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Based on the frequency-domain multimode theoretical model, detailed investigations on the noise characteristic of the
semiconductor ring laser (SRL) are first performed in this paper. The comprehensive nonlinear terms related to the third
order nonlinear susceptibility χ3 are included in this model; the Langevin noise sources for electric field and carrier density
fluctuations are also taken into account. As the injection current increases, the SRL may present several operation regimes.
Remarkable and unusual low frequency noise enhancement in the form of a broad low frequency tail extending all the way
to the relaxation oscillation peak is observed in any of the operation regimes of SRLs. The influences of the backscattering
coefficient on the relative intensity noise (RIN) spectrum in typical operation regimes are investigated in detail.
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1. Introduction
Semiconductor ring lasers (SRLs) are promising devices

for optoelectronic integrated circuits (OEIC) as they possess
many incomparable advantages compared with conventional
FP or DFB lasers,[1,2] such as small footprint and simple fab-
rication due to the absence of cleaved facets, cost-saving and
versatility attributed to the bidirectional operation, and high
spectral purity arising from the natural property of a travelling
wave.

Sorel et al.[3,4] observed several working regimes in
SRLs, including the bidirectional continuous wave (bi-CW),
the bidirectional continuous wave with alternate oscillations
(bi-AO) and the bi-stable unidirectional continuous wave (bi-
UNI). It should be noted that the above calculation progress
was based on the two-mode model. In order to clearly ex-
plain the nonlinear dynamical characteristics of SRLs, such as
mode-hopping and asymmetric frequency spectrum, it is nec-
essary to extend the two-mode model to the multimode model
and take the third order nonlinear susceptibility χ3 in to rate
the equations. Subsequently, Cai et al.[5] verified these novel
operating regimes in SRL using the frequency domain multi-
mode model.

SRLs are employed as light sources in the fiber opti-
cal communication systems and are used as photonic switch-
ing devices in wavelength switched networks.[6,7] The perfor-
mances of these OEIC systems are often critically affected by
the relative intensity noise (RIN) of the source laser. It is,
therefore, of great interest to characterize the RIN properties

of SRLs. Quantum noise due to spontaneous emission is the
fundamental noise in a semiconductor laser. On account of the
intrinsic nature of the semiconductor laser, the noise cannot
be eliminated completely but it can be reduced to the lowest
level. Besides the fundamental quantum noise, there is another
type of non-negligible noise called partition noise in the mul-
timode semiconductor laser, especially in SRL. Both of them
can induce the fluctuation of the optical field intensity, which
is technically characterized by the so-called RIN accounting
for the signal-to-noise ratio (SNR).

Compared with other types of semiconductor lasers, such
as the distributed feedback (DFB) laser, the distributed Bragg
reflective (DBR) laser and the Fabry–Pérot (FP) laser,[8–10] the
SRL exhibits a very remarkable feature of the RIN spectra:
low frequency noise enhancement in the form of a broad low
frequency tail extending all the way to the relaxation oscilla-
tion peak. This low-frequency noise enhancement is expected
to appear in all types of ring geometries, such as circular and
triangular geometries. Ji et al.[11] have observed experimen-
tally and verified theoretically the remarkable low-frequency
noise enhancement in the RIN spectra of the triangular geom-
etry SRL. However, the fabrication of three turning mirrors
in the triangle-shaped ridge waveguide structure increases the
difficulty in fabricating the integrated chip. Therefore, in the
actual OEIC systems, the circular or the race-track geometry
SRLs may attract more attention due to their simple fabrica-
tion. As for the circular ring geometry, Mikroulis et al.[12] did
some research on the enhanced low frequency RIN; however,
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the nonlinear mechanism employed in their model was based
on Refs. [13] and [14], where the four-wave mixing (FWM)
and carrier diffusion (CD) effects, which are indispensable in
analyses of SRLs’ dynamics, were not included. The CD ef-
fect is significant in semiconductor lasers, SRL in particular,
as it strongly influences the carrier distribution (further affects
the gain and the refractive index) spatiotemporally originat-
ing from the beating of counter propagating modes. Due to
this spatiotemporal modulation, the grating visibilities for co-
propagation modes and counter-propagation modes are differ-
ent in SRLs. Further, the backscattering coefficient, which
proved to be a critical parameter for the performance of SRL,
was not taken into consideration. Antonio et al.[15] have an-
alytically investigated the influence of the backscattering co-
efficient on the noise spectrum of SRL based on a two-mode
model. However, as is well known, the two-mode model has
some inherent limitations itself and is not a perfect model to
investigate the characteristics of SRL, such as its incapability
of interpreting the mode-hopping phenomenon and the asym-
metric frequency spectrum.

In this paper and for the first time, the comprehensive
frequency-domain multimode model is implemented to inves-
tigate the RIN properties of circular geometry SRL. The de-
tailed expression for χ3 is derived from density matrix the-
ory by taking into account the effects of carrier density pul-
sation (CDP), spectral hole burning (SHB) and carrier heating
(CH),[5,16–18] and introducing the carrier diffusion (CD).[5,18]

The requisite Langevin noise sources[19,20] for electric field
and carrier density fluctuations are also taken into consider-
ation. In the following, we focus on the typical bi-AO and
bis-UNI regimes of SRL to investigate the influence of the
backscattering coefficient on the RIN property. To the best of
our knowledge, no such systematic analysis of the influence of
backscattering on the RIN characteristic has been performed.

2. Theoretical analysis
A schematic diagram of the SRL is illustrated in Fig. 1.

Both the output waveguides are tilted to avoid the reflections
from the connecting facets of both sides. Therefore, in the
calculation, the optical feedbacks from connecting parts are
ignored. The total electric field inside the laser cavity can be
expressed as the sum of electric fields of all resonant modes

E (t) = ∑
i

Ei(t)e−jωit , (1)

where Ei is the mean-field slowly varying complex ampli-
tude of the electric field for the i-th mode at optical angular
frequency ωi, with i covering all the CW modes and CCW
modes in the SRL. Ignoring the influence of dispersion, the
mode space is assumed to be ∆ω equally. We consider an

odd number 2T + 1 of modes for each direction (4T + 2 to-
tally) in the SRL. The CW/CCW modes are extended to both
the positive and the negative directions from the central mode
labelled by M = 0 and are distinguished by the positive num-
ber M (M > 0) denoting the long-wavelength side and nega-
tive number M (M < 0) denoting the short-wavelength side, M
counts from −T to T .

LF

LF

SRL
CCW

CW

coupler

Fig. 1. (color online) The schematic illustration of an SRL. The tilted
output waveguides are designed to avoid the reflections from the con-
necting facets of both sides. LF: lensed fiber; CW: clockwise mode;
CCW: counterclockwise mode.

Under slowly varying envelope approximation, the time
evolution of the electric field amplitude Ei in the semiconduc-
tor laser cavity can be described by the following equation,
which was firstly introduced to describe the nonlinear dynam-
ics of SRLs by Born et al. in Ref. [16]:

dEi

dt
=

1
2

c
ng

Γ [g(N,ωi)− jα∆Na]Ei−
1
2

Ei

τp

+
1
2

ωiΓ

ning
∑
lmn

χ
(3)
lmnElE∗mEn−KBSRE−i +FEi(t). (2)

Here, we take the Langevin noise source FEi(t) into consider-
ation.

The first term on the right-hand side of Eq. (2) represents
the linear gain and frequency shift of the i-th mode, c is the
light velocity in a vacuum, ng is the corresponding group in-
dex, Γ is the confinement factor, ∆N denotes the deviation
of the carrier density from the threshold value, a is the ma-
terial differential gain coefficient and α is the linewidth en-
hancement factor. The linear gain is given by a “piecewise-
quadratic” frequency-dependent relation as follows:

g(N,ωi) = a(N−N0)−b(ωi−ω0)
2,

b =

{
b1, ωi 6 ω0,
b2, ωi > ω0,

(3)

where N represents the transparency carrier density and b de-
notes the linear gain dispersion coefficient. ω0 refers to the
central angular frequency of the linear gain that is assumed to
be 155 nm.

The second term is the optical loss experienced by the i-th
mode; τp is the photon lifetime and expressed as

τp =

[
c
ng

(
γ +

1
L

ln
1
T1

)]−1

, (4)

with γ being the internal loss, L the active length and T1 the
coupling transmission ratio.
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The third term describes the nonlinear contribution to the
evolution of an electric field, ni denotes the refractive index of
mode i, χ3

lmn refers to the third order susceptibility and is given
by the following expression:

χ
3
lmn = χ

N
lmn(Ωmn)+χ

ch
lmn(Ωmn)+χ

shb
lmn(Ωmn), (5)

χ
N
lmn(Ωmn) = −ΠεNη

N(α + j)

× 1
(1− jΩmnτNηN)(1− jΩmnτ1η1)

χ
1′′
0 , (6)

χ
ch
lmn(Ωmn) = −Πεchη

ch(αch + j)

× 1
(1− jΩmnτchηch)(1− jΩmnτ1η1)

χ
1′′
0 , (7)

χ
shb
lmn(Ωmn) = −Πεshbη

1 j
1− jΩmnτ1η1 χ

1′′
0 , (8)

Π =
2ε0n0ng

nhω0
, (9)

χ
1′′
0 = −nic

ωi
g(N,ωi), (10)

where τN, τch, and τ1 are the differential carrier lifetime, elec-
tron carrier heating time and intra-band relaxation time respec-
tively. εN, εch, and εshb denote the nonlinear coefficients asso-
ciated with CDP, CH and SHB. αch is the linewidth enhance-
ment factor for CH. Ωmn = ωn−ωm is the beat frequency. ηN,
ηch, and η1 are the grating visibility due to the carrier diffu-
sion.

The fourth term indicates the intra-cavity backscattering
between counter-propagating modes and the backscattering
rate KBSR = kd + ikc, where kd is the dissipative coupling and
kc is the conservative coupling between counter-propagating
modes.

Equation (2), together with the following equation for the
carrier density, could describe the dynamics of SRL. Taking
the Langevin noise source FN(t) into account, the equation for
carrier density can be expressed as[16]

dN
dt

=
I

eV
− N

τs
−∑

i
g(N,ωi)×

(
2ε0ngni

nωi
|Ei|2

)
+FN(t), (11)

where e is the electron charge, V the volume of the active re-
gion and τs is the carrier lifetime, given by

τ
−1
s = A+BN +CN2, (12)

with A, B and C being the non-radiative, radiative and Auger
recombination coefficients, respectively.

Functions FE (t) and FN(t) are both the Langevin noise
sources of a Gaussian type with zero means, which satisfy the
following cross-correlations:[19–21]

〈
FEm(t)FEn(t

′)
〉
=VEmEnδmnδ (t− t ′), (13)〈

FN(t)FN(t ′)
〉
=VNNδ (t− t ′), (14)〈

FEm(t)FN(t ′)
〉
=VEmNδmnδ (t− t ′), (15)

where δ is Dirac’s delta function. These random numbers
are introduced into the rate equations to account for the opti-
cal quantum noises associated with the spontaneous emission.
The values of corresponding variable Vxy (x and y referring to
the denotations Em and N) are calculated from the assumed
quasi-steady state solutions Ei and N of Eqs. (2) and (11). Af-
ter derivation, we can obtain

FEm (ti) =

√
aΓ N (ti−1)

2V Tc (ti− ti−1)
(gr + jgi) , (16)

FN (ti) =

√√√√√VNN (ti)+∑
m

aΓ

V
Tc |Em(ti−1)|2

N2
u

N(ti−1)

∆t
gN

+∑
m

√
aΓ Tc

2∆tV
Nu |Em (ti−1)|(gr + jgi) , (17)

Nu = N (ti−1)+bV (ωi−ω0)
2 +Ng, (18)

Tc =
2ε0ning

}ωi
, (19)

where gr, gi, and gN are the independent Gaussian white ran-
dom numbers with variances of unity and zero mean values.
The Gaussian noise sources FEm(ti) and FN(ti) satisfying the
relations (13)–(15) at each ti are generated for the simulation.

The most important analyses of noise characteristics are
based on the small signal analysis introduced into the semicon-
ductor laser by Haug.[22] In our presented numerical approach,
the RIN characteristics can be specified with the power spec-
tral density (PSD) of the RIN as a function of noise frequency,
which can be calculated from the following expressions:

δP(t) = P(t)−P, (20)

RIN =
1

P2

{
1
T

∫ T

0

[∫
∞

0
δP(t)δP(t + τ)e jωτ dτ

]
dt
}

=
1

P2

{
1
T

∣∣∣∣∫ T

0
δP(τ)e−jωτ dτ

∣∣∣∣2
}

=
1

T P2 |∆t ·FFT {δP(t)}|2 , (21)

where P̄ is the mean power of all modes, FFT the fast Fourier
transform, δP(t) the power fluctuation with zero mean value
and ∆t the simulation time interval.

3. Numerical calculation and discussion
The typical values of parameters for 1550-nm InGaAsP–

InP laser used in the simulations are given in Table 1. The
nonlinear parameters, including εN, εch, εshb, ηN, ηch, η1,
τch, and αch, are obtained by heterodyne detection methods
for an SRL device.[18] The calculated threshold current for
SRL in our simulation is 20 mA. The rate Eqs. (2) and (11)
are solved numerically by means of the fourth-order Runge–
Kutta method. The time interval is set to be as short as
∆t = 4 ps. This small value corresponds to the Fourier white
noise spectrum up to a frequency of 250 GHz (1/∆t), which
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is much higher than the relaxation oscillation frequency (ap-
proximately 10 GHz). Moreover, this ensures enough resolu-
tion for the noise-induced spectrum characterization. In all of
the integration process, we take T = 10, namely 21 modes for
each direction of SRL (totally 42 modes).

We apply the model to the free-running SRL without any
external feedback to investigate the dynamical mechanisms,
including L–I curves, time-averaged frequency spectra, nor-
malized temporal variations and corresponding RIN character-
istics. Then, we will focus on the typical bi-AO and bis-UNI
regimes of SRL to study the influence of the backscattering
rate on RIN properties.

Table 1. Valus of parameters used in the numerical simulation.

Parameters Symbol Value
SRL cavity length L/µm 405
Confinement factor Γ 0.056
Internal loss γ/cm−1 10
Transparency carrier density N0/m−3 2.32×1024

Differential gain coefficient a/m2 6.35×10−20

Linear gain dispersion coefficient b1/m−1·m−2 1.8×1018

Linear gain dispersion coefficient b2/m−1·m−2 1.2×1018

Nonrad. recombination coefficient A/s−1 1×108

Spont. recombination coefficient B/m3·s−1 1.2×10−16

Auger recombination coefficient C/m6·s−1 7.5×10−41

Group index ng 3.7
Refractive index of central mode n0 3.5
Nonlinear coefficient of CDP εN /m3 2.0×10−22

Nonlinear coefficient of CH εch/m3 1.91×10−24

Nonlinear coefficient of SHB εshb/m3 1.76×10−24

Differential carrier lifetime τN/ns 0.5
Electron carrier heating time τch/ps 0.6
Intra-band relaxation time τ1/ps 0.1
Linewidth enhancement factor α 3.56
Linewidth enhancement factor for CH αch 2.0
conservative coupling rate kc varied
dissipative coupling rate kd 4.5×107

Grating visibility for CDP ηN 0.0036 / 1
Grating visibility for CH ηch 0.73 / 1
Grating visibility for SHB η1 0.95 / 1

3.1. LLL–III characteristics

The steady-state L–I curves for the SRL can be obtained
by tracking the time domain response as the current increases.
The injection current is varied in steps of 1/20Ith, ranging from
Ith to 7.5Ith. Figure 2(a) shows the simulated L–I curves for
both CW and CCW total optical powers and Fig. 2(b) presents
the corresponding L–I curves for both CW and CCW separate
optical field modes. From Fig. 2(a) we can observe the three
working regimes of the SRL, bi-AO, bis-UNI and bidirectional
unstable (bi-UNS) totally. The L–I curves in Fig. 2 are in good
agreement with the experimental measurements,[4] which of-
fers a potential guarantee for the following further noise char-
acteristic analyses.
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Fig. 2. (color online) Simulated L–I characteristics of an SRL showing
(a) the total optical powers in both CW and CCW directions and the
oscillation of photon numbers in both directions at the very beginning
(in the inset), and (b) the separate optical field modes in both CW and
CCW directions.

3.2. Multimode dynamics and RIN characteristics of SRLs

Just above the threshold current, the so-called bidirec-
tional operating regime with alternate oscillation (bi-AO) is
observed, where the output powers of both directions are pe-
riodically oscillating, which is attributed to the alternate oscil-
lation between corresponding modes in counter-propagating
directions. The oscillation behaviors of some main modes
in both directions at I = 1.5Ith are depicted in Fig. 3. The
value of the mode photon number is taken after being nor-
malized. As can be seen from it, when mode M = +1 (CW)
reaches its maximum, the mode M = +1 (CCW) reaches its
minimum and vice versa. Figure 4 shows the corresponding
time-averaged optical spectra, from which we can find a con-
ventional bidirectional multimode spectra due to the dominat-
ing amplified spontaneous emission (ASE) noise and asym-
metric gain suppression resulting in the asymmetric gain spec-
tra. When the current reaches 1.65Ith, the power oscillation is
only taken between the two main modes (M = +1 in the CW
direction and the CCW direction) just as shown in Fig. 5, we
call it the single-mode bi-AO regime to differentiate from the
multimode bi-AO regime.
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Fig. 3. (color online) Example of the simulation results of the SRL
operating in the bi-AO regime with I = 1.5Ith, showing the temporal
variations of the normalized photon number of some main modes in
both directions.
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erating in the bi-AO regime with I = 1.5Ith, showing the corresponding
time-averaged optical spectra for both directions.
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Fig. 5. (color online) Example of the simulation results of the SRL oper-
ating in the bi-AO regime with I = 1.65Ith, showing temporal variations
of the normalized photon number of the main modes in both directions.

The RIN spectra of the two bi-AO regimes are respec-
tively depicted in Fig. 6. Just like in the case of a conventional
semiconductor laser,[8,9] the pronounced relaxation oscillation
peaks can be found around 7 GHz, which shift toward the
higher frequency side with the increase of the injection cur-
rent. This behavior is attributed to the increase of repetition

of the output power fluctuation with the increase of current I.
Compared with conventional semiconductor lasers, the SRL
possesses a most remarkable feature of the RIN spectra which
is the significant enhancement of low frequency RIN in the
form of a broad low frequency tail extending all the way to
the relaxation oscillation peak. The low frequency RIN of
the multimode bi-AO regime at I = 1.5Ith is leveling off at
10−10 Hz−1. When the SRL operates in the single-mode bi-
AO regime, the low-frequency RIN level is almost one order
of magnitude lower than in the single-mode bi-AO regime. A
pronounced and sharp peak appears in the low-frequency re-
gion as shown in Fig. 10 at f = 150 MHz corresponding to
the oscillating period T = 1/ f = 6.67 ns in Fig. 5. The actual
value of this frequency denotes the power exchange rate be-
tween the CW and CCW directions. The location of this low
frequency peak is determined by the conservative backscatter-
ing coefficient, which will be discussed in the following sec-
tion.
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Fig. 6. (color online) The RIN spectra in the CCW direction of the SRL
operating in the bi-AO regime. kd = 4.5×107 and kc = 5.2×108.

When the injection current increases from 1.7Ith to 6.7Ith,
the bistable unidirectional (bi-UNI) operating regime emerges,
which is the dominant operation regime of the SRL. In this
regime, the lasing direction changes as the injection current in-
creases and the lasing mode hops to the long wavelength side
at each jumping point correspondingly. The temporal varia-
tions and time-averaged spectra at I = 35Ith are illustrated in
Figs. 7 and 8. The stable single longitudinal mode operation
could be explicitly observed from these two figures; the main
lasing mode has shifted from M =+1 (shown in Fig. 2(b)) to
M = +2, which is attributed to the interaction between linear
gain and asymmetric gain suppression. The side mode sup-
pression ratio (SMSR) is more than 2 dB.

This distinct mode hopping phenomenon can be under-
stood with the help of the optical spectra shown in Fig. 8. As
is well known, asymmetric gain suppression inclines to en-
hance the modes on its long wavelength side and suppress
the modes on its short wavelength side in both directions.[18]

This can explain the asymmetric spectrum in the CW direc-
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tion shown in Fig. 8. However, this effect is partly compen-
sated by FWM, which has the opposite asymmetry with re-
spect to wavelength,[18] i.e. it tends to enhance the modes on
the shorter wavelength side. Unlike the asymmetric gain sup-
pression that can occur between any modes in both directions,
FWM can happen only among modes propagating in the same
direction. This is responsible for the slightly asymmetric spec-
trum in the CCW direction. Therefore, mode M = +3 in the
CW direction has the priority to be selected as a predominant
lasing mode over CCW mode M = +3 in mode competition.
Moreover, nonlinear effects are directly proportional to the in-
tensity of the optical field determined by the injection current.
Therefore, the mode hopping to the long wavelength of the op-
posite direction happens when the gain maximum shifts to the
location of mode M =+3 as the current further increases. As
can be verified from Fig. 2(b), the dominant lasing mode has
shifted from CCW mode M =+2 to CW mode M =+3 in the
higher current region.
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Fig. 7. (color online) Example of the simulation results of the SRL
operating in the bis-UNI regime with I = 3.5Ith, showing the tempo-
ral variations of the normalized photon number of some main modes in
both directions.
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Fig. 8. (color online) Example of the simulation results of the SRL oper-
ating in the bis-UNI regime with I = 3.5Ith, showing the corresponding
time-averaged optical spectra for both directions.

The corresponding RIN spectra of the bis-UNI regime in
SRL are shown in Fig. 9 and the RIN spectra of the bi-AO
regime are also plotted for comparison. The relaxation oscil-
lation peak shifts toward the higher frequency side due to the

higher current I = 3.5Ith. The broad enhanced low frequency
RIN extends all the way to the relaxation oscillation peak with
no pronounced peak appearing in the low-frequency region.
The whole low-frequency RIN level drops off nearly two or-
ders of magnitude than that in the multimode bi-AO regime.
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Fig. 9. (color online) The RIN spectra in the CCW direction of SRL
operating in the bis-UNI regime and bi-AO regime. kd = 4.5×107 and
kc = 5.2×108.

For the current above 6.7Ith, the bidirectional unstable (bi-
UNS) regime or the regime of mode hopping with alternate os-
cillation could be observed, in which both the CW and CCW
directions are unstable and the jumping frequency is relatively
fast. Which mode in both directions would be the lasing mode
could not be ruled, seemingly in a random way, as a result of
the interaction between the asymmetric gain suppression and
linear gain. The time traces of some main modes (M =+2 +3
+4 for CW and CCW) and time-averaged spectra are shown
in Figs. 10 and 11. It is clear that mode hopping happens
among the longitudinal modes propagating in both directions.
It should be pointed out that even though the spectrum looks
like a multimode operation due to a time averaged result, as
shown in Fig. 4, the device actually lies in single mode opera-
tion between the mode hopping points.
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Fig. 10. (color online) Example of the simulation results of the SRL
operating in the bi-UNS regime with I = 7.2Ith, showing the temporal
variations of the normalized photon number of some main modes in
both directions.
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Fig. 11. (color online) Example of the simulation results of the SRL op-
erating in the bi-UNS regime with I = 7.2Ith, showing the corresponding
time-averaged optical spectra for both directions.

The RIN spectra of the above mentioned bi-UNS regime
are depicted in Fig. 12, along with the spectra of other regimes
for comparison. The most remarkable feature of RIN spec-
trum in this regime is the great enhancement of low frequency
RIN, which causes the relaxation oscillation peak to become
unapparent. The RIN level in the bi-UNS regime is the high-
est in the three operating regimes. Furthermore, another peak
approximately at 80 MHz attributed to the mode hopping phe-
nomenon between the CW and CCW directions could be ob-
served in the bi-UNS regime. The mode hopping is caused
greatly by the backscattering coupling and nonlinear mecha-
nisms introduced into the rate Eq. (2), especially the asymmet-
ric contribution of CDP and CH effects.[18] The location of this
peak greatly depends on the backscattering coefficient and the
drive current. Experimental demonstration of this enhanced
low frequency noise in 1550-nm ridge waveguide InGaAsP–
InP SRL has already been performed in Ref. [23].
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Fig. 12. (color online) The respective RIN spectra of CCW direc-
tion for the above-mentioned three kinds of operating regimes of SRL.
kd = 4.5×107 and kc = 5.2×108.

3.3. Influence of intra-cavity backscattering on RIN char-
acteristics

The intra-cavity backscattering coefficients are important
to determine the static and dynamic properties of SRLs. Phys-
ically, the backscattering coefficient represents the energy ex-
change rate between the two directions. The actual values for

kc and kd are determined by localized and distributed varia-
tions of the refractive index and the loss of the passive ring
cavity.[3] The light extraction port in SRL introduces a pertur-
bation of the refraction index, which turns out to be a localized
reflection enhancing the conservative coefficient. Therefore,
the SRL is subjected to the conservative backscattering much
more than the dissipative one. Moreover, the conservative co-
efficient plays a dominant role in determining the operating
regime of SRL. So we will focus on the influence of conser-
vative backscattering coefficient on the RIN characteristics in
the bi-AO and bis-UNI regimes. These two regimes are much
more useful and attractive in the actual OEIC systems based
on SRLs.[6,7]

Figure 13 shows how the RIN spectrum is modified by
the conservative backscattering coefficient in the single-mode
bi-AO regime. The resonance peak shifts towards the higher
frequency side and is much sharper with the increase of con-
servative coupling rate kc, while the low-frequency RIN level
is inversely related to the kc. Such behaviors are in good agree-
ment with the work done by Antonio et al.[15] The spectra are
in good accordance with each other in the high frequency do-
main, which implies that the conservative backscattering coef-
ficient has no influence on the high frequency domain of RIN.
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Fig. 13. (color online) RIN spectra of CCW direction in the bi-AO
regime, showing their dependence on the conservative backscattering
coefficient kc. Here kd = 4.5×107 and I = 1.65Ith.

When the SRL works in the bis-UNI regime, the cor-
responding RIN spectrum dependence on the conservative
backscattering coefficient is depicted in Fig. 14. Just as the
case in Fig. 13, the RIN spectra are in good accordance with
each other in the high frequency domain, which again veri-
fies the insensitivity of high frequency RIN to the backscatter-
ing coefficient. The low-frequency RIN level drops off gradu-
ally with the decrease of the conservative backscattering rate,
which is different from the case in the bi-AO regime.
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Fig. 14. (color online) RIN spectra of CCW direction in the bis-UNI
regime, showing their dependences on conservative backscattering co-
efficient kc. Here kd = 4.5×107 and I = 4Ith.

4. Conclusions
A novel frequency domain multimode model is employed

to investigate the multimode dynamics and RIN characteristics
of SRLs. The comprehensive nonlinear mechanisms among
the lasing modes, such as SHB, CH, and CDP effects, are in-
troduced into this model. Additionally, the Langevin noise
sources on electric field and carrier density fluctuation are also
taken into account. Different operation regimes are observed,
i.e. the bidirectional operation with alternate oscillations just
above the threshold current, the bistable unidirectional operat-
ing regime that emerges with a moderate injection current and
the bidirectional unstable regime with a higher current.

Compared with the case of a conventional FP laser, a
most remarkable feature of the RIN spectrum is the signif-
icant enhancement of low frequency RIN in the form of a
broad low frequency tail extending all the way to the relax-
ation oscillation peak in any regime of the SRLs. The conser-
vative backscattering coefficient significantly affects the per-
formances of OEIC systems based on SRLs. Therefore, the in-
fluences of this particular parameter on the RIN properties are

investigated in detail in the typical bi-AO and bis-UNI regimes
of SRLs.
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