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Subcarrier Multiplexing by Chaotic
Multitone Modulation
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Abstract—Subcarrier multiplexing by chaotic multitone mod- and multitone modulation (injecting of two and sinusoidal
ulation is investigated. Optical chaotic light can be achieved by carriers, respectively).
injecting multiple subcarriers into a self-pulsating laser diode. It is known that in broadband analog applications, one can

Synchronization between two identical chaotic systems (drive | ltiolexing techni h b fb band
and response) can be implemented provided that the conditional employ a muflipiexing technique where a number of baseban

Lyapunov exponents are all negative. By adding amplitude mod- Signals (A f) are amplitude modulated on a set §f subcar-
ulation (AM) signals to each subcarrier, the two systems become riers having different frequencieg;j. These modulated subcar-

asymptotically synchronized. The AM signals in each subcar- riers are then combined electrically to form a composite carrier
rier can be recovered by the introduction of a filtering process a4 girectly modulates a single optical source [7]. In this work,
where the Lyapunov exponent of the synchronized error function . i . . . .
matches the cutoff frequency of a first order low pass filter, & POSSible subcarrier multiplexing based on chaotic multitone
modulation is proposed, as illustrated in Fig. 1. Two identical
laser diodes (with different initial conditions) are modulated by
N subcarriers at the transmission and receiving ends. Chaotic
light output is generated under this chaotic multitone modula-
|. INTRODUCTION tion so that private communication can be achieved. The two
mser diodes are then synchronized according to the drive-re-

ECORA and Carroll have shown that a chaotic syste ) .
(drive system) can be synchronized with a separa‘?@onse model. When the baseband amplitude modulation (AM)

chaotic system (response system) provided that the conditiorc‘l'glnal Qaf) 'Si added_dto (ta_acr ﬁcutzcag:\ir’ .the FNO ChaOtI(|3| st);]s-
Lyapunov exponents (CLE) of the drive and response syste S aré no fonger identical. € sSlgnais are smatl, the
are all negative [1]. The ability to design such synchronizet 0 chaotic gystems become asymptotically synchronlzed (8]
systems has opened up opportunities for application of chao !)th(_e AM signals can be_ recovered by measuring the syn-
private communications. Chaotic switching, chaotic masking, ronlzgd_error f“”C“OrP using a proper_low-pass filter (LP.F.) n
and chaotic modulation are commonly used to achieve chad je receiving end. The filtering process mtroduce_s an additional
transmission [2]. Chaotic switching utilizes a parameter chan gapunov thpof‘e”J’ the c?tofftfrequegcy from aﬁrst—o_rder LPF, f
in the drive system, where two chaotic states are created to bga € synchronized rror function and may cause an Increase o

a binary signal [3]. The important issue is that the two chaot EaICta(Ij c_:clmen&?nﬁ[?]. All of thef,tﬁ;wM E:glr;als ::ahn be cI”ear_It);l rtﬁ-
states are distinguishable under chaotic synchronizati veditine cutofrirequency of the matches weti wi €

and are nondistinguishable if not synchronized. For chao [Est L_yapunov_ expone_nt of the synchronized grrorfuncn_on.
This paper is organized as follows. In Section I, a drive-re-

masking, a large noise-like chaotic carrier (independently-gen- ) .
9 g ( P y9 onse system model is formulated according to Pecora and

erated) is mixed with the signal at the drive end to ensu e . . i . .
privacy [4]. At the response end, the masked signal is recover%arm” S theory. In Section 111, a bifurcation diagram from the
by removing the large chaotic carrier under synchronizatio oincare map is plotted and the Lyapunov exponents for self-

In a chaotic modulation system, the chaotic oscillator in tI‘Reulsating laser diodes under multitone chaotic modulation are

drive end is directly modulated by the information signafalcmate(.j' Sy_nchron.ization of t_he drive an_d response system
A synchronization scheme using self-pulsating laser diod % desc_nbed n secnon V. Sectandescrlbes the recovery of
(chaotic oscillators) under a chaotic single-tone modulatigfl® muItlpIexgd signals by mgtchlr}g the Lyapunov exponent of
has been presented [5]. Bennettal. [6] further investigated the synchronized error function with the cutoff frequency of a

the properties of a laser diode under directly chaotic two-tortféSt'order LPF.

Index Terms—Asymptotic synchronization, chaotic modulation,
self-pulsating laser diodes, subcarrier multiplexing.
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Fig. 1. Functional block diagram of subcarrier multiplexing by chaotic multitone modulation.

and the appropriate response systgns given by TABLE |
PARAMETERS USED FOR THESIMULATION OF SELF-PULSATING LASER DIODES
ANY & e e oA s 5
=L PN, N, S) + T+ 6(5 = 9)
dt val it
dNQ S parameters ue uni
——= =F5(Ny1, N5, S
dt 2( 15 25 )
A5 (N N & k1 3.08x 10712 m3/S
7 =F3(Ny, No, S) )
ko 1.232x 10~ m3/8
where S is the photon density)V; is the electron density in & 0.2034 -
the active region)V, is the electron density in the saturable ab- 0.1449
sorption region/ is the subcarrier current, andsS — ) is the & ) )
coupling term. Note that is normalized using a factor efi;, Ng1 L4x 10% m=3
whereV; is the active layer volume. The nonlinear functidns Ny 1.6x 1024 m=3
F5, andF’; which describe the self-pulsating laser diodes can be - 7 3
written as [10] 1 Hm
Va 102.96 um?®
k N- Ny — N
Fr=- ‘1/—?(]\/'1—]\@1)5 - T—l - % Tip 2.65 ns
ko&o Ny Ny — Ny To1 4.452 ns
Fy=- 7 (N> = N2)§ = . In G 3.91x 10 5-1
N, V; —23 -3
Fy =[k1&(Ny — Ng1) + koo (Na — Nyo) — Gth]s+o% c 1.573x 10 pm
S(S) Ts 3 ns

wherer; is the carrier lifetime¢ is the confinement facto6,
is the threshold gain level, is the carrier time diffusion con- pio< current. Whena = 30 mA is injected, the corresponding

stant between the two layersis the linear approximation con- ¢ 'is 2 28 GHz. This value is used in the calculations throughout.
stant for the gain curvey, is the transparent level of electron

density, and”' is the coupling ratio between the spontaneou
field and the lasing mode. The subscripts 1 and 2 describe terms
in the active and absorption layers, respectively. Table I lists all
the parameters of the self-pulsating laser diode obtained fronBy injecting N sinusoidal subcarriers into a self-pulsating
[10] used in the simulation. Increasing the bias current yielddaser diode{ = a + ), b; sin 2 f;t), optical chaotic light can
dramatic change in output light at 19.8 mA, which correspondie obtained. In order to characterize the asymptotic behavior
to the threshold current of the laser. When above the threshadfithe drive system, numerical computations on Poincare maps,
the self-pulsating frequencgp increases due to the increase imnd Lyapunov exponents are carried outfore= 4.

SYNCHRONIZATION OF CHAOTIC MULTITONE MODULATED
SELF-PULSATING LASER DIODES
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Fig. 2. Bifurcation diagram of a Poincare map wittr) versush for N = 4,  Fig. 3. Frequency spectrum of the four subcarrier synchronization error
anda = 30 mA. function before applying the filter.

In the three-dimensional (3-D) phase diagraf (/N-, and 8

S) of the rate equations, 1€ be a two-dimensional (2-D) b=9 mA
hyperplane through a point (0, 0.298, 0) with normal directic
[0, 1, O]. The Poincare maps are taken frainFig. 2 shows
the bifurcation diagram of the Poincare map witft) versus
b = Zi b; for f,' = 0.1f0, 0.2f0, 0.3f0, and 0.4f0. Itis
important to note that the four subcarrier frequencies must é
chosen in a fractional ratio such that the quasi-two-period rot =
to chaos can be maintained. Where (0,2.2), the system
has a quasi-two-period attractor. The system has a periodi
window atb € (2.2,6.2) and period-doubling occurs when
b > 6.2. The phenomenon of the period-doubling routes 1
chaos occurs wheh ~ 6.5. ,
According to Pecora and Carroll's theory, synchronizatic 0 40 80 120 160 200
can only be achieved for all negative CLEs. The CLEs are fou
by calculating the Lyapunov exponents for the entire system )
and comparing these to the Lyapunov exponents of the drivig. 4. First Lyapunov exponent of the synchronized error function versus
system. The remaining Lyapunov exponents are the CLEs/A® =0 =4, b =9mA, anda = 30 mA.

simple method is to construct a difference system#Zgt = ) _
Ny — Ny, Ex. = Ny — Ny, andEg = S — S. The difference SMall, the two chaotic systems become asymptotically synchro-
1 2 ’ .

system becomes nized. The synchronized error functi@? (¢) can be described
by [8]

o>

dE(t)

— = AE(®). (4)

le]

' -1 (8 +6)
The real part of the eigenvaluek,( A2, andA3) of A~" are the
CLEs by definition. If all the CLEs are negati\}em E(t) =0, wherek is the proportional constant ardthe difference term
the two systems will be synchronized. If there is a positive CLIBetween the drive and response systems, which is given by
the difference system will grow further apartias> oc. Thus,
by using a positive CLE, synchronization can be established be- le] = Z Absin 27 A ftsin 2n ft| .
tween the drive and response system under chaotic multitone 7
modulation.

Jlim |Es(t)] = lim [S(t) S| =k (5)

(6)

Fig. 3 shows the first Lyapunov exponeft of the synchro-
nized error function versusfor § = 0, N = 4,b = 9 mA,
anda = 30 mA. The positive first Lyapunov exponent implies
AM signals are added to each subcarrier and the resulting the chaotic behaviors of the synchronized error function. Fig. 3
jection currentisl = a + >_,(b; + Absin 27 A ft)sin 2w f;t, shows the frequency spectrum of the synchronization error func-
whereA f is the AM signal frequency, anflb is the AM signal tion, which has a complex and unpredictable pattern. The signal
amplitude. In the response systd};fr,emains a constant current.frequencyA f is well hidden by the chaotic modulation. Thus,
Thus, the two chaotic systems are no longer identicahdlfis the purposes of the private communication can be achieved.

IV. RECOVERY OFMULTIPLEXED SIGNALS
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Fig. 5. Poincare cross section af(t) versusX (t — 7) against the cutoff Fig. 7. Frequency spectrum of the ten subcarrier synchronization error
frequencyy for 6 = 200,6 = 0, N = 4,b = 9mA, anda = 30 mA, where function before applying the filter.
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Fig. 6. Frequency spectrum of the output of the LRR) for n = 1.3 GHz, =200,6=0,N=10,b =7mA, anda = 30 mA.
2

6=200,6 =0,N =4,b =9mA, anda = 30 mA.
cutoff frequency matches the first Lyapunov exponent of the

The introduction of a linear LPF to the original differentiafsyncmqn'zed error funct|om(~ 1'? GHz), as suggested in
model can be described by [9] [9], an increase in fractal d|m§n§|onal occurs. Therefore,_ the
dense attractors become periodic and the embedded signals
can be recovered.

The recovery of the multiplexed signals can also be verified
in the frequency domai\b sin 27 A ft sin 27 f;t gives the sum
frequency(f; + Af) and the difference frequendgy; — Af)
at each subcarrier. Fig. 6 shows the frequency spectrum of the
output of the LPFX(¢) for n = 1.3 GHz, 6 = 200,46 = 0,

X(t) = —nX(t) + Es(t) 7

where X (¢) is the output of the filter and; is the cutoff
frequency. Fig. 5 plots the Poincare cross section ofXiie)
versusX (¢t — 7) against the cutoff frequency for 6 = 200,

6=0, N =4,b=9mA, anda =30 mA, wherer is a N = 4,b=9mA, anda = 30 mA. Two distinct signal peaks

; -1 <
Qelay time chosen to b0 fy)~". Note th‘fﬂ ford = 200, the are found at f; + A f) and(f; — Af) in each subcarrier. Thus,
first Lyapunov exponent of the synchronized error function Pie subcarrier multiplexing faN = 4 can be established

1.3 GHz from Fig. 3. For a large cutoff frequency, contribution
of the differential term can be ignore@§(t) ~ X(t¢)). Thus,
the Poincare cross section £ 3 GHz) shows a continuous
dense attractor—a typical behavior of a chaotic waveform. For
a very small cutoff frequencyls(t) ~ X(t). The Poincare  To further test the validity of this filtering process, a ten sub-
cross sectionr( < 0.2 GHz) shows a broken attractor—ancarrier systemf; = 0.1 x i x fo,i = 1...10) is constructed.
integration effect of the dense attractor. However, when tiég. 7 shows the frequency spectrum of the synchronization

V. COMPARISON OFN = 4 AND N = 10 MULTIPLEXED
SIGNALS
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Fig.10. Comparison of the local Lyapunov exponent¥oe= 4 andN = 10.

10
error function before applying the filter. Similarly, the spec—[
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system. It is also evident by plotting the local Lyapunov expo-
nent (in Fig. 10). The ten subcarrier system has a smaller local
Lyapunov exponent all the way.

VI. CONCLUSIONS

In conclusion, self-pulsating laser diodes can be used as a
chaotic multitone modulation device to change sinusoidal elec-
tronic signals into optical chaotic light. Drive and response sys-
tems become asymptotically synchronized when AM signals are
added to each subcarrier in the drive system. The AM signals
in each subcarrier can be recovered by matching the Lyapunov
exponent of the synchronized error function with the cutoff fre-
quency of a first-order LPF. The numerical results indicate four
and ten subcarrier multiplexing systems can be established.

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

trum has a complex and unpredictable pattern and the signal

frequencyA f is well hidden.

[11]

In this system, the first Lyapunov exponent of the synchro-
nized error function is 0.4 GHz. Therefore, the cutoff frequency
of LPF is chosen to be 0.4 GHz accordingly. Fig. 8 shows the
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