Vol 14 No 6, June 2005
1009-1963/2005/14(06)/1159-09

Chinese Physics

Time evolution of the intensity correlation function
in a single-mode laser driven by both the coloured
pump noise with signal modulation and the

quantum noise with cross-correlation between
the real and imaginary parts’

Cheng Qing-Hua(FEpE#)»P)1t, Cao Li(H  J7)»),
Xu Da-Hai(#: A#§)P), and Wu Da-Jin(% ki)

a)State Key Laboratory of Laser Technology, Huazhong University of Science and Technology, Wuhan 430074, China
b) School of Physics Science and Technology, Yangtze University, Jingzhou 434100, China

©) Department of Physics, Huazhong University of Science and Technology, Wuhan 430074, China

(Received 12 July 2004; revised manuscript received 19 February 2005)

Using the linear approximation, we have studied the time evolution of intensity correlation function C(t) in a
single-mode laser driven by both the coloured pump noise with signal modulation and the quantum noise with cross-
correlation between its real and imaginary parts. In the case of the pump noise with self-correlation time 7 < 1, we
find that the time evolution of C(t) varies with modulation signal frequency (2, amplitude B, and net gain aq. (i) As 2
increases, the time evolution of C(t) changes from monotonically descending to flat descending, and finally to damply
oscillating; (ii) as B increases, it changes from monotonically descending to maximal; (iii) as net gain agincreases, it
changes repeatedly from monotonically descending to monotonically ascending, and to maximal, finally to monotonically

descending again. However, in the case of 7 >> 1, the time evolution of C(t) only exhibits a form of damping oscillation.
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1. Introduction

Because of the great influences of noise and in-
put signal on the dynamic behaviour of a non-linear
stochastic system, the study of dynamic behaviour
for such a system has attracted researchers’ exten-
sive attention.' =8 Since Fulinski and Telejko first
studied the influence of cross-correlation noise on
the statistical properties of a non-linear system,!]
Cao and Wu have made more detailed investiga-
tions of the one-dimensional stochastic system driven
by cross-correlation noise,1?! and Zhu introduced a
cross-correlation noise into a laser system and stud-
ied the property of the laser system in a steady
state driven by both pump noise and quantum noise

with cross-correlation between its real and imaginary

parts.[''] We have studied the dynamic property of a
single-mode laser system driven by both pump noise
and quantum noise with cross-correlation between its
real and imaginary parts.['?l However, in the above-
mentioned studies, one emphasized the influence of
cross-correlation noise on the dynamic behaviour of
a non-linear stochastic system, but given little con-
sideration to the influence of the signal on the dy-
namic behaviour of the laser system. Dykman has
introduced into the laser system the modulation of
noise by the signal.*®! The signal modulated noise
can better describe the laser system than the ordi-
nary noise, because when a laser system is modulated
by signal, the noise of the system will simultaneously
be modulated by the signal. As a result, the modu-
lated noise will highly affect the dynamic behaviour
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of the laser system. The study of the function of the
modulation signal in the time evolution of the laser
intensity correlation function in a single-mode laser
system driven by the modulated noise can show, in a
certain aspect, how the modulation signal affects the
dynamic behaviour of the laser system. Thus it is of
great significance theoretically. The intensity correla-
tion function is a basic statistic quantity in describing
the dynamic property of a laser system, and it can
also reveal statistical properties of the system (e.g.
statistical fluctuation, time evolution of the intensity
correlation function). From the intensity correlation
function can be deduced the power spectrum, power
output, correlation time and variance of laser inten-
sity, and also the output single-to-noise ratio (SNR)
of a laser system. With the output SNR of a laser sys-
tem we can further study the phenomenon of stochas-
tic resonance (SR) to provide a theoretic base for op-
timizing the laser system. Therefore, our study is of
certain guiding significance in the field of laser com-
munication.

In this paper, by adopting the linear approxima-
tion, we study the time evolution of intensity correla-
tion function for a loss-noise model of a single-model
laser system driven by both coloured pump noise with
signal modulation and the quantum noise with cross-
correlation between its real and imaginary parts. We
also provide a detailed analysis of the influences of
the net gain ag, the amplitude B and frequency {2 of
modulation signal on the time evolution of the inten-
sity correlation function. Because of the application
of the unified coloured noise approximation in the pro-
cess of solving the Langevin equation, we will discuss
the time evolution of the intensity correlation func-
tion in the case of the pump noise self-correlation time
7 & 1 and 7 > 1 only. Consequently, we find that
the signal frequency {2 has a great influence on the

process of evolution.
2.The intensity correlation func-
tion
The Langevin equation of amplitude for a loss-

noise model of a single-mode laser is given by!'

dr Q

q = T Ard + Z(l — X)) +rpr(t) +.(t). (1)
If we consider that the pump noise is modulated

by a periodic signal B cos £2t', thus the Langevin equa-

tion of intensity for a loss-noise model of a single-mode

laser with an input signal is given by

dr
T — 200l - 2417 + Q(1 — |A,])

+ 2Ipr(t")Bcos 2t + 2VIe (t'),  (2)

where noises pr(t') and e,.(t') are correlated in the

following forms:

(pr(t) = {en(t)) = 0,

(prltpr(s)) = 5o

(o0 (1)er(5)) = QUL+ NI~ 5),
(pr(t)e. () = 0. Q

In Egs.(1), (2) and (3), ag and A represent the net
gain coefficient and self-saturation coefficient, respec-
tively; I is the laser intensity; B is the amplitude of a
modulation signal, {2 is the signal frequency; pgr(t') is
the real part of the pump noise, and £,(¢') is the quan-
tum noise of phase lock; Q and P are the intensities of
the pump noise and the quantum noise, respectively;
7 is the self-correlation time of pump noise; A, is the
coefficient of cross-correlation between the real part
and the imaginary part of the quantum noise, and
—1< Ay <1 Let

I=1Iy+4(t),

where Iy = %0 s the deterministic steady-state inten-
sity, and §(¢') is the perturbation term. We linearize
Eq.(2) around the deterministic steady-state intensity
Iy, thus the linear equation of the laser intensity is
found to be

ds(t')
at

=— (") + 2Iopr(t') B cos 2t'

+2v/Toe, (') + Q(1 — |Ay)), (4)

where v = 2ay.
The solution of Eq.(4) has the following form:
P~ |A])

S|
S ( )

s(0) =" |
t/
+ 2IOB/ Pr(s) cos 2se7°ds
0

+2V/1, /0 ’ gT(s)ers] . (5)

According to the steady-state mean intensity cor-
relation function (SSMICF) defined by
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C(t)=lim (I(¢"I(t'+t))= lim | — / (I +t))dt' |,
t'—o0 t'—oo \ 27 Ju
the SSMICF is obtained by solving Eq.(5)
QUL — A
o(t) = (10 ¥ ‘1>
Y
L (2RQUL+ D) | BB*POrY + )@ 4 + 7)Y\
g 22y (k + 22) (k3 + 22)(v? + 22)
I12B?P(12? 2 72 ¢ 20I12B?P ¢
0 (2 4y )ef‘_f‘ cos 2t + 0 -7 sin 2 [t|, (6)

7(k? + 22)(k2 + 22)

1

where ky =7y — 771, ko =y 4+ 77!, and 7 # .
2(10

We can see from Eq.(6) that there appear two fea-
tures of the intensity correlation function C(t): one is
the existence of two timescales of the C(t) because of
pump noise being “coloured”; the other is the C(t) be-
ing a periodic function of the signal frequency {2 due

to the pump noise being modulated by signal.

In the following, we will discuss the influences of
the net gain ag, the amplitude B and the frequency {2
of modulation signal on the time evolution of the C(t)
based on Eq.(6). Furthermore, due to the use of uni-
fied coloured noise approximation in solving Eq.(1),
we will only discuss the time evolution of C(t) in the
cases of 7 < 1 and 7> 1.

3. The influence of frequency (? of
modulation signal on the time
evolution of the intensity cor-

relation function C(t)

T2(k2 4+ 22)(kE + 22)°

|
3.1. In the case of T < 1

When 7 = 0.04, the three-dimensional plots in
Figs.1(a)—(c) exhibit how the frequency {2 of modula-
tion signal influences the time evolution of C(t). Fig-
ures 1(d)—(g) are its sectional drawings. As shown in
Figs.1(a) and (d), within the range 2 < 2 < 6, C(t) vs
t curves each descend monotonically, which is a com-
mon descending form. From Figs.1(b) and (e), we can
see that when the frequency {2 increases to the range
6 < 2 < 30, the C(t) vs t curves each have a flat
appearing at ¢ = 0 and then descend monotonically.
Figures 1(c), (f) and (g) show that when {2 > 30, the
initial flat disappears and the C(t) vs ¢ curves each
change in a form of damping oscillation. At the same
time, their amplitudes and frequencies increase with
£2. When the evolution time ¢ > 0.3, all values of C(t)
in different evolution processes tend to be identical, as
shown in Fig.1. In summary, as §2 increases, C(t) vs
t curve changes from monotonically descending to flat

descending, and finally to damply oscillating.
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Fig.1. When 7 < 1, the influence of {2 on time evolution of C(t) with the parameters being A = 1, B = 20,

P =0.001, Q = 0.001, ag = 10, Ay, = 0.5, 7 = 0.04.

3.2. In the case of 7 > 1

When 7 = 50, the influence of frequency {2 of
modulation signal on time evolution of curve C(t) can
be seen from the three-dimensional plot (Fig.2(a)), the
C(t) vs t curves of the sectional drawing (Figs.2(b) and
(c)), and the C(t) vs {2 curve of the sectional drawing
(Fig.2(d)). Figures 2(b) and (c) (The sectional draw-
ing plot) show that C(t) vs t curves each exhibit a

form of damping oscillation. At a given time ¢, C(t)
is also displays a periodic change with {2, as shown in
Fig.2(d). It can be also found in Figs.2(b)—(d) that as
{2 increases, the periodic oscillation frequency of C(t)
becomes higher while the amplitude becomes smaller,
that is, the curve descends rapidly. When the evolu-
tion time is long enough, the values of C(t) tend to be

identical, as shown in Fig.2.
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Fig.2. When 7 >> 1, the influence of 2 on time evolution of C(t) with the parameters being
A=1, B=20, P=0.001, Q =0.001, ap = 10, Aq = 0.5, 7 = 50.

In the cases of 7 < 1 and 7 > 1, the time evolu-
tion processes of C(t) differ greatly from one another.
Since C(t) has two timescales and is a periodic func-
tion of 2, both the modulation signal frequency {2
and the pump noise self-correlation time 7 greatly af-
fect the time evolution of C(t). A detailed analysis is
as follows.

In the 7 < 1 case, for example 7 = 0.04, and by
using A =1, B =20, P =0.001, @ = 0.001, a¢ = 10,
and A, = 0.5, Eq.(6) can be expressed in the following

form:

C(t) =Dy + Dye~ 201t
+ (D3 cos 2t + Dy sin 2 \t|)e_25‘t| . (N

In Eq.(7), coefficients D; (i=1,2,3,4) each are a func-
tion of £2. The exponent factor e 21!l comes from
the case of 7 = 0.04, and the factor (Dj3cos 2t +
Dy sin 12 |t|)e~2°!!l plays an important role in the time
evolution process of C(t). When {2 is very small (e.g,
2= 1), the exponent factor e 2t descends very fast
with ¢. On the other hand, because the frequency {2
in the factor (D3 cos 2t+ Dy sin {2 |t|) is low, the expo-

nent factor e 25/l can not be modulated by the factor

within its descending time. As a result, C(t) vs t curve
behaves in a form of monotonic descent. When {2 in-
creases enough (e.g, 2=50 ), although the exponent
factor e 29l descends fast with ¢, the rapid change of
the factor (D3 cos 2t+ Dy sin {2 |t|) arising from larger
{2 makes it possible to modulate the exponent factor
e~ 2%l within its descending time. Therefore, the C(t)
vs t curve changes from monotonically descending to
damply oscillating.

In the 7 > 1 case, for example 7 = 50, and also
by using A = 1, B = 20, P = 0.001, @ = 0.001,
ag = 10, and A, = 0.5, we obtain from Eq.(6)

C(t) =D5 + Dge~ Il 4 (D7 cos 02t
+ Dg sin 02 |t[)e 0021, (8)

In Eq.(8), the coefficients D;(5,6,7,8) each are
a function of 2, and the exponent factor e 092
comes from the case of 7 = 50. In Eq.(8), because
of the slow descent of the exponent factor e 0-02ltl
if 2 > 1, e %92 can be modulated by the factor
(D7 cos 2t + Dgsin {2 |t|) within its descending time,
and so the C(¢) vs t curve exhibits a form of damping

oscillation.
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From the analysis above, we can see that when
T < 1 and the value of £ is small (2 < 30), the
time evolution of C(t) is in a form of monotonic de-
scent; when 7 < 1 and the value of {2 is large enough,
the time evolution of C(t) exhibits a form of damp-
ing oscillation; when 7 > 1, whatever the value of
{2 is, the time evolution of C(t) is always in a form
of damping oscillation. Obviously, the coloured pump
noise modulated by periodic signal is a major reason
why the time evolution of intensity correlation func-
This

shows that the interaction between modulation signal

tion has the above-mentioned characteristics.

and the “colour” of pump noise has a great influence

on the dynamic behaviour of a laser system.
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4. The influence of amplitude B
of a modulation signal on time

evolution of C(t)

4.1. In the caseof T< 1 and 2 =1

When 7 = 0.04, the three-dimensional plot in
Fig.3(a) exhibits how the amplitude B of modulation
signal influences the time evolution of C(t), whose
sectional figures are shown in Figs.3(b) and (c). As
shown in Fig.3, because of the low values of 7 and (2,
as the amplitude B increases, the time evolution of
C(t) changes from monotonically descending to max-
imal, and C(t) vs t curves shift towards the direction
of t increasing. When the evolution time ¢t > 0.7, the

values of C(t) in different evolution processes tend to

be identical.
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Fig.3. When 7 < 1, the influence of B on time evolution of C(t) with the parameters being
A=1, P=0.001, Q =0.001, ag = 10, Ay = 0.5, 7 = 0.08, 2 = 1.

4.2. In the case of 7> 1

When 7 = 50, the three-dimensional plot in
Fig.4(a) exhibits how the amplitude B of modulation

signal influences the time evolution of the C(t), whose

sectional figure is shown in Fig.4(b). Figure 4 shows
that, like the situation discussed in Section 3.2, the
time evolution of C(t) behaves in a form of damping
oscillation. As t increases, the periodic oscillation fre-

quency of C(t) does not change while the amplitude
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of the curve increases, that is, the attenuation pro- enough, the values of C(¢) in different evolution pro-

cess becomes slow. When the evolution time is long  cesses finally tend to be identical.
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Fig.4. When 7 > 1, the influence of B on time evolution of C(t) with the parameters being
A=1, P=0.001, Q =0.001, ag = 10, Ay = 0.5, 7 = 50, 2 =1.

5. The influence of net gain ap on When 7 = 0.06, the influence of net gain ag on the
time evolution of C(t) time evolution of C(t) is shown in Fig.5. The figure
shows that because of the low values of 7 and 2, as

5.1. In the case of 7 < 1 and 2 = 1 the net gain a( increases, the shape of curve cyclically
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Fig.5. When 7 < 1, the influence of ag on time evolution of C(t) with the parameters being
A=1,B=20, P=0.001, Q =0.001, A\; = 0.5, 7 = 0.06, 2 = 1.
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changes from monotonically descending to mono-
tonically ascending, then to maximal, and finally to
monotonically descending again, and the C(t) vs ¢t
curve shifts upwards. When the evolution time ¢t >
0.5, the final values of C(t) in different evolution pro-

cesses are different as shown in Fig.5.
5.2. In the case of 7> 1

Figure 6 shows how the net gain a( influences the
time evolution of C(t) when 7 = 50. In Fig.6, the
time evolution of C(¢) exhibits a form of damping os-
cillation. As ag increases, both the amplitude and the
frequency of periodic oscillation of C(t) do not change.
However, when the evolution time is long enough, the
values of C(t) in different evolution processes are dif-

ferent as shown in Fig.6.
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Fig.6. When 7 > 1, the influence of ag on time evolu-
tion of C(t) with the parameters being A = 1, B = 20,
P =0.001, Q =0.001, \; = 0.5, 7 =50, 2 =1.

6. Conclusion and discussion

The analyses and discussion above may be sum-

marized as follows. (1) In the case of 7 < 1, as modu-
lation signal frequency {2 increases, the time evolution
of C(t) changes from monotonically descending to flat
descending, and finally to damply oscillating; in the
case of 7 > 1, as the modulation signal frequency {2
increases, the time evolution of C(t) exhibits a form of
damping oscillation. What is noteworthy is that only
in the case of the 7 < 1 and 2 < 30, the time evolu-
tion of C(t) behaves in a form of monotonic descent;
but when 7 < 1 and the value of {2 is high enough
or when 7 >> 1 (the value of 2 is unrestrained),
the time evolution of C(t) exhibits a form of damp-
ing oscillation. The physical mechanism of the phe-
nomenon mentioned above is the interaction between
the modulation signal and coloured pump noise. This
phenomenon also suggests that the modulation of the
coloured pump noise by a periodic signal highly af-
fects the dynamic behaviour of the laser system. (2)
In the case of 7 < 1, if the value of 2 is very low
(e.g, 2 = 1), the time evolution of C(t) changes from
monotonically descending to maximal as the ampli-
tude B increases, but it cannot behave in a form of
damping oscillation. In the case of 7 > 1, the time
evolution of C(t) exhibits a form of damping oscilla-
tion with the increase of B. In the two cases of 7 < 1
and 7 > 1, when the evolution time is long enough,
the values of the C(t) corresponding to different am-
plitudes B tend to be in accord with each other. So
we see that the amplitude B and the frequency {2 of
the modulation signal have different influences on the
time evolution of C(t). (3) The net gain ag is an im-
portant parameter in describing the statistic property
of a laser system. In the case of 7 < 1, if §2 is taken
to be a low value (e.g., 2 = 1), as ag increases, the
time evolution of C(t) cyclically changes from mono-
tonically descending to monotonically ascending, then
to maximal, and finally to monotonically descending
again. In the case of 7 > 1, as ag increases, the time
evolution of C(t) only exhibits a form of damping os-
cillation. When the evolution time is long enough, the
values of C(t) corresponding to different net gains ag
are different. This shows a great influence of the ag on
the dynamic behaviour of the laser system. (4) It is
emphasized that the conclusions drawn by the linear
approximation method are correct and reliable when
the values of the parameters are within the valid range
for the approximation. The valid range is determined
by the condition of the normalized steady-state mean
intensity fluctuation C(0) < 1. Hence, we calculate

the normalized steady-state mean intensity fluctua-
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tion under the condition of C(0) <« 1.

In conclusion, the intensity correlation function is

a theoretic basis of the study on characteristics of SR

in a laser system. Because of the great influences of

modulation signal, net gain, the interaction between

the modulation signal and the “coloured” of pump

noise on the dynamic behaviour of a laser system, the

intensity correlation function can also greatly affect

the output SNR, power output and variance of laser

intensity, which we will further study.
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