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Multiplicatively introducing the noise and the signal into the gain-noise model of a single-mode laser system, we
detect the two forms of stochastic resonance (the single-peak form stochastic resonance and stochastic multires-

onance) in the curve of the dependence of signal-to-noise ratio upon the noise correlation time. Moreover, when

the correlation coefficient and the intensities of both noises are changed, the two forms of stochastic resonance

alternate.
PACS: 05.40.—a

Since Benzi et al.l!! originally discovered the phe-
nomenon of stochastic resonance (SR) in 1981, it
has attracted wide investigations.2=¢ In recent years,
there have been considerable developments in the pro-
cess of exploring the essence of SR. Compared with
the traditional concept, the new progresses in the-
ories and experiments lie in the following three as-
pects. Firstly, the restriction from the three neces-
sary factors (nonlinearity system, noise, and periodic
signal),[s’ﬁ] which were thought of as three essential
ingredients for the onset of SR, was broken through
because SR was observed without external signal or in
linear systems.!”=?! Secondly, the traditional SR was
confined to the single-peak form, i.e., there was only
one resonance peak in SR.[®®! The multi-peak form
SR, namely, stochastic multiresonance, was detected
firstly by Vilar et all'® in 1997. Now it becomes a
focus in the investigations of SR.' Finally, in the
traditional works, the dependence of signal-to-noise
ratio (SNR) on noise intensity was generally used to
quantify the characteristic quantity of SR.[2:6:10:12] Tp
1998, Barzykin et al.l'*l proposed that, in the broad
sense, SR can also be characterized by the depen-
dence of SNR to noise correlation time. Especially
in the first aspect, SR occurring in the linear systems
was studied, in detail, in theory and experiment. In
1996, Berdichevsky et all'®! studied a linear system
driven by multiplicative noise, and found that when
the multiplicative noise is dichotomous, SR can occur
in the linear system. Then they further considered a
linear system driven by correlated multiplicative and
additive noise.['”] Later, we found that SR can oc-
cur in a linear system only driven by additive noise,
considering the cross-correlation between pump noise
and quantum noise and using the linear approxima-
tion method.®!

In all the above-mentioned works, the noise and

the signal were introduced additively in stochastic sys-
tems. However, the noise and the signal were intro-
duced multiplicatively by Dykman et al.l!”! when they
studied SR in an asymmetric bistable potential, i.e.,
the noise was modulated by the signal. Moreover, in
the practical physical systems, periodically modulated
noise is very common, for examples, at the output of
amplifier in optics or radio astronomy, the amplifi-
cation factor varies periodically with time.'”) There-
fore, it is very important to investigate the modulated
noise for the practical application. Based on our pre-
vious works,[*® in this Letter, we introduce the noise
and the signal multiplicatively into a single-mode laser
system driven by correlated pump noise and quantum
noise, and firstly find stochastic multiresonance in a
laser system. By studying a gain-noise model of the
single-mode laser driven by coloured correlated pump
noise and quantum noise, each of which is coloured,
we calculate the laser intensity correlation function,
power spectrum and SNR, and detect that, not only
the single-peak form SR, but also stochastic multires-
onance appear in the dependence of SNR upon noise
correlation time. As a result of adopting the linear ap-
proximation method, the analytic results can available
without the restriction of the adiabatic approximation
method.[26:11,12]

The equation of intensity for the gain-noise model

of a single-mode laser with input signal is given by!!
dr
— =—2KI I1+D
at Tirar T
21
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1Al cos(R0)&() +2VIn(t), (1)

where the pump noise £(t) and the quantum noise 7(t)
are correlated in the following form
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In Egs. (1) and (2), [ is the laser intensity; K repre- RO ks V(7 )
sents the loss coefficient; 8 = A/F Aand I’ represent AVDQI { 227 : (7 — 1T _at 1T
the self-saturation and gain coefficients; Q and D are T 4y? + 02 K— K+
the intensities of the multiplicative and the additive ) 02 1 1
noi.se respectiv-ely; Ais the n(?ise.cor.relation c.oefﬁcient; + T2 — 1/7') + 492 + 22 (Z - Z)]
A is the amplitude of a periodic signal, {2 is the fre-
quency; and it is assumed that the self-correlation and + - 22D102 -
cross-correlation time of the pump noise and quantum (L+7202%)(v* = 1/72)
noise are the same with the value of 7. .
with
Let
I:IO+E(t), (3) 52’72+92, A:2A10/(1+ﬂ10),

where Iy = (I' — K)/BK is the deterministic steady-
state intensity, and e(t) is the perturbational term.
We linearize Eq. (1) around the deterministic steady-
state intensity I, thus the linear equation of the laser
intensity is found to be

de(t)
dt

= —ye(t)+D+ Acos(£2t)€(t)+2

21,
1+ Bl
()
where v = 2K(I' — K)/I". By virtue of Eq. (4), we
have

(e(t) = —(1—e™). (5)

According to the intensity correlation function de-
fined by
B(t) = lim (107 1 OI(0)), (6)

t'— o0

where

t'+2m /02
(It +0)It)) = %/t (I(t"+t)I(¢))dt'".

Integrating Eq. (4) and combining with Egs. (3) and
(6), we can have the analytical solution of B(¢) (only
consider the case of v # 77!). Finally, in order to ob-
tain the expression of SNR, we have to work out the
output power spectra of the signal and the noise firstly.
Thus, we translate the intensity correlation function
B(t) into the power spectrum S(w) by Fourier trans-
form

S(w) = S1(w) + Sa(w), (7)

where Sq(w) and Sa(w) are the output power spectra
of the signal and the noise, respectively. The SNR is
defined as the ratio of the output power of the signal
P, and the broadband noise output at w = 2. We

have
P

SNR = Sw=0) (8)

Ion(t)a

ke =(y+1/7)2+ 0% ko= (y-1/1)*+ 2%
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Fig. 1. Signal-to-noise ratio (SNR) versus the noise corre-
lation time 7 for (a) A = 0.5 and (b) A = 0.8 with Q@ = 0.8,
D=0.1,1p=1.0,8=1.0,v=20, A= 1.0, and 2 = 10.
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According to the expression of SNR of Eq. (8), the
curves of SNR as a function of the noise correlation
time 7 are plotted in Figs.1-3. From them, we can
see the single-peak and the multi-peak SRs. More-
over, if the correlation coefficient between noises and
the intensities of both noises is changed, the transition
between the single-peak form and the multi-peak form
SR can take place, i.e., we can determine the form of
SR by controlling the parameters of the noises.
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Fig. 2. SNR versus the noise correlation time 7 for (a)
D = 0.05 and (b) D = 0.10 with Q = 1.0, A = 0.5,
Io=1.0,8=10,v =250, A=10, and 2 = 10.

For the effect on the form of SR by the correlation
coefficient A, we can choose A as the parameter. Fig-
ure 1 depicts the curve of the dependence of SNR upon
the noise correlation time 7. When 0.45 < A < 0.60,
there are two peaks in the curve (i.e. stochastic mul-
tiresonance), and the right peak is higher than the left
one, as shown in Fig. 1(a). When 0.60 < A < 1.00, the
curve shown in Fig.1(b) is changed into the single-
peak form SR.

For the effect on the form of SR by the intensity
of quantum noise D, we can choose D as the param-

eter. Figure 2 depicts the curve of the dependence
of SNR upon the noise correlation time 7. When
0.04 < D < 0.06, the curve exhibits the single-peak
form SR, as shown in Fig.2a. When D > 0.06, as
shown in Fig. 2(b), there are two maxima and two min-
ima in the curve, i.e., the curve exhibits the stochastic

multiresonance.

For the effect on the form of SR by the intensity of
pump noise @, we can choose @ as the parameter. Fig-
ure 3 depicts the curve of the dependence of SNR upon
the noise correlation time 7. When 0.04 < @ < 1.06,
there are two maxima and two minima in the curve,
that is, the curve exhibits the stochastic multireso-
nance, as shown in Fig.3(a). When @ > 1.06, the
curve exhibits the single-peak form SR, as shown in

Fig. 3(b).
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Fig.3. SNR versus the noise correlation time 7 for (a)
Q =1.0 and (b) Q = 2.0 with D = 0.1, A = 0.5, Ip = 1.0,
B =1.0,v=50, A=1.0, and 2 = 10.

It is emphasized that, the conclusions drawn by
the linear approximation method is correct and reli-
able, when the values of parameters are within the
valid range for this approximation method. The valid
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range is determined by the condition of the normal-
ized variance of the laser intensity B(0) < 1.1'8] Here
B(0) is smaller than 1072, hence the conclusions we
obtained are reliable.

Next, we draw a comparison between our pre-
vious works/'%! and this works. In the former, the
noise and the signal were introduced additionally into
the single-mode laser system, while the noise and the
signal were introduced multiplicatively in the latter.
Hence, they represent different physical process. Fur-
thermore, there is only the single-peak form SR in the
former, while both the single-peak form and stochas-
tic multiresonance appear in the latter. In the former,
SR occurs in the curve of dependence of SNR upon the
intensities of pump noise and quantum noise, and dose
not in the curve of the dependence of SNR upon the
On the contrary, SR in the
latter appears in the curve of the dependence of SNR
upon the noise correlation time, and dose not in the
curve of dependence of SNR upon the intensities of
pump noise and quantum noise. SR in the former oc-
curs in the case of A < 0, while SR occurs in the case
of A > 0 in the latter.

In summary, due to the noise and the signal being
multiplicatively introduced into the single-mode laser
system, we firstly detect the two forms of SR in the
single-mode laser. It is believed that the results not
only supply new phenomena to the investigations of
SR, but also propose a new method to optimize the

noise correlation time.

design of laser amplifiers.
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