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An optoelectronic chaos phase generator is reported, which involves conventional integrated optics
and optical telecommunication components. Fast chaotic behavior of the optical phase with a constant
power optical is experimentally demonstrated over multi-GHz bandwidth. Application to secure optical
‘communications using chaos is discussed, as well as generation of high purity RF oscillations, depend-

ing on the parameter settings.

Fast chaotic dynamics have been particularly ex-
plored in optics due to their potential application to high
speed secure optical communications. They have been
designed following the particular nonlinear delay feed-
back oscillation architecture. Within this architecture,
different setups have emerged, among which the most
popular ones are the external cavity semiconductor la-
ser [1-3], the fiber laser [4], and various optoelectronic
feedback oscillators [5, 6]. A recent demonstration of
our group showed the possibility to encode several
10s Gb/s digital message using a chaotic optical inten-
sity carrier [7]. Following a current trend of optical tele-
communication towards the use of the optical phase for
encoding information instead of the intensity, we de-
veloped a new optoelectronic oscillator generating a
chaotic optical phase signal while keeping a constant
optical intensity. This article reports first experimental
results and potential applications for this new kind of
optoelectronic oscillator.

The first section is devoted to the introduction of the
- general architecture of a nonlinear delay differential dy-
- namic, while the detailed setup is described in the sec-
. ond section together with a nonlinear delay differential
model intended to numerical simulations of the dynami-
cal solutions. Experimental results on numerous differ-
ent dynamical regimes are then reported and related to
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the simulation results. We conclude finally in the last
section, on potential applications in chaos based secure
communications, and in the generation of high purity
RF oscillations.

1. Nonlinear Delay oscillators

Among the numerous possible ways to generate cha-
0s, optical nonlinear delay differential dynamics offer
attractive features, especially for applications to chaos-
based secure communications. Mathematically, these
dynamics are described by equations that.can be as sim-
ple as scalar first order differential equations:

x(r)+tj—:(r)=f[x(t—?")], (1)

where x(¢) is the dynamical variable, T is a delay, T is
the physical response time of the dynamical process, /1.]
1s a nonlinear function with at least one extremum.

The solutions of Eq.(1) are intrinsically evolving in
an infinite phase space dimension due to the presence of
a delay: the initial conditions required to determine
uniquely any solution {x()} is a functional {xo(0)} de-
fined on a time of duration corresponding to the delay
i.e., for r € [T, 0]. When high complexity is required,
the delay is usually set to a value much larger than the
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Fig. 1. Block-diagram of a nonlinear delayed differ-
ential oscillator.

slowest physical response time of the system. The infi-
nite phase space dimension allows practically for high
complexity chaotic solutions, which finite attractor di-
mension can be as high as several hundreds (of the order
of the ratio 7/7). In terms of confidentiality (for applica-
tions to secure chaos communications), this property has
been found to be a necessary condition, since numerous
chaos encryption systems using low dimensional attrac-
tars have been already cracked.

The general principle of nonlinear delay differential
dynamics is depicted in Fig. 1 from a system point of
view. The oscillator is organized in a single feedback
loop system consisting of the following elements:

1. A nonlinear function with at least one extremum.
The number of extrema actually used in a given dynam-
ical regime is fixed by the amplitude of the nonlinear
block input.

2, The latter amplitude is directly related to the feed-
back loop gain, which is represented in the schematic
by the tuning efficiency of variable x into variable y.

3. A delay line performing a constant time shift over
the whole frequency components of the chaotic signal

QOutput chaotic

LE :

(non dispersive delay line). It can be casily performed
in Optics with optical fibers, due to their huge band-
width.

4. A dynamic limitation process perforined here by a
physical response time 7. When the dynamical process
is of a fist order as it is the case in Fq.(1), single
physical respanse time is involved. Wide band oscilla-
tors however usually involve several cut-off frequencies,
and they also involve a band pass behavior instead of
low pass one as reported in Eq.(1).

Following the architecture depicted in Fig.1, we per-
formed several optical as well electronic chaos generators
[8-12]. Each setup is based on different physical princi-
ples in order to realize a nonlinear function. The setup
reported in this article involves not only a different physi-
cal principle to generate a nonlinear process (tuning of a
ring resonator), but it also introduces a significantly new
approach from the dynamical system point of view, in the
sense it combines dynamical effects in both the RF do-
main (fast electrooptic modulation) and the optical domain
(transient phenomena in the long optical ring cavity).

2. Phase chaos setup
and principle of operation

The experimental setup is depicted in Fig. 2. It con-
sists of an optoelectronic feedback loop comprising the
following components, most of which are standard opti- °
cal telecommunication devices:

a. An integrated LiNbO, electrooptic phase modu-
lator, with a modulation bandwidth of 12 GHz, and a
half wave voltage V= 5,5 V.

b. A fiber ring resonator [13] made with a 2x2
50/50 fiber coupler, which output port 4 is spliced with
the input port 2. The ring length is L = 1,25 m, thus lead- 4§
ing to a free spectral range of about FSR = 160 MHz.
A polarization controller is used inside the loop to se-
lect only one polarization eigenmode of the cavity. Dug

optical phase

i 2x2 fiber
Optical Phase
isolator modulator colupler 50:;‘50 .
Laser li —> Il RF trans-
impedance
RF driver amplifier
s
’—X-‘
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Iig. 2. Experimental setup. PD - photodiode, PC - polarization controller,
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T o the coupling ratio, and due to the unavoidable cou-
pling and cavity losses, the cavity finesse is usually low;
it was measured to be }'= 8,4,

c. A fast RF wide band (10 kHz-15 GHz) pream-
plified (S =2 V/mW) photodiode, which converts into
an electronic signal any intensity fluctuation at the re-
maining ring cavity output port (port 3).

d. A wide band (30 kHz-26 GHz) high gain RF driver
(max. output 26 dBm; X = 18 dB gain), which output is
connected to the RF port of the phase modulator, thus
closing the optoelectronic feedback loop. This second
electronic amplifier is needed in order to allow electroop-
tic modulation amplitude which covers at least 2 half
wave voltages (V) of the phase modulator, thus lead-
ing to a multiple extrema modulation of any optical in-
terferometer using this phase modulation (which means
practically a strong nonlinear transfer function of the
interferometer; as already described, the interference
here performed by the ring cavity).

e. The optical input of the phase modulator is seed-
ed by an ultra stable DFB fiber laser at 1,55 pm (line-
width smaller than 20 kHz, and central wavelength fluc-
tuations better than 1 MHz i. e., 0,01 pm). Such stabil-
ity is practically required due to the extremely long
length of the optical cavity.

The general principle of operation of the whole op-
toelectronic oscillator can be interpreted as follow. Start-
ing from the internal noise of the oscillator, fast elec-
tronic amplitude fluctuations generate a phase modula-
tion that is converted into intensity fluctuations at the
ring cavity output, because the fluctuations can be faster
than a round trip of the cavity. The initial fluctuations
are hence amplified within an optoelectronic feedback
path, through the phase/intensity nonlinear conversion,
together with the optoelectronic sensitivity of the de-
tection, with the electronic amplification, and with the
electrooptic tuning rate.

Assuming the optoelectronic, electronic, and electro-
optic parts are operating linearly, and that they mainly
fix the feedback gain and the maximum speed of the fluc-
tuations (filtering effect due to the electronic bandwidth
of the feedback), the dynamical law ruling the oscilla-
tions can be written in first approximation by the fol-
lowing nonlinear delay integro-differential equation
(which differs from Eq.(1)):

- do I i’ 5
T 7 (’)“L(HTEJ%)J%, IcD(B)dB-GﬂU). ()

. Where 1, and 1, are the time constants corresponding
- respectively to the low and high cut-off frequencies of
 the electronic feedback, ®(7) is the optical phase due to
. the electrooptic phase modulator, Py(t) is the optical in-
 fensity detected at the output port 3 of the fiber coupler,
- and G = nKS/V, is the overall conversion factor (opto-
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clectronic gain) from intensity fluctuations into phase
modulation.

The quantity P,(r) is obtained from the instantancous
fiber ring cavity equations (interference between the in-
put amplitude £, and the feedback amplitude /), which
gives the envelop of the output electric field at port 3
and 4 of the fiber coupler:

E, =p(\/EE, +e'\fl_—_KE2),

E, =p(f\/1TEE, +\/EE2), -

where K is the coupling ratio, p describes the coupler

losses E, () = \/ B (1)e'™"", and E,({) is actually the feed-
back amplitude that can be written as the output amplitude
at port 4 delayed by 7T E,(t—T) = E,r =[P (1),

phase shifted by the static ring cavity accumulated phase
®, =2nnL/A, and attenuated due to the cavity losses:

E(H= \ﬁE e (the subscript T is representative of

adelayed quantity i. e., x,(?) = x(r — 7)). Assuming then the
input beam is only phase-modulated by the electrooptic ef-

fect, one has E, () = /B, ¢®®. The optical intensity at
port 3 is finally given by:

@(f)=pﬁ;[K+(1—K)Yﬁ'—r—
A

2 4)
-2 ’YK(I—K)-ﬁisin($4T+®L —@(r))}. .
1]

In order to calculate P;, one would actually needs to
find P, and ¢,, which are obtained according to a 2-D
discrete mapping (the iteration step corresponds to the
cavity round trip T) combined with the continuous time
phase fluctuations d(r): '

ﬁ(():pﬁ,[l—x+w—?’”’—?—+‘

]

+2 ’YK(I - x)—%’-’- sin(Q,, + @, ~<D(r))},
0

04(1) = ¢<r)+g—

VTP €05(0yr + D, = (1))
|

(5)

—arctg
[J(i* KR + \/YrcP;T sin (@, +O, ~D(r)

With the previous static and dynamic relations, it
was possible to integrate with a 4 th order Runge-Kut-
ta scheme the differential law in Eq.(2), and to calcy-
late numerous different dynamical regimes for various
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experimental parameter conditions e. g., the central la-
ser wavelength A (finely tuned through temperature con-
trol). and the global optoelectronic feedback loop gain
(controlled through the laser power P, or through a tun-
able gain RF amplifier). The latter parameter cotTe-

sponds numerically to the dimensionless quantity
B =GpPy/2.

3. Experimental and numerical results

When increasing the optoelectronic feedback gain
through the tunable gain of the RF driver, it is possible
to obtain numerous dynamical regimes (see time traces
in Fig. 3), as typically observed in other nonlinear de-
layed feedback oscillators. The observed variable is a
fraction of the electronic feedback signal at the output of
an electronic power divider. For low feedback gain, no
oscillation is able to start, and a stable zero fixed point
is observed. Ata given threshold, fast RF oscillations of
a few 100 MHz (corresponding to a rational number of
the fundamental frequency 1/7) are obtained (Fig. 3a);
their amplitudes are growing with the feedback loop gain.
Further increasing the electronic feedback gain leads to
distorted oscillations (Fig. 3b) thus broadening the spec-
trum, but still exhibiting frequency components locked
to 1/7. Above another higher feedback gain threshold,
no locking is observed, but a strongly chaotic oscillation
is obtained (Fig. 3c), which spectrum extends over a
bandwidth related to that of the electronic feedback (from
a few 10 s of kiloherz up to approximatly 6 GHz,
Fig. 3d). All the previous regimes have been obtained
with @, = 0,34 rad (which is adjusted through the laser
wavelength); different but qualitatively similar bifurca-
tion behaviors are observed experimentally for other tun-
ing of the ring cavity operating point. Those dynamical
regimes can be compared with the ones obtained nu-
merically with the theoretical model described by
Egs.(2), (4) and (5). A very good qualitative agreement
is found, thus validating the theoretically model. It can
be also noticed that for nearly all the possible operating
points (P, -values), a strong loop gain leads (o chaotic
regimes similar to the one shown in Figs. 3¢ and 3d
(from the spectral and statistical properties), but differ-
ent from the determinism point of view (they exhibit
different characteristic dynamical properties, such as
Lyapunov exponents). Those regimes are of special in-
terest in our initial goal: designing a wide band optical
phase chaos generator for secure communications.

However, for some restricted particular central laser
wavelength adjustments, a high purity unexpected RF
oscillation at 13,9 GHz was observed (see Fig. 4). The
spectral width of this high frequency oscillation could
not be determined, since it reached the resolution of our
RF spectrum analyzer (3 kHz). However, this pure sinu-
soidal oscillation has not been obtained numerically,
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Fig. 3. Time traces of different dynamical regimes.
(a) first periodic regime, B =2,2; (b) distorted oscil-
lation containing subharmonic oscillations, p=2,7;
(c) fast oscillations of high complexity chaotic regime,
B = 3.8; (c) spectrum of the chaotic regime, B=3.3.

which might be explained by the possible strong satu-
ration of the RF driver under the corresponding opera-
tion conditions. Such a high purity RF optoelectronic
oscillator could be of great interest for a new genera-
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Fig. 4. Spectrum of the high purity RF harmonic re-
gime.

tion of RF oscillators in the frequency range above
10 GHz, which arose recently in similar optoelectronic
architecture by means of intensity electrooptic modula-
tors [14].

4. Conclusions and potential applications

A nonlinear dynamics operating with the variable
“optical phase” was reported. Under proper parameter
settings, a wide band chaotic oscillation covering sever-
al gigaherz was observed, which could be then used for
high bit rate chaos based secure optical communica-

Message /J ==
signal -
D
Laser =
Decoded
signal
Laser
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tion, Typical emitter-receiver architecture is proposed
in Fig. 5 [15). The message is encoded using a power
combiner in the electronic part of the oscillator, super-
imposing a small signal information to the chaotic elec-
tronic feedback signal, The transmitted light beam cor-
responds to the output of a fiber coupler placed after
the electrooptic phase modulator; it consists of a con-
stant intensity light beam, phase modulated with a large
amplitude chaotic part, superimposed to a small ampli-
tude message part. At the receiver side, a twin opto-
electronic oscillator is used to generate a synchronized
chaos [16]. When accurate synchronization can be
achieved, the chaotic part of the received phase modu-
lation can be removed, thus leading to the message re-
covery. Work is in progress to implement experimen-
tally the encoding and decoding architecture.

Out of the chaotic regime, many different other dy-
namical behaviors were reported with the same setup,
but operating with different parameter settings. A good
qualitative agreement was noticed between theory and
experiments. Unusual single frequency oscillations at
13,9 GHz were also observed, although not obtained
from the numerical simulations. Strong RF amplifier sat-
uration is suspected, which was not taken into account
in the model. Work is in progress to characterize and
improve the stability of this purs sinusoidal high fre-
quency oscillation, and to measure precisely its purity
with appropriate equipments.

Output chaotic
optical phase
masking the message

Fig. 5. Encoding and decoding system using the chaotic regime as an information masking carrier.
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