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Abstract: The power-relevant features of Raman random fiber laser (RRFL), such as lasing
threshold, slope efficiency, and power distribution, are among the most critical parameters to
characterize its operation status. In this work, focusing on the power features of the half-open
cavity RRFL, an ultrafast convergent power-balance model is proposed, which highlights the
physical essence of the most common RRFL type and sharply reduces the computation workload.
By transforming the time-consuming serial calculation to a parallel one, the calculation efficiency
can be improved by more than 100 times. Particularly, for different point-mirror reflectivities and
different fiber lengths, the input-output power curves and power distribution curves calculated
by the present model match nicely with those of the conventional model, as well as with the
experimental data. Moreover, through the present model the relationship between point-mirror
reflectivity and laser threshold is analytically derived, and the way for improving RRFL’s slope
efficiency is also provided with a lucid theoretical explanation.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Raman random fiber laser (RRFL) combines the features of nano-particle based random lasers
[1] with easy fabrication and simple configuration, and those of conventional Raman fiber lasers
with wavelength agility [2,3] and high efficiency [4–6], attracting extensive attention in recent
years [7–10]. RRFL was first proposed in 2010 by using a long telecommunication fiber [11],
which naturally shows advantages in the field of long-distance distributed amplification [12,13],
and remotely point sensing [14,15].

To reveal its inherent lasing mechanism, various RRFL mathematical models were established.
The power-balance model can be used to characterize the power features including lasing
threshold, slope efficiency, power distribution [4,11], and high-order emission profiles [16].
The modified power-balance model [17] described the spectral properties, and the nonlinear
Schrödinger equation based model [18] can further study the spectral and temporal intensity
dynamics of RRFL. Besides, wave kinetic theory [19] can be also used to study the spectral and
power properties of RRFL. However, as these models of RRFL are becoming more and more
sophisticated, it takes more and more computational load to generate numerical results, which
could be quite inconvenient in most practical applications that take power properties as priority.
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For the distributed amplification, the power distribution is the focus of consideration, and
for point-sensing system it could be the threshold. In fact, a model that can quickly calculate
these features in a half-open cavity RRFL is highly desired for most applications [20,21], as
it would help to the system designer to grip the major outcome without going through all the
details. The first analytical RRFL model with formulas describing power features was proposed
in Ref. [22] and improved in Ref. [23], which has been well applied in the forward-pumped
long cavity structure. In 2016, a "minimalist" power-balance model for forward-pumped RRFL
with 100% reflectivity was proposed [24], which has no strict requirements on fiber length.
However, to the best of our knowledge, there is not any computationally optimized model for the
backward-pumped RRFL or forward-pumped RRFL with arbitrary reflective mirror.
In this work, an ultrafast convergent power-balance model for half-open cavity RRFL is

presented, which manifests the critical lasing mechanism and largely decreases the computational
workload. Based on the present model, it becomes apparent how Rayleigh scattering coefficient
and fiber length would change the slope efficiency. In addition, the dependence of the lasing
threshold over point-mirror reflectivity is analytically derived, in nice agreement with the
numerical simulations and experimental data. Therefore, it can be widely used for most cases of
half-open cavity RRFL.

2. Modification of the conventional power-balance model

The well-known power-balance model [11,25] is used as the starting point for our approach.
Half-open cavity means there is a point-mirror, e.g., a fiber Bragg grating, at one side of the
cavity. The pump and Stokes lightwaves transmitted in the opposite directions can be ignored in
the proposed model. In addition, the random distributed Rayleigh backscattering is considered as
an equivalent point-mirror. As it could be seen at the end of the deduction, this model is similar
to the conventional Raman fiber lasers model [26], and can be used to easily explain some of the
major features of half-open cavity RRFL.
The power-balance model considers Raman nonlinear amplification, fiber linear loss and

Rayleigh scattering in different propagation directions. It has been proved to describe the power
features of RRFL very well [11,23], and can be expressed as:

dP±p
dx
± αpP±p = ∓

(
νp

νs

)
gRP±p

(
P+s + P

−
s
)
± εpP∓p , (1)

±
dP±s
dx
+ αsP±s = gRP±s

(
P+p + P

−
p

)
+ εsP∓s , (2)

where P denotes the optical power; lower indexes ’p’ and ’s’ correspond to the pump and the
Stokes lasing, respectively; ’+’ and ’-’ denotes the forward and backward waves in the direction,
respectively; ν is the wave frequency; α is the fiber linear loss; gR is the Raman gain index; ε is
the Rayleigh backscattering coefficient.
To obtain the solution of Eqs. (1) and (2), four boundary conditions are needed. The pump

power (Pin) is launched into the fiber at the position x = 0, thus Pp (0) = Pin. In addition,
P+p (0) = RLpP−p (0), P+s (0) = RLsP−s (0) and P−s (L) = RRsP+s (L), where RLp, RLs and RRs are the
pump wave reflectivity at the left fiber end, Stokes wave reflectivity at the left and right fiber
end, respectively. Taking the backward-pumped cavity RRFL as an example, we notice that RRs
depends on the reflectivity of the mirror; RLs is the parasitic reflection.
Based on this model, the resonator of the half-open RRFL consists of two mirrors, that is, a

traditional point-mirror such as FBG or fiber loop mirror, and the distributed mirror composed of
random distributed feedback from Rayleigh backscattering. Here, a simplification is performed,
and the special mirror can be considered as a point-mirror placed at the fiber end with similar
effects. Under this assumption, RRFL essentially becomes a conventional Raman fiber laser, as
shown in Fig. 1.
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Fig. 1. The schematic diagram of the simplified RRFL.

For the conventional oscillator and above the threshold, the forward propagating power and
backward propagating power has the following relationship [27]:

P−s (0)P+s (0) = P+s (x)P
−
s (x) = P+s (L)P

−
s (L) . (3)

Moreover, assuming that the reflectivity of the two RRFL mirrors are RA and RB, the boundary
condition for Stokes lasing can be rewritten as:

√
RAP−s (0) =

√
RBP+s (L). Thus, the ratio of laser

powers coupled out from both sides of the fiber end can be expressed as [26]:

PA

PB
=

1 − RA

1 − RB

√
RB

RA
. (4)

Therefore, if there is a mirror with extremely low reflectivity that satisfies RA � RB or RB � RA,
such as the distributed mirror in RRFL, the laser will be mainly output from one end of the
fiber with high efficiency, even reaching the quantum limit [4]. It is worth noting that the
optical slope efficiency of the half-open cavity RRFL is related to the fiber length and Rayleigh
scattering coefficients. As the cavity length (fiber length) becomes longer or has a higher Rayleigh
scattering coefficient, the cumulative distributed feedback from Rayleigh backscattering becomes
more significant, which results in an increase in the reflectivity of the equivalent point-mirror.
According to Eq. (4), a reduction in the reflectivity difference between the two mirrors will lead
to a decrease in the slope of efficiency.
To further reduce the amount of computation, some approximations are used. First, the

Rayleigh scattering wave P−p is thousands of times lower than the forward pump power P+p in
conventional fibers, so its effect on the forward pump power and Stokes powers can be ignored
[17,23,24]. Moreover, the power generated by the Rayleigh scattering reflection is also much
smaller than that of the point-mirror reflection. Thus, based on Eq. (3) for the forward-pumped
RRFL, the forward-propagating Stokes lasing is much higher than the backward one, and P−s
can be also neglected [24] in Eq. (1) and (2). Further, for the backward-pumped RRFL, the
backward-propagating Stokes lasing is higher than the forward one, and P+s can be neglected as
well.

Combining all above approximations, the steady-state Eqs. (1) and (2) for backward-pumped
RRFL can be simplified into two equations:

dP+p
dx
+ αpP+p = −

1
νs
gP+pP

−
s , (5)

−
dP−s
dx
+ αsP−s =

1
vp
gP−s P

+
p , (6)

where g ≡ vpgR for the symmetry and aesthetics of the equations. Besides, only two boundary
conditions are required:

P+p (0) = Pin, (7)
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P−s (L) =
√
Reff
√
RP−s (0) , (8)

where R is the reflectivity of the traditional point-mirror and Reff is the reflectivity of the
equivalent point-mirror. For the forward-pumped RRFL, the steady-state Eq. (6) and boundary
condition (8) should be changed to:

dP+
s

dx
+ αsP+

s =
1
vp
gP+

sP
+
p , (9)

P+
s (0) =

√
Reff
√
RP+

s (L) . (10)

It should be noted that, for the half-open cavity RRFL, the value of Reff is directly related to
the Rayleigh scattering coefficient, and the increase of the coefficient will reduce the threshold
(Pth) of RRFL. Thus, the relationship between Reff and Pth is inversely proportional, which can
be expressed as (similar to [28]):√

Reff=
1
√
R

exp
(
−gRPthLeff + αsL

)
, (11)

where Leff is the effective fiber length (Leff ≡ 1
α [1− exp (−αL)]). For a certain length of fiber, the

value of Reff is a constant, and the threshold power can be written as a function of the point-mirror
reflectivity:

Pth (R) = −
1
G

ln (R) + κ, (12)

where G = 2gRLeff and κ = [αsL − 0.5 ln
(
Reff

)
]/gRLeff . Thus, the threshold of RRFL decreases

logarithmically with the increasing mirror reflectivity. This equation clearly explains why the
threshold of the half-open RRFL is much lower than that of the open cavity RRFL.

3. Solution for the ultrafast convergent power-balance model

In order to quickly obtain solutions of the ultrafast convergent power-balance model (UCM),
a novel solving procedure is proposed. Since the model is applicable to both the forward and
backward pumped structures and the iterative process is similar, the backward-pumped RRFL is
used as an example to illustrate the process.
Integrating the Eqs. (5) and (6) over the range 0 to x gives:

P+p (x) = P+p (0) e−αpx exp
[
−
g
νs

∫ x

0
P−s (x)dx

]
, (13)

P−s (x) = P−s (0) eαsx exp
(
−
g
νp

∫ x

0
P+p (x)dx

)
, (14)

which can be used to iteratively obtain accurate power distribution curves. The first part of the
index term (αx) in those two equations represents the fiber linear loss, and the second index term
represents the nonlinear cumulative power transfer of the Raman effect. Furthermore, the correct
value of P−s (0) is also satisfied with the boundary condition (8), and substituting it into Eq. (14)
one can obtain a critical relation:√

Reff
√
R = eαsL exp

(
−
g
νp

∫ L

0
P+p (x)dx

)
. (15)

Thus, the value of P−s (0) for each pump power can be selected by the shooting method based
on Eq. (15). It should be further noted that, no matter how the values of P+p (0) changes, the
integral result of P+p (x) is always a constant (i.e.,

∫ L
0 P+p (x)dx = constant), which is the same for
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the forward-pumped case. In other words, the excess pump energy Pin will be transferred to the
Stokes wave, and the integral power for the Stokes wave goes up with the increase of the pump
power.

Based on the Eqs. (13)–(15), the iterative block diagram for solving Eqs. (5) and (6) is shown in
Fig. 2, which includes two loop bodies: "loop body one" is to obtain accuracy power distributions
using given boundary conditions, and "loop body two" is to find the correct boundary conditions
that satisfy Eq. (15). The specific process is as follows:

Fig. 2. The iterative block diagram for solving Eqs. (5) and (6).

¬: Set the initial values of P+p (x) and P−s (0) to P+p (0) and A, respectively, and the value of
A can be arbitrarily selected from 0 to P+p (0). At the time T0, send them into "loop body one"
shown in Fig. 3(b), at which time the power distribution of P+p (x) is uniform. Then at time T1,
substitute the distribution of P+p (x) into Eq. (14) to obtain a preliminary expression for P−s (x):

P−s (x) = P−s (0) eαsx exp
(
−
g
νp
P+p (0) x

)
. (16)

At time T2, integrate the expression P−s (x) to get P+p (x):

P+p (x) = P+p (0) exp

{
−αpx −

gνpP−s (0)
νs

[
αsνp − gP+p (0)

] [
e
(
αs−

g
νp P

+
p (0)

)
x
− 1

]}
. (17)

It should be noted that Eq. (17) can already be considered as the final analytic solution of P+p (x),
because it is close enough to the final values, as shown in Fig. 4. The final expression of P−s (x)
can be also obtained after substituting Eq. (17) into Eq. (14) at time T3. In addition, the accuracy
of the calculated power distributions P+p (x) and P−s (x) can be further improved after repeatedly
executing the process from T1 to T2 to T3.

: If the output result P+p (x) do not meet the condition (15), then go to step ®, otherwise to
step °.

®: Change the initial value of P−s (0): if the integration result of P+p (x) is too large, increase
the initial value P−s (0); otherwise, decrease its value.

¯: Calculate the power distributions P+p (x) and P−s (x) again based on the renewed boundary
conditions.

°: Obtain the final power distributions of P+p (x) and P−s (x).
Moreover, the iterative process described above can be also used for the forward-pumped

structure, requiring only a few modifications in Eq. (14):

P+s (x) = P+s (0) e−αsx exp
(
g
νp

∫ x

0
P+p (x)dx

)
. (18)

For the "loop body one", it is a time-saving and accurate process compared to traditional
Euler method for numerically solving differential equations. Using the present model, the
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Fig. 3. Methods for solving the systems of differential equations of the RRFL: (a) traditional
Euler method; (b) the method for solving UCM used in "loop body one".

Fig. 4. The power distribution for (a) forward pump wave; (b) backward Stokes wave under
20 km backward-pumped structure with initial value P+p (0) = 2 W and P−s (0) = 0.2 W.
After cycle once: Time T3 in Fig. 3(b).

power distribution of P+p (x) can be directly calculated by Eq. (17). Although calculating the
P−s (x) involves numerical integration through Eq. (14), the power of each point can be obtained
simultaneously by parallel calculation, as shown in Fig. 3(b), which is beneficial to introduce the
GPU acceleration in the calculation and achieve ultrafast convergence. Even if the "loop body
one" is executed multiple times for improving accuracy, the calculation speed will be much faster
than the traditional method that needs to calculate millions of power values point by point, as
shown in Fig. 3(a).
For the "loop body two", it is a memory-saving and easy-execute process compared to the

iteration of the conventional model based on Eq. (1) and (2). Using our present model, the number
of differential equations is reduced from 4 to 2, which saves nearly half of the computer memory.
In addition, the boundary conditions are also greatly reduced, and the value of P−s (0) can be
obtained only through a simple iteration, while for conventional model three boundary values



Research Article Vol. 28, No. 15 / 20 July 2020 / Optics Express 22506

(i.e., P−p (0), P−s (0) and P+s (0)) need to be determined simultaneously, which largely increases
the iterative difficulty and time consumption.

Due to the above factors, the calculate speed of the UCM could be more than 100 times faster
than that of the conventional model, and it could be much higher with a computation platform
with more threads, such as using better performance GPU or distributed computation. The
simulation comparison is set as follows: divide the fiber into 500,000 elements, and calculate
50-point pump power. For the present model, as the "loop body one" circulates 5 times and "loop
body two" executes 200 times using GPU with 896 CUDA cores, the average caculation duration
is only 71.4 seconds (about 1.2 minutes), while the conventional model requires 7967 seconds
(more than 2 hours).

4. Validation of UCM with experimental and simulation results

We have also performed experiments and numerical simulation in order to verify the correctness
of the UCM. For the experimental part, we apply the UCM to some typical RRFL structures, and
compare them with the results of conventional model and experiments to illustrate its accuracy
and reliability. For the numerical simulation, the conventional model is also used for comparison,
which has been proved to provide results close to the experimental ones. We show in the
simulation part the power properties of different point reflectivities and different fiber lengths,
respectively.

Some typical experiments are carried out to verify whether the solution of the UCM is closed
to the actual values. The measured output Stokes power versus pump power is shown in Fig. 5.
Besides, the dotted lines correspond to the calculated output power based on the conventional
model, while the dots correspond to the calculated output power based on the UCM.

For the backward-pumped experiments, we apply the present model to the low-threshold and
high-efficiency RRFL with a 60% reflectivitive fiber loop mirror [29]. The pump wavelength is
set as 1090 nm, the corresponding 1st-order Stokes is 1145 nm, and the laser cavity uses 5 km
standard single-mode fiber (SMF). From the results on the right side of Fig. 5, even at high pump
power (∼ 10 W) and using relatively short cavity, those two models are in good agreement and
both fit the experimental data well.

Fig. 5. Output power vs. pump power for some typical half-open cavity RRFL structure.
UCM: ultrafast convergent power-balance model.

For the forward-pumped experiments, two point-mirrors with 72% reflectivity and 43%
reflectivity are analyzed [30], respectively. In this case, a 1365 nm Raman fiber laser is used
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as the pump laser to generate the 1455 nm 1st-order Stokes laser in the 50 km SMF. The
results calculated by those two models also fit the experimental data well, which is shown in
the left side of Fig. 5. In addition, as the mirror reflectivity decreases from 72% to 43% ,
the laser threshold is increased about 0.04 W, which is consistent with the theoretical result
ln

[
(0.72/0.43) /2gRLeff

]
≈ 0.041 W calculated according Eq. (12). Thus, the present model can

be used to reflect the actual power properties well, and simulation results of the conventional
model can be also used as a standard reference for further testing the accuracy of the present
model.

The simulation part gives a more detailed display of the power properties and further discusses
the results of Eqs. (4) and (12). The simulated laser structure is described as follows: pump
wavelength 1365 nm; Raman laser wavelength 1455 nm; a 1455 nm FBG is placed at one port of
the fiber end and the other parameters are summarized in Table 1.

Table 1. Parameters for the numerical calculation

Wavelength (nm) α (dB/km) ε (km−1) gR (W−1km−1)

1365 0.31 1 × 10−4 0.53

1455 0.24 6 × 10−5 -

To study the effect of the point-mirror reflectivity on the RRFL, the fiber length is fixed at
10 km. The simulation results for backward-pumped RRFL are shown in Figs. 6(a)-(c), and
Figs. 6(d)-(f) are the results of the forward-pumped RRFL. Figures 6(a) and 6(d) show the output
power of the Raman random lasing power versus pump power with reflectivity 99%, 50% and
25%. The solution of present model matches nicely with the results from the conventional model.
Figures 6(b) and 6(e) display the power distribution with 25%-point reflectiveness at 2 W pump
power. The results of backward-pumped structure are much close to those of the conventional
method. However, for the forward-pumped RRFL the deviation is a bit enlarged. This is caused
by the larger output Stokes power in this case, which is more likely to transferring the energy
to the opposite direction. Overall, the deviation is rather small especially at the output port,
indicating that the assumptions used in the simplification process are plausible. Figures 6(c) and
6(f) reflect the change of the laser threshold with the point-mirror reflectivity. Regardless if it
concerns the forward or backward pump structure, the change trend is consistent with Eq. (12).

To study the effect of the fiber length on the UCM of RRFL, the mirror reflectivity is fixed at
99% and the results are shown in Fig. 7. For the backward-pumped case in Fig. 7(a), the output
Stokes power is shown to be close to result of the conventional model within the 50 km fiber.
With further increase of fiber length, the structure of backward-pumped fiber cavity tends to
be a full-open cavity and the present model used in this case will naturally yield less accurate
results. However, this does not occur with the forward-pumped structure shown in Fig. 7(b).
Moreover, it can be also observed that regardless of the forward or backward pumped structure,
the slope efficiency decreases with the increase of the fiber length, which is consistent with the
inference of Eq. (4). The equation lucidly shows that reducing the Rayleigh scattering coefficient
or decreasing fiber length of the RRFL can improve the optical-optical conversion efficiency,
while the traditional model could reach the same conclusion but in an indirect way (e.g., by
calculating the efficiency v.s. length curve).
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Fig. 6. Comparison between the conventional model and the UCM for the half-open cavity
RRFL. (a-c) backward-pumped RRFL; (d-f) forward-pumped RRFL. (a) and (d) Raman
output power vs. pump power with different reflectivity values; (b) and (e) power distribution
with 25% reflective mirror at 2 W pump power; (c) and (f) the threshold of RRFL as a
function of point-mirror reflectivity.
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Fig. 7. Comparison between the conventional model and the UCM with different fiber
length: (a) backward-pumped RRFL; (b) forward-pumped RRFL.

5. Conclusion

An ultrafast convergent power-balance model for half-open cavity RRFL is proposed, where the
essential relations between the key parameters become much more transparent and intuitive,
e.g., the ways for enhancing the slope efficiency, as well as the relationship between the lasing
threshold and the point-mirror reflectivity. Meanwhile, the model can significantly reduce the
computation load and speed up the calculation procedure (a factor of >100 times acceleration
has been demonstrated). We thus hope that the model and the corresponding solving procedures
can help to provide a very efficient platform for designing optical sources, distributed amplifiers
and sensing systems based on half-open cavity RRFL.
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