, we calculated the Lyapunov exponents to be
finally to four (chaos). 0.017, 0.011, 0.006, 0.002;0.002 —0.007 —0.014 —0.024,

It can be seen that different numbers of modes can be involvaad —0.057. The Lyapunov dimension was computed to be 7.6
in chaotic dynamics depending on parameters such as the offsetn the above data, which indicates that the wavelength dy-
of the DBR injection current, the center frequency of the opticabmics is high-dimensional chaos. The dynamics of a nonlinear
filter, and the feedback gain. Fig. 6 shows an example of an system with large delay can be very complicated in general (see,
crease in the number of active modes, due to a change of theexample, [15], [20], and [21]), with a complicated depen-
current offset from 50 mA to 20 mA. As can be seen from thgence on parameters and initial conditions, and it is not our aim
tuning characteristic of Fig. 2(a), for lower offset of the tuningn this paper to describe the dynamics in detail. Rather, here we
current, the same variation of the feedback current will result rave just presented a few examples to show that in this system
hops over more modes. Fig. 6(a) shows an example of ten modescan obtain high-frequency, high-dimensional chaotic oscil-
being active during the average time of 20 ms. Fig. 6(b) plokations involving multiple laser modes, and that they can typi-
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signal. (c) Faction of FNNs versus the embedding dimension using measured data.

cally appear after bifurcation from stable periodic square-waftem the behavior described in the previous works [20],

oscillations. [21], where there was variation of the wavelength of only
a single mode. Another feature of the behavior that can be
B. Chaotic Mode-Hopping observed in Fig. 7(a) is that the total power output from

) _ the laser shows only small fluctuations during the chaotic
Due to the long averaging time, the spectrum analyzgf, e hopping. This is due to the characteristic of the laser,

measurements such as in Figs. 5 and 6 show the modgs, ., in Fig. 2(a), where the output power is only weakly

which are active in the chaotic dynamics over a long t'mé’ependent on the lasing mode, so the laser power can stay

interval but they do not show how the laser hops among,ay constant even if the lasing mode changes due to a
modes. To see how the laser hops among modes andlatr%e change in the tuning current

see the variations of individual modes, we used multiple In Fig. 7(b), we show a correlation plot of the time series of

narrow-band (bandwidth 0.3 nm) measurements of the Omrhlgighboring modes. The plot shows that, when intensity of one

from th? Igser. Megsurements were made at the.pOS't'r%%de is high, the intensity of the other is low. This is due to the
shown in inset A in the schematic of the experiment

A . act that the laser tends to lase in a single mode. On the other
setup in Fig. 1. In Fig. 7, we present an example of ob- ) . . .

. : . . and, it also shows that when the intensity of one mode is low
servation of chaos involving three modes which shows the

key features of hopping among multiple modes. With thiécannot be said whether the intensity of the other mode will be

particular oscilloscope that we used, we were able to reccmgh or low. In this sense, the variations of -the modes are not
up to four time series simultaneously. In Fig. 7(a), th@mply correlated. The examplg of observatlon_ of three modes
top trace shows the variation of the laser output intensif),"OWS the key features of hopping among multiple modes. Due
and three other traces correspond to three different mo @dhe limitation on the number of simultaneous traces that we
whose center wavelengths are 1547.6, 1548.4, and 154604ld take with our oscilloscope, we were not able to make si-

nm, respectively. All of these traces are plotted with th@ultaneous measurements of total power and all the modes in-
same scale. The time series show that individual modgalved in the hopping for the cases of more than three modes,
are on—off intensity modulated with a chaotic modulatiofuch as the case of four modes in Fig. 5(c), and ten modes in
pattern. Different modes have different intensity modulatiof(a). However, plots like 7(b) for pairs of modes showed that

patterns and, at any specific time, most of the lasing enerjie laser typically lases in just one mode at a time, regardless
is concentrated in just one of the three modes. Note that thisthe number of modes involved in the hopping. Lasing in one

feature of abrupt hopping in the wavelength band due tode at a time is expected from the characteristics of the laser
hopping among longitudinal modes of the laser is differembr a sufficiently slow variation of the tuning current. Multimode
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Fig. 7. Mode dynamics showing chaotic mode hopping at 30 mA, :, =
0,andi; = 50 mA, andA. = 1549 nm. (a) Time series of each individual
mode and total laser output. (B)-Y" plot of time series between neighboring
modes.

and chaos. Here, the corresponding values\ofire 1547.8,
lasing is only expected to be a transient behavior during the hop47.5, and 1547.4 nm, respectively. Other parameters are fixed

from one mode to another. até = 100, i, = 50 mA, i, = 0, andiy = 3.75t,, Wheredyy,
. . _ . is the threshold injection current. It is found that the number
C. Numerical Simulation of Wavelength Hopping of modes involved in the mode hopping increased from 2 at

Itis possible to reproduce the typical features of the dynamiti period-2 state to 4 for both period-4 and chaos states. In
observed in the experiment by numerical simulations using tfég. 8(c), one observes a fast chaotic wavelength hopping time
model introduced in Section Il. Here we mean to show th&eries where no periodicity could be identified. Similar to the
wavelength hopping can be obtained with a deterministic modekperiments, by appropriately setting parameters, we can ob-
It is not our purpose here to reproduce the details of the digin either periodic or chaotic mode hopping among up to 11
namics. To get identical waveforms for bifurcated solutions r&odes in the numerical simulations. Especially, in the periodic
quires very precise matching of the model functions and paode-hopping state, we also observed that the signal over one
rameters. However, the general scenario of onset of high-fie-interval might be split into two or more levels corresponding
quency multimode mode-hopping chaos after bifurcation froff different longitudinal modes of the DBR laser.
stable perio®Z’. square-wave oscillations is easily reproduced We give the following remarks by summarizing experimental
in the simulations. We set the value ofto be 4 ns and that and numerical results.
of 7, to be 600 ns. Other parameter values are either mea-1) Periodic or chaotic mode hopping among up to the total
sured or determined from the modeling based on the optimum 11 modes of the DBR laser have been observed.
matching of DBR tuning and filter transmission characteristics 2) The output signal of the fundamental periodic mode hop-
between modeling results and measurements. Table | shows pa- ping is characterized by stable perigd,. square-wave
rameter values used in the simulations. Fig. 8 shows an ex- oscillations.
ample of the simulation results of the bifurcation route versus The number of modes involved in the fundamental pe-
the center wavelength of the optical filter. Fig. 8(a)—(c)shows, riod-2 mode hopping can be2. In the latter case, the
respectively, the wavelength variations of period-2, period-4,  signal over ond;. interval can be split into two or more
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TABLE |
PARAMETER VALUES USED IN THE NUMERICAL CALCULATIONS

Parameter Symbol Value Unit
Active section of DBR LD
Refractive index Mo 3.2687
Absorption losses . Qg 1125 1/m
Linear recombination time - T 2- 107 s
Carrier density at transparency No 10 Um®
Bimolecular recombination coefficient B; 8 1077 m°/s
Auger recombination coefficient C 7.5- 107 m®/s
Slope gain-carrier density Ao 2.5 107 m
Confinement factor I 0.2032
Length of active layer Ly 300 um
Left facet reflectivity 43 0.56
Passive sections of DBR LD
Refractive index Ma0(7130) 3.2144
Absorption losses o 030) 750 1/m
Confinement factor () 0.3305
Length of PC section L, 190 pm
Length of DBR section Ly 480 um
Coupling coefficient of DBR K 4000 1/m
Refractive index derivative with respect to dnldN -6 1077 m’
carrier density
Absorption derivative with respect to doddN 23 1077 m’
carrier density
Bragg wavelength without current injection Aso 1554.0 nm
Optical Wavelength Filter
Bandwidth A 1.433 nm
Finess Fy 31.0
Filter transmitivity A 0.811
Transmitter Chaos Oscilator | ‘ 3) Chaaotic oscillations can be observed when three or more
F G T d involved in the mode hoppin
XT (g modes are involved i de hopping. .
DBR LD @ 4) The first order of period-doubling bifurcation, period-2 to
x! period-4, was observed. The fundamental periodic square

waves coexists with high-frequency oscillations due to a
OVA3 large effective delay.

]
; to receiver
IV. SYNCHRONIZATION OF CHAOTIC MODE HOPPING

Amp.

(1GHz) PD (1GHz) In this section, we show the key result of this work. We have
been able to obtain synchronized chaotic mode hopping in two
Reoeiver Chaos Oscillator ‘ Filter 030m) 1 lasers by coupling the output of one into the other [22]. Here,

XKy we describe the synchronization of chaotic mode hopping that
we achieved in two similar lasers with unidirectional coupling,
in which part of the light from the transmitter laser system is
coupled to the receiver laser system. The experimental setup is
shown in Fig. 9. Compared with Fig. 1, a few new components
are introduced in the system for synchronization. The time delay
in each system is adjusted by variable optical delay lines (ODL1,
ODL2) in the feedback loop. This can match delays between
Amp. PD (1GHz) transmitter and receiver systems within an accuracy of 10 ps.
(1GHz) The intensity of the synchronization signal sent from the trans-

Fig.9. Experimental setup for chaos synchronization. ODL: opticaldelayling?Itter IS adJUSted with an attenuator (OVA3)'

¢: coupling coefficient. Other notations are the same as in Fig. 1. . o
A. Numerical Investigations
levels corresponding to different longitudinal modes of We start with simulations using the model introduced earlier
the DBR laser. Such a splitting phenomenon is due to th@check the tolerance of the synchronization with respect to pa-
discontinuous nature of the nonlinear function [Fig. 3(a)jameter mismatches between the transmitter and receiver sys-



LIU et al: SYNCHRONIZED CHAOTIC MODE HOPPING IN DBR LASERS WITH DELAYED OPTO-ELECTRIC FEEDBACK 345

K | Muu
| LML

Fig. 10 shows an example of the synchronized state obtained
from numerical simulations. Here, the coupling coefficietd
set to be 1.0, which means an open-loop receiver system. The
parameters,, A, Fs, and£ in the receiver system were as-
] sumed to be 2% larger than those in the transmitter. To make a
ﬂ‘ comparison with experimental results, we take the light output

Output (arb. unit)

intensity variations from the optical filters as the output signals
and average signals over the detector bandwidth of 125 MHz.
The upper and lower traces in Fig. 10(a) represent the signals

100 200 300 400 of the transmitter and receiver, respectively. Fig. 10(b) shows
Time (ns) the correlation plot between two signals. Clearly, a remarkable
synchronization is achieved, even with 2% parameter mismatch.
(a) Yy p
| The performance of the synchronization is evaluated using a
synchronization errof’ which is defined as
E 08 |
£ o(XT - XE
Z 06 DS S S ©)
H o(XT)o(XF)
S 04
g wheres denotes the rms average function. In Fig. £0s esti-
S o2l mated to be about 2%.
& i
0 \ . B. Experimental Results of Synchronization
0 0z 04 06 08 1 Before coupling the receiver with the transmitter, the pa-
Transmitter Output (arb. unit) rameters of the receiver system are adjusted so that the optical
(b) spectrum of the receiver laser and output waveform (amplitude,

Fig. 10. Simulation of synchronization. Parametersfarér = 150. i, = 20 main freque_ncy) are similar to those of the transmitter. Ther.]’
mA,i, = 0,4; = 3.75iw,, A. = 1550 nm, anct = 100. A relative parameter When coupling the two systems, we tune the feedback gain
mismatch of 2% was assumed between the transmitter and receiver. of the receiver system with the fiber attenuator OVA2 shown
in Fig. 9 and the synchronization signal level with another
tems. From (5) and (6), one can rewrite the equations for thgtenuator OVA3 so that the total feedback strength (feedback
transmitter and the receiver systems shown in Fig. 9 as from the receiver laser itself plus the transmitted signal from
the transmitter laser) is at the same level as before coupling.

T
Tde () +if @) = XT (@t -1,) +iF (7a) The receiver output signat * is taken right after the optical
dt - T T o T fiter and compared with the transmitter output sig@éf .
XE(t) = Flig(t) e, Ay, B L €1 (7b)  Meanwhile, the light output of a particular mode in the receiver
Gl | mo T R .r X™(\;) can also be measured with a narrow-band optical filter
g Tt =eXT(t—)+ (1 - )Xt -T) 415 (0.3 nm) and compared with the corresponding sighi&l\;)

(8a) in the transmitter. The time relationship betwe€f and X ®
XR(t) = F[il}(£); AR, AR FR ¢ | (8b) of betweenX7(\;) and X®();) are adjusted with variable
delay lines ODL3 and ODL4, respectively.
Here, we rewrite the nonlinear functiod’¢y] in (6) as Fig. 11(a) shows waveforms of the transmitter and receiver
Flig; Ae, Aw, F3, €] to include the effects of parameters. Theystem output signals in the synchronized state. The correla-
superscripts?” and R denote variables and parameters dion plot is shown in Fig. 11(b). In Fig. 11, the synchronization
the transmitter and receiver systems, respectively, and error £ is estimated to be 2.1%. Note that the synchronization
the transmission time of the light from the transmitter to thieetween transmitter and receiver outputs is well recognized in
receiver. We assumed the identical functibnand values of Fig. 11 and the correlation distribution in Fig. 11(b) is similar
1., 7, i,(=0), andi for both the transmitter and the receiveto the numerical result in Fig. 10(b).
systems. The difference between the transmitter and théNhen the laser undergoes chaotic mode hopping, each mode
receiver systems is expressed by values,ph., A, F;, and exhibits a different modulation pattern. Here, we demonstrate
£. We do not consider the effect of noise in transmission.that the waveforms of pairs of modes in two lasers show iden-
denotes the coupling strength aad= 0 corresponds to the tical waveforms when two lasers are synchronized. We take a
noncoupled state while = 1 corresponds to the open-loopseven-mode case as a typical example. Fig. 12(a) shows the
receiver system in which the feedback signal of the receiviime-averaged optical spectrum of the laser in the chaotic mode-
system is completely replaced by the signal sent from thepping state. In both Fig. 12(b) and (c), the top two wave-
transmitter. The synchronization state correspondg'te- i1 forms correspond, respectively, to the total power of the light
or X® = X7 In this experiment, we measure the differenceutput from the transmitter and receiver systems (measured at
betweenX® and X7 and call this the synchronization error. the output of the wide-band optical filter), while the bottom
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Transmitter Qutput

1 I I I
1545 1547 1549 1551 1553 1555

Wavelength (nm)
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10 dB/div
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Receiver Qutput

0 100 200 300 400 | Transmitter Output
Time (ns)
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2 ~ [Receiver Outpyt
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=
~ £
> =
B E :
& &+ | Transmitter A1
= =
@) o
: UL N WAL
g i
g Receiver Al
&
0 0.5 1 1.5 2
Transmitter Output (V)
(b)
Fig. 11. Experimental observation of synchronization. (a) Waveforms c .
transmitter and receiver outputs. (b) Correlation plot. Parameters are20 = -Receiver Output
mA, i, = 0,7, = 30 mA, andA. = 1550 nm. =
=
£
two show variations of the light power at one particular wave 2 | Transmitter Ju
length in the transmitter and receiver lasers (measured as shc 3
in inset A of Fig. 1). Specifically, the bottom waveforms in M“M M ”\N Mnh WA M“nﬂ HM,
Fig. 12(b) show the time series of the wavelength 1548.2 Receiver A
nm, which corresponds to the first peak in Fig. 12(a), while thos
in Fig. 12(c) show the time series af= 1550.5 nm, the fourth ‘ ‘

peak in Fig. 12(a). In both cases, we can see excellent co
cidence between transmitter and receiver outputs. Outputs
other modes were also checked and synchronization betweern an
the corresponding modes was observed. We have also achieved ©

chaos synchronization when mode hopping involves other moglg 12.  Waveforms of synchronized transmitter and receiver systeips-at

numbers. In each case, we also observed the synchronizatiorﬂﬁé‘l.A* i, = 0,i; = 30 MA, and. = 1550 nm. All traces are on the same
relative scale. (a) Optical spectrum showing seven modes involved in the mode

tween modulation patterns of each specific mode pair. hopping. (b) Waveforms of system output and mode I 1548.2 nm). (c)
Waveforms of system output and modeM=£ 1550.5 nm).

100 200 300 400 500

Time (ns)

C. Effects of Parameter Mismatch

The influence of the parameter mismatches on the synchomly 0.7 nm, even a subnanometer changg.imay result in a
nization was studied both numerically and experimentallgramatic difference in dynamics. Fig. 13 shows the numerically
First, we numerically examined the influence of all parametecalculated results of the influences dfi, and A\, on the
10, Ae, A, Fs, @and €. It is found thaté, and A. have much synchronization error. Here, the coupling coefficiens set to
stronger (usually ten times stronger) effects than the otheg 1, i.e., an open-loop receiver is assumed. Other parameters
parameters. From (7) and (8), we know that a changé, of are assumed to be identical for the transmitter and receiver
will linearly affect ¢4 and, thus, the lasing wavelength. Asystems. From Fig. 13(a), it is found that the synchronization
change in\., on the other hand, results in a direct shift of therror £/ varies as a linear function of\i,, and the slope
operation point and, since the mode separation of the laserlls/dAi, is further verified to be inversely dependent on the
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Fig. 15. Effect of coupling coefficient on synchronization error calculated
1 from simulations. Solid line: the largest conditional Lyapunov exponent of
the receiver system,,.... White circles: synchronization error without
parameter mismatch. Black circles: synchronization error with 2% parameter

E mismatch. Parameters are the same as those in Fig. 10.
35
[ ]
30 | °
25
-0.5 -0.25 0 0.25 0.5
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b
(b) ol . ..
Fig. 13. Dependence of synchronization error on key parameter mismatcl oo * hd o o ® .
(simulations). Solid dots are calculated results and lines are fitted curves w 57 * e ® 4
E « Ai, in(a) andE o AM? in (b). Parameters are the same as those i 0 . . b
Fig. 10. 0 0.2 04 0.6 08 1
€
20

Fig. 16. Effect of coupling coefficient on synchronization error measured from
experimente is changed by appropriately adjusting variable attenuators OVA2
and OVA3 in Fig. 8. Parameters are the same as those in Fig. 11.

value ofs. On the other hand, wheX,. is changed£ increases

as a square function @\, as shown in Fig. 13(b). It is found
that negative and positive parameter mismatches have almost
symmetrical influences on the synchronization error.

The same parameter mismatch dependencies have also been
verified in experiments. Fig. 14 shows the experimental result of
the dependency df on Ai, [Fig. 14(a)] andA . [Fig. 14(b)].

In experiments, we also observed that the negative parameter
mismatch has effects on the synchronization performance sim-

40 ) ilar to those of the positive mismatch. There is a pedestaliof
the experimental results due to the mismatch of other parameters
30 | " S . .
and additive noise in experiment. Note that fairly good correla-
® 0 | tion between transmitter and receiver outputs can be recognized
= in experiments even with the synchronization error as large as
0| 10%. We stress that the synchronization is very stable even with
a few percent of parameter mismatch. Actually, under the op-
o4 ‘ timal match achievable experimentally, the stable synchroniza-
i |
0 ol 02 03 04 05 tion could last as long as several tens of hours!
Ahe (nm) D. Dependence on Coupling Strength
() The effects of the coupling strength on the synchronization

Fig. 14. Dependence of synchronization error on key parameter mismatcb%q—formance are important in understanding the mechanism of

(experiments). Solid dots are experimentally measured results and lines are R . L . . .
fitted curves WitlE x Ai, in (&) andE o« AAZ in (b). Parameters are the SYNChronization via unidirectional coupling. Previously, Abar-

same as those in Fig. 11. banel and Kennel [16] numerically investigated effects of the
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@ Message modulation on mode A (b) PD LPF
a

LD (L) EOM OVA
recovered signal

to receiver

Fig. 17. Schematics of (a) message encoding and (b) decoding. EOM: electrooptic modulator. OVA: optical variable attenuator. LPF: lowspassittded
data signalm: recovered signal.

coupling coefficient on the mean synchronization time in the
Ikeda ring laser model. Meanwhile, experiments on synchro
nizations in delayed-feedback systems have concentrated on t
open-loop receiver scheme [9], [10], [12], [14]. Here, we inves-&
tigate the dependence of the synchronization on coupling coe 5
ficient using both numerical and experimental results. Fig. 1:E
shows the variation of the synchronizatidghversus the cou-
pling coefficiente obtained from the numerical simulations.
In order to make a suitable comparison with experiments, wi
calculated two sets af. White circles represerf calculated
without parameter mismatch and black dots repregkecdlcu-
lated with the assumption that parametgrs\,,, F;, and£ in

Encoded Signal

Recovered Signal

Output (a

. . . 0 50 100
the receiver are 2% larger than those in transmitter. We also cai- 130 200
culated the largest conditional Lyapunov exponent [2], [16] of @)
the receiver systemy,. - for reference. The polarity Of;ax Encoded Signal

reflects the stability of the receiver chaotic oscillator when no
signal is sent from the transmitter. Bathand,,x - are com-
puted over an ensemble of initial conditions. Two significant
conclusions are drawn from Fig. 15.

unit)

1) When there is no parameter mismatéhconverges to Transmitted Signal (low-pass filtered)

zero in the region of negativl,,.x -, i.€., a complete
locking of the receiver chaotic oscillator to the transmitter
chaotic oscillator occurs in the parameter region of nega

Output (arb

tive )\max,r .

2) When there exists a parameter mismaf¢ichanges little 0 50 100 150 200
in the regioMax » < 0 but shows a drastic increase near Time (us)
the boundary,,.x » = 0 and shoots up to several tens of (b)

percent afteRumax, > 0. Fig. 18. Experimental results of message transmission and recovery based

on chaos synchronization. (a) Upper trace: a portion of RZ pseudo-random
We further veriy the dependence of the synchronization pefi'ecs Enoted = e tanemier (ouer tace. el recouer o
formance on the coupling strength in experiments. To vary tB&udo-random sequence. Lower trace: signal recovered by directly integrating
coupling coefficient, we need to adjust attenuators OVA2 anitk transmitted signal.
OVA3 accordingly to keep the constant oscillation magnitude
of the receiver output. Fig. 16 shows the synchronization error
as a function of measured in experiments. Although details in
Fig. 16 and Fig. 15 require further studies, it can be recognizedAs an example of an application of chaos synchronization, we
that the two results (Fig. 16 and black dots in Fig. 15) are cons@emonstrate data transmission using chaotic signals as masking
tent regarding the variation & versus, i.e., F does not show carriers. An optical data signal is produced by modulating a
much change for large values obut exhibits a dramatic and light source with a pseudo-random sequemcé he optical data
abrupt increase when becomes smaller than a critical valuesignal was injected into the coupler CO as shown in Fig. 17(a). In

indicating the collapse of synchronization. the receiver system, the chaotic signal is recovered based on the

V. DATA TRANSMISSION WITH CHAOS SYNCHRONIZATION
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m,

recovered signals

Output (arb. unit)

Fig. 19. Schematic of message decoding circuit in the receiver system fc.
two-wavelength data transmissiaom.,, m5: data signals encoded on and
Ag, respectivelyim,, mo: recovered signals ofi; andm..

synchronization between two lasers. By subtracting the recov _
ered signal from the transmitted signal, we get an error signa"é
that, for perfect synchronization, is proportional to the encode(g
message. In the presence of imperfect synchronization due "2
parameter mismatch and noise, the encoded message can be £
covered after an appropriate integration of the error signal, a®

shown in Fig. 17(b). The minimum relative intensity of the in-

jected optical data signal depends on both the synchronizatic 0 .

error and the integration time. In our experimental scheme, wi 0 20 40 60 80 100
found that a data signal with relative intensity of 1% could be Time (uis)

successfully masked and recovered at a bit rate of 1 Mbit/s. (b)

Fig. 18 shows an example of message transmission ang 20. _Experimental result of multiplexed data transmission based on
recovery in the experiment at a bit rate of 0.5 Mbits/s. Igynchronization f;f seven-mOO(lje chagtlc mode hopping (Fég'dll)' (@ Dflshetri]
; ; _tn.odine: a portion of NRZ pseudo-random sequence encoded on wavelengt
Fig. 18(a)' the upper trace shows a portion of the return-to Z_é/\'[}?: 1550.5 nm. Solid line: corresponding recovered signal at the receiver. (b)
(RZ) pseudo-random sequence encoded at the transmigighed line: a portion of RZ pseudo-random sequence encoded on wavelength
system, and the lower trace shows the signal recovered at thes 1551.2 nm. Solid line: corresponding recovered signal at the receiver.
receiver system. It can be recognized that the peak positions of

the recovered signal coincide well with the encoded pulses. Wg example of two-channel secure data transmission based on

verified the effectiveness of the masking of the data signal By, synchronization of seven-mode hopping (Fig. 12) is shown
directly filtering the transmitted signdX?" + m) to show that in Fig. 20. Two wavelengths; — 1550.5 nm and\, — 1551.2

the message cannot *?e S|mply.0bt.a|ned from the ”ansm't?ﬁ%, which correspond to the fourth and fifth peaks in Fig. 12(a),
signal alone. A result is shown in Fig. 18(b). Here, the UpPELsha tively, are used to encode two different messages. In this

trace shows another RZ data sequence, and the lower rgggeriment, we simultaneously encode a NRZ pseudo-random

shows the result of direct integration of the transmitted Sign@'equencenl on A, and a RZ pseudo-random sequenag

recovered using the synchronized chaotic carrier sighdl that onX,. In each figure, the dashed line shows a portion of

regenerated in the receiver system. . the pseudo-random sequence encoded at the transmitter while
~ Since each mode has a different on—off modulation patteffe solid line shows the corresponding recovered signal at the
it is also possible to use each wavelength as a separate capdggiver. We find both messages are well recovered. It is noted
and encode a different message on each carrier. We demons@iade aqding the second message does not degrade the recovery
such data multiplexing in our setup. To this end, we inject difsf the first one compared with the single message case. This ex-

ferent pseudo-random data sequences at different waveleng@ﬁmemm scheme can be expanded to multiplex messages on
at the transmitter side. The wavelength of the injection light |§ore wavelength bands.

chosen to match that of the assigned mode in the mode-hop-

ping laser. At the receiver side, for each data carrier wavelength,

we simultaneously filter out the transmitted signal and the re- VI. CONCLUSION

ceiver outputs with a pair of narrow band filters set at the same

center wavelength. Multiple error signals can be extracted byWe have demonstrated a scheme in which chaotic mode hop-

subtracting the corresponding pairs of the detected signalsping can be generated, synchronized and used for multiplexed

this way, one can simultaneously mask multiple messages usitega transmission. The chaotic mode hopping among multiple

a single mode-hopping laser. longitudinal modes of a laser can be generated in a delayed
Fig. 19 shows a schematic showing how to simultaneously feedback system which consists of a wavelength tunable DBR

cover two messages encoded in two different wavelength bandser and an optical filter. When chaotic mode hopping occurs,
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each mode exhibits a different on—off intensity oscillation pawith v = /k2 + (a3 +jA3)? and A = 2mng/A —
tern while the total laser output intensity shows a nearly coBanzo/Ap where  is the coupling coefficient of the DBR
stant level. The chaotic nature of the mode-hopping dynamissucture,ns, is the refractive index in DBR section without
was characterized by the observation of bifurcation from peiiijection, and\g denotes the Bragg wavelength.
odic oscillations and dimensionality analysis. Numerical sim- Usually, the dynamics of the laser diode is described by a
ulation of a deterministic model showed similar bifurcation tgroup of rate equations involving the optical power, phase, and
chaotic mode hopping, and accordingly verified the underlyingarrier density in the active region. Since the pumping level is
determinism in the observed phenomenon. kept fixed, the carrier density in the active section of the laser
Synchronization of mode hopping between the transmittean be regarded as constant. Furthermore, the relaxation of the
and receiver lasers has been achieved by a unidirectiopptical field in the laser, including the mode transition due to
coupling of part of the light output from the transmitteichanges of the refractive index in the DBR section, are assumed
laser to the receiver laser. Synchronization was observede fastenough compared to the response of the electrical feed-
between the on—off intensity modulation patterns of each péiack driving the refractive index changes, so we can assume
of corresponding longitudinal laser modes. Evaluations dhe lasing state adiabatically follows the change of the electrical
synchronization performance have been performed and feedback signal. Therefore, we only consider the stationary state
results indicate the synchronization can be achieved for a laigehe rate equation. The stationary states of the threshold car-
parameter range and with a very good robustness. rier density/V,1,, the injection current density;,, and the output
Synchronization of chaotic mode-hopping stimulates us pmwer of the laseP are given by the following three equations,
consider the possibilities of secure communication or spectrugspectively [27]:
spreading applications using chaotic signals. In this paper,

we have proposed a multiplexed secure data transmission Ny = No + 2(ay, + 1) (A5)
scheme using the simultaneous synchronization of multiple Aol
time-varying signals at different wavelengths. A preliminary Jin/eVi = Ny, (1/7'5 + BNy + Cleh) (A6)
experiment on two-channel data transmission and decoding has Jy — Jin
been successfully demonstrated. It is noted that the limitations P= ”m (A7)
on the number of modes, the mode separation, and the hopping
speed in the synchronized chaotic wavelength hopping schewleere
proposed in this paper are only due to the specifications ofr,  linear recombination time;
the laser devices and can be improved with the development3; bimolecular recombination coefficient;
of components. Considering its simple implementation andC; Auger recombination coefficient;
excellent synchronization robustness, this synchronized chaotid’y confinement factor in the active region;
wavelength hopping scheme is very promising for applicationsV;  volume of the active section;
to data transmission using chaos. vg  group velocity of light;
Ag slope of gain-carrier density relation;
APPENDIX A Ny carrier density at the point of zero gain;
MODELING OF TUNING CHARACTERISTIC OF THE P emitted light power calculated from the uniform photon
DBR LASER DIODE density along the active section.

The dependencies of the lasing conditionigandi, can be
Peated in similar way and here we only describe the effe}.of
Wheni, is changed, the carrier density is changed according to

The lasing condition of a DBR laser diode with three sectioq
is written as [23]

I TDBR exp[—j(2k1L1 + 2/€2L2)] =1 (Al)

o\
_ _ o o Nppr = < VLdC ) (A8)
whererpggr is the effective reflectivity of the DBR section in- AENE
cluding the reflectivity at the right facet and is the facet re- h

L ere
flectivity at the left end of the laser. The complex wavenumbers c

. . electron charge;
for the three sections are given by g

Vs volume of the DBR section;
L w . Cs corresponding Auger recombination coefficient.
ki(w, N1) = E”l(“” Ny + jou (A2) e have made the assumption that the total rate of spontaneous
ki(w, N;) = gm(w,Ni) —jay(w,Ny), i=20r3 (A3) recombination per unit volume is_due to n_onradiativc_e Auger pro-
cesses. The change of the carrier density results in changes of

wherear — o — o is the net aain in the active section Withthe refractive index, the loss, and the Bragg wavelength of the
Y =g — o 9 DBR structure like [23]

g being the material gain ang, the internal absorptiony; are
the waveguide absorptions of the passive sectiangg can be

explicitly expressed as [24], [25] ng =ngo + s(dn/dN)Nopr (A9)
3 = iz + Fg(dOé/dN)NDBR (AlO)

_ 9 3 h L
riRR = jrsinh(yLs) (A4) Ap = Ano (AL1)

~vcosh(vLs) + (ag + jAS) sinh(~L3) 1 —T'3(Nppr/nso0)(dn/dN)



LIU et al: SYNCHRONIZED CHAOTIC MODE HOPPING IN DBR LASERS WITH DELAYED OPTO-ELECTRIC FEEDBACK 351
1555 ! whereF, = 7v/R/(1 — R) is the finesse of the etalon} is
the amplitude related with the transmission loss of the filter,
1553 1 M V“v—@- 108 and ). and\,,(=(\/v)v,) are the center wavelength and the
~ : . wavelength bandwidth of the filter, respectively. We fitted the
2 L ' 1962 measured filter transmission characteristics shown in Fig. 2(b)
=z £  with (B3) and found they agree with each other strikingly well.
1549 g |y 04 = Infact, the standard error between the measurement of the filter
—— used in this experiment and the calculation result based on the
1547 poos  — 102 numerical model is as low as 0.6%.
1545 . ' : ‘ 0
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Fig. 21. Calculated result of tuning characteristics of DBR laser diode based
on the numerical model,, = 0 and¢; = 3.75i;, wheretiy,, is the threshold
injection current, other parameter values are listed in Table I.

[1]
wherel's is the confinement factor in the DBR region, ang)

and a3 are, respectively, the refractive index and absorption[Z]
factor ati; = 0. The calculations are performed as follows.
When the DBR injection current is changed, we first calcu- [3]
late variations of the refractive index, the absorption, and the
Bragg wavelength according to (A8)—(A11). Next we calculate [4
the DBR reflectivity from (A4) and obtain multiple modes from
(Al) usingrpsr. Then, we chose the one that results in the [5]
lowest thresholdd,, or Vi) as the lasing mode and calculated

its wavelength and power. The dependence of the wavelength
and optical power o is implicitly expressed in (1) and (2). [
Fig. 21 shows a typical example of the tuning characteristic of 7
the DBR laser calculated from the above modeling. Compared
with Fig. 2(a), one can see a good agreement between the C'ﬂél
culation result and the measurement. We matched Fig. 2(a) witl
the numerical model to the precision of a few percent.

[
10
APPENDIX B [10]
MODELING OF OPTICAL WAVELENGTH FILTER
[11]

The optical filter used in this experiment has a Fabry—Perot
(FP) etalon structure and its transmission function can be writteH
as [28] 2

2
I _ 1-R (Bl) (3]
Ii  (1-R)2+4Rsin"(6/2)
with [14]
5= w (82) [15]

Here,n and! are, respectively, the index and thickness of etalon|16]
g is the internal angle of incidence, aids the intensity reflec-
tivity. Using the free spectral range (FSR) of the FP etalon=
¢/2nl cos 8 and the resolution of the etalon, = Av/F;, one
easily arrives at

(17]

(18]

(19]

(B3)
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