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Abstract:

The theoretical study of synchronization of two coupled single — mode semiconductor
lasers is achieved. The transmitter is laser subject to optoelectronic feedback that operates in a
chaotic regime. The receiver can also operate in a chaotic regime similar to the transmitter.
The effects of parameter mismatch on the synchronization of two lasers with optoelectronic
feedback are determined, with mismatch in delay time, with mismatch in feedback strength,
and with coupling strength between two systems. The synchronization is sensitive to
mismatch in the delay time for the transmitter and receiver feedback loops. An open — loop
receiver configuration does not have the problem of delay time mismatch and: shows the
highest synchronization. The synchronization phenomena that appear in the two-coupled
semiconductor lasers can be used in communications systems. Finally, an encoding: and
decoding of message on the chaotic carrier is demonstrated.
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|-Introduction:

The data encryption in chaotic
communications systems has been studied
intensively during recent years. The
potential benefits of chaotic
communications can be summarized as
follows - [1-5]; ( i ) wultra bandwidth of
communication channel, ( ii ) high power
efficiency, ( lii ) reduced number of
components in a system, and ( iv ) security
of communication by chaotic encryption.

Synchronization of chaotic
semiconductor lasers has been given
attention due to its potential in various
applications  especially in  secure
communications [6]. The basic concept of
such work is synchronizing two chaotic
" lasers to enable efficient transmission and
reception messages. The regime of
complete chaos synchronization is achieved
using similar components for both lasers
with closed matching with respect to
parameter, and operating conditions.

In previous work [7], the chaotic
dynamics (oscillations) in a vertical cavity
surface emitting lasers (VCSELs) diode
with optoelectronic feedback is presented.
This work extends the previous work and
presents, numerically, the synchronization
of chaotic semiconductor lasers and
applications of data transmission. This
paper 1s presented by five sections,
begining by this introduction, System
modeling is given in Section II. Section III
covers the synchronization. Sections IV
discuss the chaos communications. A brief
conclusion is given in Section V.

1I- System Configuration and
Modeling:

For the optoelectronic system in Fig.(1),
the chaotic dynamics of the transmitter is
generated and controlled by optoelectronic
feedback of the laser output that is

converted to an electrical signal through
photodetector (PD1): The dynamical state
of the system is a function of the feedback

strength and the delay time of the feedback

loop.

- The fraction of the transmitter’s chaotic
output intensity that  is sent to the receiver
is detected, amplified and coupled into
driving current of the receiver. The receiver
itself is a delayed optoelectronic feedback
laser. The factor ¢ (0 jUc ;jU1) indicates
the percentage of the total feedback signal
in the receiver which is from the transmitter
while (1-¢) corresponds to the fraction
of the feedback signal from the receiver.

The transmitter and receiver systems can
be modeled by means of rate equations for
the photon numbers Prg, and the carrier
numbers Nrr with each semiconductor
laser [8]. The subscript T, R denotes to the
transmitter and the receiver system,

_respectively. The coupled rate equations
can be written as:

%:[G (N1) -y JPr+Rgp(Nt)
(1)
dNp I
_d_tT=?T-ye(NT)NT -G(N7)Py
. (2)
and
d_;’.t&=[e (Ng) -7 [Pr +Rgp(NR)
..(3)

dNp 1 |
ot o “Te(NR)ONR - G(Nr)PR

m
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(4

The parameters appeared in equations
are defined as follows:

The rate of stimulated emission in the

active region can be expressed as:
o N
G(N)=Tvgag(y-n0)  -(9)

.where T is the optical confinement factor

and can be written as :
I'=s— ...{6)

with d and L as the thickness of active
region and the length of the cavity,
respectively, v g is the group velocity of
the light,
coefficient, n,, is the carrier density at

agis constant linear gain

transparency, and V is the volume of the
active region which can be written as :

V=§D2d A7)

where D is the diameter of active

region.

- The photon decay rate can be expréssed
as:

Y=Vg [T atac +(1-T)oex +am]

..(8)

where ope and deyare thc '7sc‘:attering
loss in the active and external regions
respectively. The mirror loss oy is
calculated by:

29

LR N S .09)

am=-—Ln

T2L [ReRy
where R f and R, are the power
reflectivity of front and rear facets,
respectively.
The term Rgp (N) is the ‘spontaneous

emission rate and can be written as:

r*BN2
472 ppg Aheg V2
T Hilg AAgp V

Rep (N)= .{10)

where A is the light wavelength, Adq, is
the spectral width .of the rspori'taneous
emission, B is radiative recombination
coefficient, g and p are the group

refractive and refractive indexes of the

active region, respectively.

The carrier recombination rate Yo (N) is

given by:
N N o
=Ap +B(=)+C(=
Ye=An+B(3)*C(3) (an
where A, and C are surface

recombination rate and nonradiative
recombination coefficient, respectively.

The net current injected into transmitter
and receiver laser are:

It =1, +Ipr(t— 1) ..(12)
and
Ig =1, +[1-c]IpR (t-TR) +CIp
..(13)
where
Ip = g% Py ..(14)
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_ena
p= &5 Por (15)

where £ is the para;neier. of feedback
strength, 1 is the quantum efficiency of the
high speed photodetector, hv is the lasing
photon energy, and P, is the output power

emitted from each facet and can be
calculated from:

...(16)

1
Py =—2*huvg omP

Also Iy, Ig(t-1), t.q are the dc

bias current, delayed feedback current,
parameter of delay time, and the electron
charge, respectively. The values of
- parameters set in numerical simulation are
given in table 1. : :

lil-Synchronization:

The schematic for synchronization of
two semiconductor lasers is shown in
Fig.(1). The time - dependent
synchronization error is introduced to
guantify the synchronization and can be
written by:

£(t)=Pyr (1) — Por (1) (7

The parameters characterizing the
semiconductor lasers or the optoelectronic
feedback loops can never be identical in a
real system. To achieve synchronization,
the laser parameters are matched by
carefully choosing a pair of lasers from the
same batch with the closest characteristic
and then fine — tuning their operating
conditions [9].

The effect of the various parameter
mismatches between the transmitter and
receiver on the quality of synchronization is
evaluated.

Figure (2) display the synchronization
error and correlation plot, synchronization
plot, for mismatch in feedback delay time <
(set totp — Tg =1ns.) for different values of
coupling strength c. It is clear that as ¢
increase the synchronization error, Fig.(2a),
due to mismatch becomes small. The
correlation plot in Fig.(2b) is obtained by

_plotting the transmitter output power versus

the receiver output power. The data is

distributed along the 45° line, indicating
identical synchronization as for c= 0.9
and c=0.99.

The synchronization ~ error  for
mismatches a in feedback strength & (set
to &r~Eg = 0.15) are shown in Fig.(3) for
different values of coupling strength c.
From this, the feedback strength mismatch
does not significantly affect the
synchronization quality, while the influence
of the delay time mismatch is very
significant. The quality of synchronization
increase rapidly for (¢ >0.6) and is the

largest for open - loop receiver
configuration (¢ = 1).

I[V-Communications:

Different schemes of secure message
transmission based on chaotic
synchronization have been proposed up to
now: chaos masking (CMA), chaos
modulation (CMO), chaos shift keying
(CSK), and ON/OFF shift keying (OOSK)
[10].

In this paper, a model for chaos modulation
is considered. Figure (4) shows a schematic
of message encoding and decoding in the
proposed chaos synchronization system,
where the open - loop configuration (.c=1)
is used. The information transmitted using
chaotic dynamics properties based on chaos
modulation can be obtained with a message,
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m(t), added directly to the transmitter
injected current

It =To[ 1+ m()]+Ipp(t-*r)
...(18

Figure (5) depicts the simulation results
of encoding and decoding the message. The
message was a 27 — 1 pseudo — random
PN sequence, of 5% from chaotic carrier, at
250 Mbits/s ( third trace ). The top trace is
the transmitter output power with message.
The second trace is the receiver output
power, which is due to the synchronization
equal to the transmitter output before the
addition of message. The message is
decoded by subtracting the receiver output
power (second trace) from the received
signal as shown in fourth trace. The quality
of the message can be improved with the
suppression of the fast oscillation in
decoded signal by the application of a fifth
~ order Butterworth low pass filter (bottom
trace).Fig.(6) Shows the recovered message
for 0.5 Gbits/s (a) and 1.0 Gbits/s (b).

V-Conclusion:

The optoelectronic feedback lasers
exhibit high frequency chaotic oscillators.
The chaos,synchronization of two such
systems is achieved. Synchronization
between the transmitter and receiver lasers
has been achieved by a unidirectional
coupling of part of light output from the
transmitter laser to the receiver laser. A
small mismatch in delay time of the
feedback loop strongly degrades the
synchronization quality. The quality of
synchronization shows an increase with
increase of the ¢ factor. The target of this
paper is introducing the use of time —
delayed systems for optical communication
using VCSELs at 1.3 pm wavelength. It
shown by numerical simulations that
message encoding can be performed in the
present chaos synchronization system by
directly modulating the transmitter laser
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output. A pseudo-random PN sequence with
bit rate up to  1Gbits/s (250 Mbits/s,
500 Mbits/s, and 1 Gbits/s) is successfully
recovered when chaos synchronization is
achieved.
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Table I: Parameter values used in the numeriéal simulations.

PARAMETER VALUE
NO. '
1 R 0.95
r
2 R 0.95
f ,
3 o 10cm”
ex
4 E1 =ER 0.65
5 tT =TR 7.1 nsec.
6 10cm™
ac
7 vy 7.5 *10° cm.sec”
8 n 107 cm”
0 ¥
9 32
K g
10 K 3.2
11 Al 60 nm
sp
12 | A 10% sec™
n
13 B 107 em” .sec”
14 A 1.3 pm
15 % ag 2.5%107° cm®
16 Ul 0.7
17 | 4 1.6%107" C.
18 { hv 1.52*1077 J.
19 1 8.1 mA.
0
20 c variable
21 C 3*10°" cm®.sec”
22 D 5 pm
23 | d 3 pum
24 L 8 pm
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feedback: VCSEL: laser source; PD: photodetector; -1, dc bias -current; Ig: feedback
current; A: amplifier; ¢: coupling strength. -
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Figure (2): (@) Synchronization error £ and (b) Correlation diagram of transmitter output vs. the
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coupling strength ¢.
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| "Figure (4): Schematic for synchronized optical communication system using chaotic semiconductor
' laser. VCSEL: laser source; PD: photodetector;; A: amplifier; Ir: feedback current,

LPF : low pass filter.
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Figure (6): Simulation results of message wausunssion and recovery based on chaos
synchronization. Upper trace: a portion of pseudo-random PN sequence
encoded at the transmitter. Lower trace: recovered signal after filtering for

() 0.5 Gbits/s and (b) 1.0 Gbits/s.
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