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We propose a wavelength conversion scheme for chaotic optical communications (COC) based on a Fabry-
Perot (FP) laser diode. The FP laser, as a wavelength converter, is injection-locked at one of longitudinal
modes by an external continuous-wave (CW) light. The simulation results demonstrated that the chaos
masked signal at wavelength λ1, which corresponds to the other longitudinal mode of FP laser, can be
converted to the injection-locked mode (wavelength λ2) based on cross-gain modulation in a closed-loop
COC link. A 1.2-GHz chaos masked sinusoidal signal is successfully decoded with signal-to-noise ratio
(SNR) beyond 8 dB in 15-nm wavelength conversion range, and the effects of SNR on the signal frequency
and conversion span are also investigated.
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Chaotic optical communication (COC), a hardware cryp-
tography technique utilizing the chaos synchronization
between a pair of parameter-matched lasers[1], has at-
tracted considerable interest due to its potential applica-
tions in spread spectrum secure communications. Argyris
et al. successfully demonstrated a 120-km point-to-point
field experiment in Athens[2]. A great deal of research fo-
cused on the applications of the COC in real, more com-
plex networks. Multimode synchronization[3], message
broadcasting[4] and relaying[5], multi-channel[6] transmis-
sion, demultiplexing[7], and wavelength division multi-
plexing (WDM)[8,9] techniques were proposed or demon-
strated one after the other.

However, compared with the non-chaotic, conventional
optical communication, wavelength conversion technique
is still a challenge in COC. To the former, various all-
optical wavelength conversion methods, such as nonlin-
ear optical gating based on fiber loop, cross-gain modu-
lation (XGM), cross-phase modulation, four-wave mix-
ing (FWM) techniques, have been proposed. But in
COC, the only all-optical wavelength conversion scheme,
to our knowledge, was proposed by Annovazzi-Lodi
et al.

[10] who demonstrated that the FWM technology in
a semiconductor optical amplifier can be used to convert
the chaos masked signal to different wavelengths. In this
letter, an injection-locked Fabry-Perot (FP) laser is used
as a wavelength converter for COC, which has been inves-
tigated for non-chaotic communication system[11,12]. The
higher injection optical power and strict phase-match

conditions are not needed in our scheme.
The schematic diagram of wavelength conversion uti-

lizing multimode FP laser in a close-loop COC system
is shown in Fig. 1. The transmitter laser (TL) is the
distributed feedback (DFB) laser diode (LD) with opti-
cal feedback from an external reflector and emits chaotic
carrier at the central wavelength λ1 under appropriate
feedback parameters. The structure of the receiver laser
(RL) is the same as that of the TL except for its oper-
ating wavelength λ2. The messages are buried into the
chaotic carrier (λ1) by current modulation onto TL, i.e.,
chaos-shift-keying (CSK) modulation. Between the TL
and RL, an injection-locked FP laser followed by an op-
tical band-pass filter is inserted as the wavelength con-
verter. Wavelengths λ1 and λ2 correspond to two longi-
tudinal modes of FP laser. This FP semiconductor laser
can be injection-locked at wavelength λ2 by a wavelength
tunable laser or a single-mode laser (such as a DFB semi-
conductor laser). Once the FP laser is injection-locked
at wavelength λ2, the transmitted signal (message + car-
rier) at wavelength λ1 is converted into the target wave-
length λ2 owing to the XGM effect. The filter, after
the FP laser is used to reject the residual power contri-
butions at wavelength λ1, passes through the signal at
wavelength λ2. The wavelength-converted signal is di-
vided into two beams by a coupler: one is injected into
the RL to achieve chaos synchronization, and the other
is the reference beam from which the message can be
obtained by subtraction of the synchronized carrier.

Fig. 1. Schematic of proposed wavelength conversion in COC system.
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The dynamics of the TL and RL can be described by
the modified Lang-Kobayashi rate equations with optical
feedback and injection terms. For simplicity, we assume

there are only two modes in the FP laser cavity. The rate
equations of the FP laser are shown as

dN(t)

dt
=

I(t)

qV
−

N(t)

τn
−

S1(t)[N(t) − N0]g1

1 + ε[S1(t) + S2(t)]
−

S2(t)[N(t) − N0]g2

1 + ε[S1(t) + S2(t)]
, (1)

dS1,2(t)

dt
=

ΓβN(t)

τn
−

S1,2(t)

τP
+

S1,2(t)[N(t) − N0]g1,2Γ

1 + ε[S1(t) + S2(t)]
+ 2

kinj1,2

τin

√

S1,2(t)P1,2(t) cos ξ1,2(t), (2)

dϕ1,2(t)

dt
=

1

2
αg1,2Γ

{

N(t) − N0

1 + ε[S1(t) + S2(t)]
−

1

τP

}

−
kinj1,2

τin

√

P1,2(t)

S1,2(t)
sin ξ1,2(t), (3)

where subscripts 1 and 2 represent the different modes
of λ1 and λ2 of the FP-LD, S1,2(t) and ϕ1,2(t) are the
photon density and the phase of these two modes, re-
spectirely, g1,2 = g0/[1 + (λ1,2 −λ0)

2/∆λ2] represent the
gain coefficients at mode λ1 and λ2, P1,2(t) represent the
injection photon densities from TL at wavelength λ1 and
injection light at wavelength λ2, respectively, N(t) is the
carrier density; I(t) is the bias current of the FP laser,
and ξ1,2(t) = ϕ1,2(t)+∆ωt, here ∆ω is the frequency de-
tuning between the injection light and the corresponding
mode of the FP-LD (∆ω = 0 in our simulation). The
injection coefficient kinj1,2 from external optical injection
to the FP-LD is defined as

kinj1,2 = (1 − r)
√

(rinj1,2/r), (4)

where r represents the amplitude reflectivity of the
laser cavity facet, and r = 0.3 since the cavity facets
are as-cleaved. The injection strength rinj1,2 rep-
resents the percentage ratio of the external optical
power injected into the laser cavity to the laser out-
put power, rinj1,2 = 50%. To realize chaos synchro-
nization between the FP-LD and the RL, we set the
main parameters of these two semiconductor lasers
equal. The typical values for all the internal parame-
ters in our numerical simulation are listed in Table 1.

In this letter, our main purpose is to study whether
an injection-locked FP laser can be used as a wavelength
converter in COC, so a sinusoidal signal is used as the
chaos-masked signal in our proof-of-concept scheme. The
message is embedded in chaotic carrier by CSK modula-

tion. Thus the driven current of the TL can be written
as I = Ib + m(Ib − Ith)sin(2πft), where Ib is the bias
current of the TL, f is the frequency of message, and m
is the modulation depth.

We first investigated the optical spectrum of the
injection-locked FP laser. Figure 2(a) shows the opti-
cal spectrum of the two longitudinal modes FP laser un-
der free-running at Ib = 30.14 mA (2.2Ith). The optical
power at λ1= 1554.8 nm is less than that at λ2= 1550
nm since λ1 is near 5 nm far away from the central wave-
length. When the wavelength of external injection light is
close to wavelength λ2, FP laser is injection-locked and λ1

mode is suppressed. Figure 2(b) shows the corresponding
optical spectrum when the FP laser is injection-locked at
wavelength λ2 by an external optical source. When the
injection-locked FP laser is inserted into the closed-loop
COC link, the optical power of λ2 mode is modulated by
the signal power of wavelength λ1 because of the XGM
effect in the FP laser cavity, and the message in the λ1

mode is converted into the λ2 mode, i.e., from 1554.8
to 1550 nm. Figure 2(c) shows the optical spectrum of
the injection-locked FP laser under chaotic carrier injec-
tion. It is obvious that the optical power of λ1 mode
is amplified because the FP laser is dual-mode injection
locked in this case. Especially, we find that the spectra
of both modes are broadened after being injected, which
indicates that both modes operate into chaotic oscillation
state, and λ2 mode is modulated by λ1 mode based on
XGM effect.

The TL can emit chaotic light when its feedback coeffi-
cient kT is 0.003 at bias current Ib of 20.55 mA (1.5Ith).

Table 1. Parameter Values of the Semiconductor Lasers Used in Simulations

Symbol Parameter Value

q Electron Charge 1.602×10−19 C

V Active Region Volume 1.2×10−16 m3

τn Carrier Lifetime 2 ns

τp Photon Lifetime 2 ps

τ in Round-trip Time in the Internal Laser Cavity 10 ps

Γ Optical Confinement Factor 0.5

N0 Carrier Density at Transparency 1024 m−3

Nth Carrier Density at Threshold 1.5×1024 m−3

Ith Threshold Current 13.7 mA

α Linewidth Enhancement Factor 3

λ0 Center Wavelength 1550 nm

g0 Gain Coefficient of the Central Wavelength 2×10−12 m3/s
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Figure 3(a) shows the time traces of the TL. When the
injection-locked (at λ2) FP laser is injected by chaotic
carrier at wavelength λ1, the output power of wavelength
λ2 will be modulated by the intensity fluctuation of wave-
length λ1. The output time traces of the wavelength
converter will synchronize reversedly with the injection
chaotic carrier. Figure 3(b) shows clearly the anti-phase
synchronization between the two modes of the FP laser.
Figure 3(c) shows the cross-correlation traces of the two
modes, the corresponding correlation coefficient is –0.87.

The output of the receiver will synchronize with the
injection chaotic carrier under appropriate condition.
By adjusting the injection strength and feedback coeffi-
cient (here the injection strength rinjR = 50% and kR=
0.003), we can obtain 0.96 correlation coefficient between
the converted chaotic carrier and the RL output. A
0.5-GHz sinusoidal signal with modulation depth of 0.5
is used as the message signal, which is encoded by CSK
modulation. Figures 4(a), (c), and (e) are the time series
of the output of the TL, wavelength converter and RL,

Fig. 2. Output optical spectra of the FP-LD (a) without in-
jection, (b) injection-locked, and (c) with injection.

Fig. 3. Time traces of (a) TL, (b) filtered FP-LD, and (c) re-
lationship between them when there is no encoded message.

respectively. Their corresponding power spectra are
listed on the right column of Fig. 4. The message signal
component (shown by the arrows) is clearly seen in Figs.
4(b) and (d), but not pronounced in Fig. 4(f) because of
the filtering characteristics of the RL. Figures 4(g) and
(h) show the extracted message signal by subtracting the
waveform in Fig. 4(e) from that in Fig. 4(c), and the
corresponding power spectrum, respectively. Figure 4(h)
indicates that the receiver retrieves the transmitted mes-
sage with signal-to-noise ratio (SNR) up to 20 dB.
Figures 4(g) and (h) demonstrate that our method is
successful for wavelength conversion in COC.

We also simulated the SNR of the recovered signal at
different longitudinal modes. Figure 5 exhibits the cal-
culated SNRs of 0.5- and 1.2-GHz transmitted signal at
different wavelength conversion span (∆λ = λ1 − λ2, λ1

and λ2 are the integer of 0.8-nm FP laser longitudinal
mode separation). Figure 5 indicates that the SNR de-
creases with the increase of the signal frequency. For the
TL used, the SNR of recovered signal maintained beyond
8 dB in 15-nm wavelength conversion range although its
free-running relaxation oscillation frequency was only
2.7 GHz at 20.55-mA bias current (Ib = 1.5Ith); the
larger SNR is obtained when ∆λ ≥ ±4 nm, and when
∆λ > 0 the SNR is larger than that of ∆λ < 0. These
phenomena are similar to the relationship of the ex-
tinction ratio of wavelength converted signal to the
wavelength conversion span[13]. The maximum SNR is
22.4 dB while the wavelength spacing value is 5.6 nm
for the message of 0.5 GHz. The main disadvantage of
our method is that the wavelength conversion can only
be implemented discretely, corresponding to the mode
separation of FP laser. Fortunately, we can tune the
wavelength by changing the operating temperature of
the lasers. In particular, the wavelength of channels is
normally fixed in WDM communication systems.

The filtering effect of RL at different signal frequencies
is shown in Fig. 6. The SNR decreases as the mes-
sage frequency increases, and drops down to 3 dB when
the signal frequency approaches to the TL’s relaxation
frequency of 2.7 GHz. Although the SNR deteriorates
about 10 dB when an injection-locked FP laser is inserted
into COC system as a wavelength converter, the upper
limit of transmission rate, which is determined by the

Fig. 4. Time traces of (a) output of the TL, (c) wavelength
converter, (e) RL, and (g) extracted signal. (b), (d), (f), and
(h) are power spectra corresponding to (a), (c), (e), and (g).
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Fig. 5. SNR as a function of the wavelength conversion span.

Fig. 6. SNR as a function of the message frequency.

relaxation oscillation frequency of RL[14,15], is not lim-
ited by the wavelength converter. This indicates that
our method can be used in high speed COC system.

In conclusion, we present and numerically demonstrate
the wavelength conversion for COC by utilizing the
injection-locked FP laser as the wavelength converter.
1.2-GHz sinusoidal signal is successfully decoded with
the SNR beyond 8 dB in 15-nm wavelength conversion
range. Meanwhile, the obtained results indicate that this
method does not affect the transmission rate.
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