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Due to the zero dispersion point at 1.3µm in optical fibres, 1.3-µm InGaAsP/InP laser diodes have become main

light sources in fibre communication systems recently. Influences of quantum noises on direct-modulated properties of

single-mode 1.3-µm InGaAsP/InP laser diodes are investigated in this article. Considering the carrier and photon noises

and the cross-correlation between the two noises, the power spectrum of the photon density and the signal-to-noise ratio

(SNR) of the direct-modulated single-mode laser system are calculated using the linear approximation method. We find

that the stochastic resonance (SR) always appears in the dependence of the SNR on the bias current density, and is

strongly affected by the cross-correlation coefficient between the carrier and photon noises, the frequency of modulation

signal, and the photon lifetime in the laser cavity. Hence, it is promising to use the SR mechanism to enhance the SNR

of direct-modulated InGaAsP/InP laser diodes and improve the quality of optical fibre communication systems.
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1. Introduction

InGaAsP/InP double-heterostructure laser diode

is an illuminant device that functions by means of

electronic transitions between the conduction and va-

lence bands, so the quantum noises are inevitable.[1]

Especially, when a laser diode is direct-modulated,

the high density carriers and photons strongly fluc-

tuate with space and time in an active region of the

laser diode. Moreover, when the quantum noises are

cross-correlated, they will greatly affect the direct-

modulated properties of the laser diode.

Since the phenomenon of stochastic resonance

(SR) was originally discovered by Benzi et al
[2] and

Nicolis C and Nicolis G[3] in 1981, it has been inten-

sively investigated in many scientific fields, in order to

improve properties of those systems by using the posi-

tive effect of noises.[4,5] In optical systems, SR has at-

tracted a wide interest. In 1988, McNamara et al first

observed that the output signal-to-noise ratio (SNR)

in a ring laser versus the input noise intensity exhib-

ited a maximum, i.e. stochastic resonance.[6] Subse-

quently, Vemuri and Roy studied a bistable ring laser

by using numerical simulation, and they also found a

bell-shaped behaviour in the dependence of the SNR

on the noise intensity.[7] Grohs et al observed the SR

again based on the optically bistable behaviour in

1994, which was achieved by the thermally induced

absorption nonlinear characteristic of CdS crystals.[8]

In 2003, we found that the SR could be used to

enhance the SNR of modulated laser systems and im-

prove optical fibre communication quality by inves-

tigating the SR in the gain–noise model of single-

mode lasers.[9,10] The model we considered there is

a gain–noise model, which corresponds only to class-

A lasers.[11] However, it is the 1.3-µm InGaAsP/InP

laser diode that is widely used in optical fibre com-

munication systems now, since an electric signal can

be directly modulated to the injection current of a

semiconductor laser. There are two advantages for

this kind of modulation. One is that the output op-

tical intensity can be easily modulated by an electric

signal, the other is that the electric signal can be di-
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rectly converted into an optical signal. Therefore it

is more practical and important to investigate the SR

of semiconductor lasers to enhance their modulation

properties and improve optical fibre communication

quality.

In this work, by introducing a carrier noise and

photon noise into a single-mode 1.3-µm InGaAsP/InP

laser diode system, we investigate the behaviour of

the SR induced by the carrier noise and photon noise,

and their influences on the direct-modulated proper-

ties of the laser diode. In order to prevent distortion

of the modulated signal, laser diodes must operate in

a linear region in the course of the signal modula-

tion. Hence, the rate equations of InGaAsP/InP laser

diode can be treated using the linear approximation

method.[9−11] With the cross-correlation between the

carrier noise and photon noise taken into account, we

calculate the SNR of the directed-modulated single-

mode InGaAsP/InP laser diode system and obtain an

analytic expression of the SNR. By virtue of the ex-

pression of the SNR, we analyse the characteristics

of the SNR as a function of the bias current density,

the influences of the cross-correlation coefficient of the

carrier noise and photon noise, the frequency of the

modulation signal, and the life time of photons in the

laser cavity.

2. Model

Considering the carrier and photon noises, the

single-mode rate equations of an InGaAsP/InP laser

diode with Langevin noise sources can be written as[12]

dN

dt
=

j

qd
−

N

τsp
−

c

n
g(N)S + FN, (1)

dS

dt
=

[

c

n
Γg(N) −

1

τph

]

S + Γβ
N

τsp
+ FS, (2)

where j is the injection current density, and N and

S are respectively the carrier and photon densities in

an active region of the laser, q and d are the elec-

tron charge and the active layer thickness, respec-

tively. The spontaneous-emission lifetime τsp of car-

riers in the active region is mainly determined by the

properties of the active layer material. The lifetime

of photons in the laser cavity, τph, is mainly deter-

mined by the total optical loss including the inter-

nal loss and the mirror facet loss. Generally, it is

related to the crystalline quality in the active region,

the laser cavity length and the mirror facet reflectiv-

ity. And Γ and g(N) are the optical confinement fac-

tor and the optical gain as a function of the carrier

density respectively. The spontaneous-emission factor

β denotes a fraction of the spontaneous emission cou-

pled into the lasing mode, and
c

n
is the mode velocity.

The Langevin noise terms FN and FS are the carrier

noise and photon noise and represent fluctuations of

the carrier and photon densities in the laser cavity re-

spectively. It is assumed that the two noises are white

ones and auto-correlated in the following form:

< FN(t)FN(t + τ) >= DNNδ(τ),

< FS(t)FS(t + τ) >= DSSδ(τ), (3)

where DNN and DSS denote the noise strengths of

the carrier and photon densities. Considering the

statistical property of the quantum noise and apply-

ing the steady-state rate equation, we find that the

noise strengths of the carrier and photon densities are,

respectively,[13]

DNN = 2βN0S0/τsp + 2N0/τspVa,

DSS = 2βN0S0/τsp, (4)

where N0 and S0 are, respectively, the steady-state

carrier and photon densities and determined by the

bias current density, and Va is the volume of the ac-

tive region of the laser diode. The stochastic sponta-

neous emission of electrons results in the fluctuation

of the carrier density; meanwhile, part of photons gen-

erated by spontaneous emission couple into the lasing

mode and result in the fluctuation of the photon den-

sity. Therefore the noises of carrier density and pho-

ton density are cross-correlated with each other. In

order to simplify calculation, the two noises are cross-

correlated in the form of delta-function[14]

< FN(t)FS(t + τ) >= < FS(t)FN(t + τ) >

=λ
√

DNNDSSδ(τ), (5)

where λ is the cross-correlation coefficient, and −1 ≤

λ ≤ 1.

For an InGaAsP/InP double-heterostructure

laser diode, the dependence of the optical gain on the

carrier density can be approximated as[15]

g(N) = a(N − NT), (6)

where a is the gain coefficient, and NT is the carrier

density at transparency.
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3. Power spectrum and SNR of

photon density

The rate equations (1) and (2) are non-linear, and

we cannot obtain their exact solutions analytically.

However, because a laser diode is required to oper-

ate in a linear region in the course of signal modu-

lation, the rate equations (1) and (2) can be solved

by using the linear approximation method, i.e. small-

signal analysis. Under direct-current modulation, the

injection current density j, the photon density S and

the carrier density N are all time-dependent, and each

consists of two parts as shown below,

j = j0 + jm cosΩt,

S = S0 + ∆S,

N = N0 + ∆N, (7)

where j0 is the bias current density, and jm and Ω

are the amplitude and frequency of the modulation

signal, respectively. And ∆S and ∆N are the per-

turbing terms of the steady-state carrier density N0

and photon density S0 respectively. The rate equa-

tions (1) and (2) can be linearized by using Eqs.(7)

and the truncated Taylor series of the optical gain

g(N0 + ∆N) = g(N0) + G0∆N, G0 ≡
dg

dn
|N0

.

We then obtain

d∆N

dt
= A1∆N + A2∆S +

jm cosΩt

qd
+ FN, (8)

d∆S

dt
= A3∆N + A4∆S + FS, (9)

where

A1 = −(1/τsp + G0S0c/n),

A2 = −g(N0)c/n,

A3 = Γβ/τsp + ΓG0S0c/n,

A4 = Γg(N0)c/n − 1/τph.

The linear set of Eqs.(8) and (9) can be readily

solved in the frequency domain using Fourier analy-

sis. We can obtain the solutions of ∆S and ∆N in the

frequency domain by Fourier transform, and then the

expression of ∆S in the time domain can be obtained

by inverse Fourier transform. Finally, we calculate the

power spectrum of the photon density, and the result

is

————————————————————————————
|

SS(ω) =
A2

3(DNN + j2
mδ(ω − Ω)/q2d2) + (ω2 + A2

1)DSS − 2A1A3DNS

(A1A4 − A2A3 − ω2)2 + ω2(A1 + A4)2

≡S1(ω) + S2(ω), (10)

where S1(ω) and S2(ω) are the power spectra of the signal and noise, respectively. The SNR is given by[16]

SNR =
PS

S2(ω = Ω)
=

(A3jm/qd)2

A2
3DNN + (Ω2 + A2

1)DSS − 2A1A3DNS
, (11)

where PS =
∫ ∞

0
S1(ω)dω.

|————————————————————————————

4. Numerical results and discus-

sions

For an InGaAsP/InP double-heterostructure

laser diode, the spontaneous-emission lifetime of carri-

ers and the volume of the active region are constants.

From Eq.(4) we can see that the noise strengths of

the carrier and photon densities are determined by

the steady-state carrier and photon densities. More-

over, the steady-state carrier and photon densities are

determined by the bias current density, so the two

noise strengths are determined by the bias current

density. When the bias current density varies, the

two noise strengths vary correspondingly. Because the

bias current density not only represents the steady-

state operating point, but also determines the noise

strengths, we mainly analyse the SR behaviour of

the SNR dependence on the bias current density and

the influences of the bias current density on directed-

modulated properties.

In order to analyse properties of the SNR depen-

dence on the bias current density j0 in a semiconduc-

tor direct-modulation laser system, we plot the SNR-

vs-j0 curves according to the expression (11). Each

curve corresponds to different parameters of the cross-

correlation coefficient between the two noises, the fre-
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quency of modulation signal, and the photon lifetime

in the laser cavity.

Typical values of the parameters for a 1.3-µm In-

GaAsP/InP double-heterostructure laser diode, used

in our calculation, are listed in Table 1.

Table 1. Typical values of the parameters for a 1.3-µm

InGaAsP/InP double-heterostructure laser diode.

Parameter value

Cavity length/µm 250

Active-region width/µm 2

Active-layer thickness d/µm 0.2

Confinement factor Γ 0.3

Mode velocity (c/n)/(cm·s−1) 7.49×109

Spontaneous-emission factor β 1×10−4

Spontaneous-emission lifetime τsp/ns 2.2

Gain coefficient a/cm2 2.5×10−16

Transparent carrier density NT/cm−3 1.0×1018

1) Effect of the cross-correlation coefficient on the

SNR-vs-j0 curve

Figure 1 shows the SNRs as a function of the bias

current density j0 for different cross-correlation coef-

ficients. For all values of the cross-correlation coef-

ficient λ in the range −1 ≤ λ ≤ 1, there is a peak

of the SR in each of the SNR-versus-j0 curves. This

is different from the case of class-A lasers, whose SR

only occurs when −1 ≤ λ < 0.[11] As shown in Fig.1,

when λ increases from −1 to 1, the SNR decreases, the

resonance peak becomes lower, and its position moves

toward the left side where the bias current density j0

corresponding to the resonance peak decreases.

Fig.1. Signal-to-noise ratio (SNR) versus the bias

current density with different cross-correlation coef-

ficients.

2) Effect of the signal frequency on the SNR-vs-j0

curve

Figure 2 shows the curves of the SNR as a function

of the bias current density j0 for different frequencies

of modulation signals. In the whole range of the signal

frequency Ω permitted by the modulation property of

the laser diode, a peak of the SR also occurs in the

SNR-vs-j0 curve. When Ω increases from 1×108 Hz to

1×109 Hz, the SNR decreases, the resonance peak be-

comes lower, and its position moves toward the right

side where the bias current density j0 corresponding

to the resonance peak increases as shown in Fig.2.

Fig.2. SNR versus the bias current density with dif-

ferent frequencies of modulation signals.

3) Effect of the photon lifetime on the SNR-vs-j0

curve

Figure 3 shows the curves of the SNR as a func-

tion of the bias current density j0 with different pho-

ton lifetimes in the laser cavity. For different photon

lifetimes τph in the laser cavity that correspond to

different lengths and crystalline qualities of the laser

cavity, a peak of the SR always occurs in the SNR-

vs-j0 curve. When τph increases from 1.6× 10−12 s to

3 × 10−12 s, the resonance peak of the SNR becomes

higher and its position moves toward the left side as

shown in Fig.3.

Fig.3. SNR versus the bias current density with dif-

ferent photon lifetimes in the laser cavity.

We emphasize that the results obtained by us-
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ing the linear approximation method are reliable only

when the conditions jm << j0, |∆N | << N0,

|∆S| << S0 are satisfied.[17] We ensure that the con-

ditions jm < j0/100, |∆N | < N0/100 and |∆S| <

S0/100 are satisfied throughout this work by choosing

appropriate parameter values. Furthermore, we also

consider the frequency limit of modulation signal be-

cause the range of the direct-modulated frequency is

determined by the frequency of the relaxation oscilla-

tions of InGaAsP/InP laser diodes.

5. Summary

We have investigated the behaviour of the SR in a

1.3-µm InGaAsP/InP laser diode system. According

to the results, we know that the SR always appears in

the dependence of the SNR on the bias current density

and is strongly affected by the cross-correlation coef-

ficient of the carrier and photon noises, the frequency

of modulation signal, and the photon lifetime in the

laser cavity. The properties of the SR of InGaAsP/InP

laser diodes are much different from those observed in

our previous work with class-A lasers involved.[9−11]

Consequently, SR can take place more easily in In-

GaAsP/InP laser diode systems, and becomes more

convenient in its application.

In recent years, optical fibre communication has

developed rapidly. Due to the fact that InGaAsP/InP

laser diodes can be easily modulated, they have be-

come the mainstay of optical fibre communication sys-

tems. Hence it is useful to investigate the SR for

practical applications in optical fibre communication

systems. Consequently, our investigation shows the

promise in restraining the noise, enhancing the SNR,

and improving optical fibre communication quality.

We believe that our results may be useful to optical fi-

bre communication systems and optical fibre amplifier

technology.

———————————————————————————
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