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ABSTRACT We propose a new modulation approach based on multi-phase coded signal (MPCS) to
increase stimulated Brillouin scattering (SBS) threshold in high power narrow-linewidth fiber amplifiers.
To investigate the SBS suppressing capacity of the proposed modulation technique, the dynamics of SBS
process with different spectra are simulated in active fibers with different dopants, core diameters, lengths
and pumping lights based on three typical types of pumping sources (976 nm laser diodes, 915 nm laser
diodes and 1018 nm fiber lasers). Before simulation, a spectral-correlated combining efficiency criterion
based on coherent beam combining (CBC) system is introduced and is set to be identical in different spectra.
As a result, compared with the typical white-noise-signal (WNS) and pseudo random bit sequence (PRBS)
modulation techniques, the MPCS modulation yields a higher SBS threshold in 915 nm and 1018 nm
pumped fiber amplifiers with relatively longer active fiber. Besides, in fiber amplifier constructed by general
20/400 pm active fiber and with 976 nm pumping strategy, MPCS modulation performs better than WNS
and PRBS modulation as well. We believe that this modulation signal is expected to be applied in narrow-
linewidth, large-mode-area (LMA) high-brightness fiber laser systems to balance the SBS effect and thermal

mode instability (TMI) phenomenon.

INDEX TERMS
Brillouin scattering, phase modulation.

I. INTRODUCTION

Coherent beam combining (CBC) is a promising technique
to break through the brightness limitations of single mono-
lithic fiber amplifier [1]-[8]. As the combining beamlet in
CBC system, the power scaling ability of high-brightness,
Yb-doped, narrow-linewidth fiber amplifier is one of the
significant aspects. Along with the development of output
power scaling, the brightness of this type of fiber source is to
be restricted by the dual effects of nonlinear stimulated Bril-
louin scattering (SBS) and thermal-induced mode instability
(TMI) [9]-[15]. Specifically, SBS will induce the laser light
transferring into the backward Stokes light so that the output
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power of the fiber amplifier will be limited and the whole
amplification system will be fragile [16]. TMI will cause the
dynamical coupling between fundamental mode and higher
order modes and consequently impact the beam quality of the
fiber amplifier [17].

As for SBS effect, several suppressing techniques have
been proposed, such as selecting large mode area, short
active fibers [18], [19], applying thermal or stress gra-
dients [20]-[23], acoustic tailoring techniques [24], [25],
multi-longitudinal-mode (MLM) fiber oscillator [26], multi-
tone injection [27], [28] and phase modulation [29]-[34].
Among all of them, phase modulation technique is a simple
and robust approach to mitigate SBS effect and control
the linewidth of fiber amplifiers to promise an excellent
temporal coherence [35]. Aiming on this approach, some
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typical modulation signals have been proposed and applied,
which mainly includes sine-wave signal modulation [9], [29],
white noise signal modulation [30], [31], pseudo-random
bit sequence (PRBS) modulation [10], [32], and piecewise
parabolic signal (PPS) modulation [33] and multi-objective
nonlinear optimized signal (MONOS) modulation [34].
Within these modulation signals, WNS and PRBS are the two
prevail phase modulation techniques in multi-kilowatt level,
narrow-linewidth fiber amplifiers [10], [30]-[32].

With the gradual increase of output power, balancing SBS
and TMI is becoming more and more important. Previously
studies shown that the TMI threshold could be effectively
suppressed by gain saturation effect, which could be fulfilled
by shifting the pumping wavelength [36]. Compared with the
conventional 976 nm pumping manner, adopting 915 nm and
tandem pumping strategies are two feasible and promising
ways. In fact, a 3.7 kW all fiber narrow linewidth single mode
fiber laser pumped by 915 nm laser diode has been demon-
strated by simultaneously suppressing nonlinear effects and
TMI [14]. In addition, the tandem pumping strategy has also
been incorporated into a 4 kW-level narrow-linewidth fiber
amplifiers for TMI suppression quite recently [37].

In this manuscript, a new phase modulation signal named
multi-phase coded signal modulation (MPCS) is proposed
and theoretically analyzed in high power narrow-linewidth
fiber amplifiers. MPCS is a periodic, deterministic signal
with features that are a function of the modulation frequency
and pattern length, which changes the phase of laser at a series
of states from 0 to 2w. By introducing a spectral-correlated
combining efficiency criteria based on coherent beam com-
bining (CBC) system, the SBS suppressing ability of fiber
amplifiers with different modulation techniques are com-
pared in the circumstances of different dopants, core diame-
ters, fiber lengths and pumping manners. Comparing with the
typical WNS and PRBS modulation, the overall results show
that MPCS modulation has higher SBS threshold in relatively
long active fiber with 915 nm and 1018 nm pumping manners,
and also has positive SBS suppressing effect in active fiber
with core/cladding diameters of ~ 20/400 um and 976 nm
pumping manner.

Il. THEORETICAL BACKGROUND

A. THE MATHEMATICAL PRINCIPLE OF MPCS

Multi-phase coded signal is a complicated modulated sig-
nal widely used in modern radar and communication sys-
tems [38], which can be expressed as

s(t) = Aexplj2rft + ¢(1))] ey

where A is the signal amplitude, f is the carrier frequency, ¢(¢)
is the phase modulation function over time. In the situation of
MPCS, the math function of ¢(¢) can be expressed as:

dk) = (k — 1)2/(2”— D—(k—-1,k=1,...,2"=1)
@(t) = B x ®(rem(fix(vt)/(2" — 1)) + 1) (2
In Equation (2), (k) is the state function and 2"-1 is the

number of MPCS pattern that also means the number of phase
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FIGURE 1. (a) The phase of laser modulated by MPCS over a long time
range. (b) The phase of laser modulated by MPCS over a short time range.

states in a period. B is the modulated amplitude and v is the
modulated frequency. fix is a rounding function and rem is
remainder function.

Here we set that n is equal to 7, which has been proved to
be the optimal state for SBS suppression by PRBS modula-
tion [39]. In the following simulation, for fairly compare their
capabilities, both the MPCS and PRBS modulations have the
same pattern above mentioned. Fig. 1 shows the phase states
of laser modulated by MPCS in time domain when modulated
amplitude (B) is set to be 7 and the modulated frequency (v)
is equal to 1.5 GHz. It suggests a nearly periodic parabolic
envelope in a long time range as shown in Fig. 1(a). We also
show the detail of the phase change in a short time range,
which displays a stepped feature in nanosecond (ns) scale
as shown in Fig. 1(b). However, the modulated depth shown
in Fig. 1 may be too large to realize on experiment. Thus,
we can leave the remainder as phase value after the phase
o(t) is divided by 27 so that the modulated depth would not
exceed 27, which is more feasible in realization. The SBS
suppression effect of MPCS after dividing is proved to be
feasible in the following simulation.

The phase after dividing is shown in Fig. 2(a). A series
of phase states from 0 to approximately 27 could be gen-
erated by MPCS. In addition, MPCS modulation generates a
nearly sinc? spectrum as shown in Fig. 2(b). The envelope
shown in Fig. 2(b) is similar to the generated optical spec-
tral distribution by PRBS while its degree of denseness is
higher. In contrast to WNS, the spectrum created by MPCS
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FIGURE 2. (a) The phase of laser modulated by MPCS after dividing over a
short time range. (b) The spectrum of laser modulated by MPCS.

shows features such as discreteness and deterministic [34].
For a given modulated frequency (v.), each phase state has a
duration time of 1/v.. The sinc? spectrum has nulls located at
integer multiples of v. and - v.. The pattern length controls the
number of discrete spectral components within that envelope.
The line spacing can be calculated by v./2" — 1.

B. THE THEORETICAL MODEL OF SBS EFFECT

In this section, we introduce a detailed model to analyze
the SBS process in active fiber amplifier. In the theoretical
analysis of SBS in optical fibers, transient coupled wave
equations describe the evolution of the laser field, the Stokes
field and the phonon field correctly [39]. Here we further con-
sider the active amplifying effect occurring in the amplifier.
And the self-phase modulation and cross-phase modulation
between the signal light and the Stokes light are also taken
into consideration. The normalized amplitudes of the laser
light (As), the Stokes light (Ap), and the phonon field (Q)
satisfy the following equations [40].

0A; 1 0A; o

I
B2 g a2ty = oA

+iys (A > +21Ap1)A +ik1,ABQ (3)

04, 194 9 et 0o )N — 0N 1A
-t = ~[(ousto -0
aZ VgB a1 ) B ) as es)IV2 as B
+iys(1Ag1* + 21A;))Ap + ix1pA;Q*
4)
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where vy and vgp are the group speed of signal laser and
Stokes light, vy is the acoustic velocity in active fiber. ag
and op are the attenuation of signal laser and Stokes light
in active fiber. o, and o,y are the absorption cross-section
and emission cross-section of signal laser. yg is the non-linear
coefficient of signal laser and ' is the acoustic damping
ratio. 2p represents the acoustic angular frequency while the
2 indicates the varied angular frequency. k15, k1p and k» are
coupling coefficients of the signal laser, Stokes, and acoustic
fields, respectively. A4, is the effective interaction area of the
light field and the acoustic field. f is the heat noise that arises
the SBS spontaneously, which can be expressed as [41]

(f@. Of @, 1)) = Nod(z — 2)8(t — 1) (6)

_ 2kTopol's
Q= ViAeﬁ" (7)
(fz,0) =0 (3)

where k is Boltzmann Constant and py is the density of fiber,
Tp is the temperature and A,y is the effective mode area that
is equal to the fiber core area in this simulation. Except for
the laser, Stokes and phonon fields, the pumping light of
amplifier, which has the same propagation direction of signal
laser in this model, could be calculated by laser rate equation
as shown below.
% L%——QP —TplogpN — (0ap + 0ep)N2 1P,
9z Ve 9 ortr plOap ap ep)N21Ep
©)

In (9), Pp means the pump power. vg), is the group speed of
pump light in active fiber. ap is the absorption coefficient of
pump light in fiber. o, and o, are absorption cross-section
and emission cross-section of pump light in active fiber.
N and N, represent the number of doped Yb™ particles and
excited Yb™ particles at upper-energy state. In fact, N, obey
the following equation.

N> Ny Tk

? = - + heA., [0asN — (045 + 0es)N21(Ps + Pp)

Cphp
+ heA, [UapN - (Uap + Gep)NZ]Pp (10)

where 7 is the average lifetime of Yb™ at upper-energy state.
c is the speed of light in vacuum, % is Planck Constant and
A is the doped area. I's and I'p are the overlapping factors
of signal light and pump light, respectively. Ps, Pp and Pp
represent the signal power, Stokes power and pump power
respectively.

In the simulations, a typical parallelizable, bidirectional
(PB) numerical algorithm is employed [42] and the typi-
cal and universal parameters of active fiber are present in
Table 1.
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TABLE 1. Parameters used in model.

Symbol Quantity Value

As Signal laser wavelength 1064.0 nm

g Stokes light wavelength 1064.1 nm

Neo Refractive index of signal laser 1.451
(Stokes light)

n, Refractive index of pump light 1.415

Aao Interaction area between light and 2 6543x10710 2

sound

r Yb* lifetime 840 s

7% Nonlinear coefficient of signal laser 0.902

Iy Acoustic damping rate 2.0552x108

Ip Overlap factor of pump light 0.0025

Ty Overlap factor of signal laser 1.0000

a, Attenuation of pump 2.1 dB/km

o Attenuation of signal 15 dB/km

To Temperature 293 K

po Fiber density 2210.0 kg/m’®

Vi Velocity of sound 5897.4 m/s

N Doping concentration of Yb* 7.8189x10% /m*

O Acoustic angular frequency 1.0106x10" rad

C. A SPECTRAL-CORRELATED COMBINING EFFICIENCY
CRITERION

Before simulation, a criterion that could be employed to
compare the SBS suppression effect of different modulated
signals and explore the advantages of MPCS modulation
technique is strongly required. One conventional route seems
to be feasible is to compare the SBS threshold at identi-
cal “spectral linewidth”. In previous studies, different def-
initions of “‘spectral linewidth” of narrow-linewidth fiber
amplifier, such as full-width at half-maximum (FWHM)
[31], 85% fraction of total power [33] and root-mean-square
(RMS) [34], have been proposed. However, different spec-
tral distributions or spectral envelopes could be produced
by using different modulation signals. The multiplicity of
definition of spectral linewidth would bring inconvenience
in comparing the SBS suppressing ability of spectra with
different envelopes. In order to overcome the difficulties
above, we directly employ the relationship between combin-
ing efficiency of CBC system and the spectral distribution,
and compare the SBS thresholds of different modulation
signals under identical combining efficiency. By doing this,
the ununiformed definitions of “spectral linewidth” could
be avoided. Without loss of generality, based on a typical
two-channel coaxially CBC system with delay time of 7, the
spectral-correlated combining efficiency could be expressed
by [43]

N
> P, cos(2mv,T)

(1D

where v, is the frequency of spectrum and N is the total
number of spectral lines in spectrum. P,, is the power intensity
at frequency of vy in spectrum. From the theoretical analysis
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FIGURE 3. Schematic of MOPA structure in the simulation.

above, a spectral-correlated combining efficiency criterion
is introduced and can be determined by the distribution of
spectrum, which is suitable for arbitrary spectra. Thus, under
the same combining efficiency, the SBS suppressing capabil-
ities of different modulation signals could be compared by
calculating and comparing their SBS thresholds.

Ill. RESULTS

In this section, we show the SBS suppression effect in three
different pumping manners, namely 976 nm laser diodes,
915 nm laser diodes and 1018 nm fiber lasers for tandem
pumping. As depicted above, even pumped by 976 nm laser
diodes is prefer for SBS suppression due to its highly effi-
cient absorption in Yb-doped fiber amplifier, the 915 nm
and 1018 nm pumping manners have high TMI thresholds.
Thus, the analysis is especially focused on high power,
narrow-linewidth fiber amplifiers by simultaneously balanc-
ing SBS and TMI.

In the following simulations, without loss of generality, the
delay time 7t is set to be 0.16 ns, which corresponds with
a typical optical path difference nearly 5 cm in the CBC
system [44]. The coherent combining efficiency of each spec-
trum is made to be equal to 87.5% by applying suitable mod-
ulated depth and frequency. In this circumstance, the typical
FWHMs of spectra modulated by WNS, PRBS and MPCS
are calculated to be about 1 GHz, 1.5 GHz, and 1.5 GHz,
respectively. The injected seed power is set to be 18 W and
the total absorption coefficient is set to be about 13.5 dB to
ensuring sufficient pump absorptions at each pumping wave-
length. Besides, in each situation, considering the practical
application, 3 m delivery passive fiber is followed behind
the active fiber. The typical schematic in our simulation is
shown in Fig. 3, which is based on the MOPA structure.
A modulated seed laser is pre-amplified firstly and then
injected into the main amplifier, between which a coupler is
used to monitor the backward Stokes power. As described
above, the ratio of backward Stokes power to output power
(defined as “reflectivity’’) would increase nonlinearly when
SBS threshold appears. Thus, we consider the output power
as the SBS threshold when the reflectivity gets to be 0.02%
and increases dramatically with the laser output power.

Firstly, the SBS suppressing effects of different modu-
lation signals (MPCS, WNS, PRBS) are calculated based
on 976 nm pumping manner. In this case, the cladding absorp-
tion coefficients are set to be 1.5 dB/m in 20/400 um active
fiber, 2.4 dB/m in 25/400 pum active fiber and 2.7 dB/m
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FIGURE 4. Reflectivity vs. the output power in different fiber amplifiers
pumped by 976 nm light (a) 20/400 xm fiber with 9 m, (b) 25/400 xm
fiber with 5.625 m, (c) 30/400 um fiber with 5 m.

in 30/400 pm active fiber, respectively. The corresponding
fiber lengths are about 9 m, 5.625 m and 5 m, respec-
tively. As for different types of active fiber, the increase
trend of reflectivity along with the output power is shown
in Figs. 4(a)-(c).

The threshold is marked with a red dotted line where
the reflectivity reaches to 0.02% and increases dramatically.
As for 20/400 pum active fiber, the calculated SBS threshold
of MPCS is ~ 690 W, which is 1.11 times and 1.03 times
higher than the WNS and PRBS modulations, respectively.
However, for 25/400 pum active fiber, the SBS threshold of
MPCS is ~ 702 W, which is 1.04 times lower than the WNS
modulations and is almost the same with PRBS modulation.
For 30/400 pwm active fiber, the situation is similar to that in
25/400 pm active fiber. Based on the analysis above, it could
be concluded that the MPCS has a more positive effect on
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FIGURE 5. Reflectivity vs. the output power in different fiber amplifiers
pumped by 915 nm light (a) 20/400 um fiber with 24.5 m, (b) 25/400 xm
fiber with 16.875 m, (c) 30/400 xm fiber with 13.5 m.

SBS suppressing than PRBS and WNS by using 20/400 um
active fiber for constructing fiber amplifiers. Besides, due to
the TMI threshold will increase with the decrease of active
fiber core size, compared with 25/400 um and 30/400 um
active fibers, the 20/400 um active fiber has higher TMI
threshold in a practical narrow-linewidth fiber system [36].
Then, we analyze the situation that the pumping light oper-
ates at 915 nm. In reality, the absorption coefficient in 915 nm
pumped fiber amplifier is much lower than that in fiber ampli-
fier pumped by 976 nm light. In our simulations, they are set
to be 0.55 dB/m in 20/400 pum fiber, 0.8 dB/m in 25/400 pum
fiber and 1 dB/m in 30/400 um fiber. The corresponding
fiber lengths are calculated to be 24.5 m, 16.875 m and
13.5 m respectively, which promises a total pump absorption
of ~ 13.5 dB at 915 nm. Fig. 5 shows the results in the three
different fiber amplifiers pumped by 915 nm laser diodes.
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The MPCS modulation presents a significant superior-
ity on SBS threshold improving in all the fiber amplifiers
here. In the 20/400 wum fiber with a length of 24.5 m,
the SBS threshold we obtained by MPCS modulation is
about 560 W, exceeding 40 W than that modulated by PRBS
and being 1.3 times than that modulated by WNS. The advan-
tage also exists in 25/400 pm fiber with a length of 16.875 m.
The MPCS modulation improves the SBS threshold by 10%
compared with PRBS modulation and 20% compared with
WNS modulation. When the core diameter is increased
to 30 um, MPCS still has highest SBS threshold of 680 W
while the other two modulation techniques has threshold
of 660 W (PRBS) and 620 W (WNS) respectively. It is no
doubt here that MPCS modulation are more suitable to be
applied in fiber amplifier pumped by 915 nm laser diodes.

In the last section, the process of SBS in fiber amplifier
adopting tandem pumping technique with 1080 nm fiber laser
is simulated. Because that the cladding absorption coeffi-
cient at 1018 nm in Yb-doped active fiber is small, highly
doped, large-mode-area active fiber should be adopted for
favorable of stimulated Raman scattering (SRS) effect. In the
previous experiment, normally active fiber with core diam-
eter of 30 um and inner cladding diameter of 250 um is
employed [45]. In the simulation, the pumping absorption
coefficient at 1018 nm is set to be 0.34 dB/m and as long
as 40 m active fiber is adopted.

The simulating results are present in Fig. 6. It is obvious
that MPCS modulation also presents best performance in
tandem pumping fiber amplifier compared with WNS and
PRBS. It has a SBS threshold of 380W which exceeding more
than 10% and 20% than those modulated by PRBS and WNS
respectively. As we all know, tandem pumping has very little
quantum defect so that it can produce little heat and has a
high TMI threshold. We believe that the MPCS modulation
technique we proposed could play a key role on balancing
the SBS and TMI to achieve higher power output in tandem
pumping fiber laser system.

IV. CONCLUSION

In summary, we have presented MPCS phase modula-
tion for SBS management in high power narrow linewidth
fiber amplifier for the firstly time to the best of our
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knowledge. It provides determined multi-phase states varying
from 0 to 27 and generates a discrete nearly sinc® opti-
cal spectrum. To explore its application on balancing SBS
and TMI, a theoretical model is introduced to calculate the
amplifying process in fiber amplifier pumped by 976 nm,
915 nm and 1018 nm (tandem pump) light. Moreover, the
advantages on SBS suppressing of MPCS with that of WNS
and PRBS techniques are compared with a standard based on
coherent combining efficiency. We find that MPCS modula-
tion presents better performance on improving SBS thresh-
old in the case of 915 nm pumping and tandem pumping.
Besides, in a general 20/400 um fiber amplifier pumped
by 976 nm laser diodes, MPCS also shows better SBS sup-
pressing capacity compared with WNS and PRBS. Overall,
MPCS modulation has great potential on balancing SBS and
TMI effect in fiber amplifier and achieving higher power
laser output at narrow linewidth, which could have significant
impact on high power beam combining system.
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