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Chaotic Characteristics of Vertical Cavity Surface Emitting
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Abstract

In this study, the chaotic dynamics observed from a vertical cavity surface emilting lasers
{ VCSELs ) subject to delayed optoelectronic feedback are investigated. The theoretical
investigation is performed by using a MATLAB software package. The nonlingar dynamics of
a VCSEL are examined using a single — mode rate equations model. The key role played by
system parameters such as delay time and the feedback strength on laser chaotic dyhamics is
addressed.
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IFIntroduction:

Studies of chaos in nonlinear electrical
circuils and semiconducror lasers have
shown that cheotic signals generated in
these systems can be uged as a “carvier” for
infortnation transmission [1 - 3]. Time delay
systems are widely used as generators of
thaos in epplications such as chaos
communication [ 4 ] Aiso, delayed
feedback semiconductor laser have fthe
potential to generate a chaotic dynamics.

A VCSELs ar¢ promising optical sources
which can actively be used in the oplical
communication systems. The short cavity
and hence the single spafial longitudinal
mode operation represents one of the
important advantages of this laser [5.6].
The WCSEls  subject to  delayed
optoelectronic feedback produce nonlmear
dynamical behavior, This is ane way to
penerate high — frequency chaos and has in
comparison  to  opfical feedback, the
advantage of being phase insensitive. The
analysis of the dynamical behavior enables
us to undersiand and improve the
performance of semiconductor lasets in
applications where feedback otcurs, such as
telecommunications.

A closed — loop optoeiectronic system i3
considered, as illustrated in Figl. The
VUSEL s driven by a do bias current |, and
the light power from & laser enters a
photodetector which produces a current [,
propottional 1o the light power, that then
summed back into the power source that
drives the laser. Thiz process causes a
delayed feedback dut to the time taken by
the electrical and optical signals to travel
around the feedback. The delay time may be
significant enough to create the nonkinear
dynantics.
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I-Matherpatic wmodsl of the
optoelectronic device:
A-Source: T EL
The dynamical equations that model the
laser system are s follows { 7 I
de
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where P and N , respectively, the number of
photons and mumber of carrers. Other
parameters appeared in equations. ( 1}
and [ 2) are defined s follows:

The rate of stimulated ernission rate in the
active region can be expressed as:

__ N
G{N)=I vgaﬂ[?-nn] .(3)
where T is the optical confinement factor
and can be writlen as ;

d

Fozs . 44)

with d and L as the. thickness of active
region and the length of the cawify,
reapeclively, vg is the group velocity of
the light,
coefficient, Ny is the camier density at
transparency, end V is the volume of the
active region and can be written as :

V:%D?'d A5)
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where D is the diameter of active region.

The vhoton decay rate can be

gxpressed as:

y=vg [I' 2o +{I-Maex +um.]
. .(6)

where @, and o, are the scattering

loss in the active and external region
respectively. The mirror loss o, is
caiculated hy:

o =LLn I =
ML ReR,
Re

reflectivity of front and rear facets,
respectively.

WAL

where and R; are the power

The term R.s;:u (N} is the spentaneous
emtission rate and can be wrilten as:

raten?
AR g Mg V2
HHg Oign
w(B)

where & is the lght wavelength, ﬂsp is
the spectral width of the sponlaneous
emission, B is tadiative recombination
coefflicient, W, gnd @ are the proup

refractive index end refractive index of the
aclive region.

Rgp (N}=

The carcier recombination rate

Te (N is given I:nr:.-r

P o)

N N
= —
Ye=Ap +B{V)+ (\,.r

where A, and C are  surface

recombination rate  and nonradiative
recombination coefficient, respectively.

Also Tp,and Ip(t-t),v,and q  are,

- respectively, the dc bias cwrent, the

dslayed feedback current, the parameter of
the delay time, snd the alectron charge.

-Electrg ek |

The electronic feedback loop connecting
the photodetector and diode laser introduces
a time delay. The linear feedback loop is
described by [ R ]:

n4q
Iy =(£— P L]
T ghu O { }

where E is the parameter of feedback
strength, 1) is the quantum efficiency of the

high spesd photadetecior, ho is the lasing
photon ensriry, and P, is the ootput power.

emitted fram each facel and can be
calculated from:

1
PQE‘EhuvgﬂmP ...( I.]]

The nonlinear feedback can be perfortned
by placing a nonlinear function in the .
electronic feedback loop from the PD back
to the lager dinde vielding a feedback
current e (t- Th= £(1; (t-7))ywith 1, the
current produced from photodetector that is
proportional to the laser cutput power. The
nonlinear tent fonction is used as shown in
Fig2 [ 9] -

lll-Simulation Results:

The chaotic” VCSEL is illustrated in
Fig.1. The staight Hrear and nonlinesr
feedback, is considered. The output power
emitted from VCSEL is received and

v comverted to a current by a high speed
- photodetector as in equation (10 ). The
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fecdback current added to the bias current,
resuliing in & delayed positive feedback.
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In thiz investigation of the delayed
_ differential equations {1} and (2) which
describe the dynamics of the optoelectronic
feedback laser, it's found that & chaotic
waveform can be observed as the delay time
and feedback strength is varied. The
different parametet values of 2 VCSEL and
high photodetector used in the simulation
are listed in Table {.

There are two parameters T and §
that van be varied. In this investigation ane
of these fwo parameters is held constant
while the other parameter is varicd. The
pimerical observation resulis generated by

serting T al 714107 sec. and  varyingE .
Figures { 3 ~ 35} show the time trace of the
ouipnt  power of VCSEL  with
opteelecironic  limear feadback  and
corresponding  power specira. From the
power spectra, it iz clear that in Fig. 3a and
3b  there is a fundamental frequency at
fl =1 7GHz and a secomd frequency al
f2 =26GHz. The system in a twe
frequency as quesi — perfodic pscillating
state. An increase of the fecdback strength
E leads desabilization of the limit cycle
and another two frequencies are created.
The smali ripples in the spectrum indicated
that there is small instability in the laser.

The results in Figd depict that the
specirom s broadened as & increases and
the system enters the chactic regime as in
Fig.5b. The development of a broadbaad, &
characteristic of chaos, is much higher in
Fig.5b than in Fig.5a.

A time series and a corresponding
nomlingar spectrum is shown in Fig6. The
complexity which arises with the nonlinear
ient fugetion is appearing and it produces
high chaotic oscillations.

81

N-Conclusion:

The chaotic oscillation of a VCSEL with
optoelectronic  feedback  bas besn
demonstrated. The optoclectronic systems
based on fast chaotic dynamics has been
propoased as possible alternative 1o classical
encryplion fechniques relying on nutmerical

algorithms [10 ].

The idea of inoducing & nonlinear
function that can be implemented
electrically into fesdback loop has been
studigd and demonstrated that it produces
high chantic oscillations. The feedback time
— delayed current 1F add to the laser bias

current 1o complete feedback loop.

The numerical simulation has been
achieved by MATLAD software package.
The MATLAB software package integraies
some high performance facilities in order to
solve the seientific problem. The numerical
problems are formulated in  common
programming languages then tanslated o
S-function program. The work includes
spectral analysis and time series of the
output power of laser, For differemt values
of £, Figures { 3 = 5 ) represent the chaatic
dynamics  assuming g {t-1) tw be
propartional to the light output power. With
the ponlinear feedback the chaotic dynamics
farger than linear feedback for the same E.
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Table |- Parametars set in the numerical simulations.

Parameter Value
R 0,95
T
R 0.95
f ;
o 10em’
T
o i0em”
BC
¥ 7.5 *1(” cm.gec”
n 0™ em™
0 .
B 32
a g
. 32 ™
6} nm
5p .
A 107 sec™
n
B 10 et sec
* T3 pm
a_’ 250" cm®
O
n 1oz
T & 107 C.
hu L5207 1.
I 2.1 mA.
D
C 310" cm®.sec”
n 5 pm
d 3 pum
L § um
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Figure 1: Schematic of chaotic semiconductor lascr with delayed optoelectronic
feedhack. (a) linear feedback and (b) nonlinear feedback. VCSEL:
laser source; PD: photodetector; I,; dc hias current; Ig: feedback

current; I, phatodetector current.
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Figure 2: The nonlincar tent function, used as the nonlinear element in feedback
loop :
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Figure 3: Time series ( first column ) and corresponding power specira { second
column ) at different feedback strength: (a) £=0.25and (b VE=027.
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Figure 4 Time series { first column ) and corresponding power spectra { second
column } at different feedback strength: (a) £=03 and (b)) Z=04,
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N Flgure 5: Time series (first cojumn ) and corresponding power spectra ( second
column ) at diffefent feedback strength: {a) E=05 and{b}E=065.
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Figure 6: ( a ) Time series and ( b ) corresponding power spectra from chaotic
optoelectronic nonlinear feedback VCSEL.
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