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Abstract: We use a model to investigate both the temporal and spectral characteristics of a signal
lightwave which has been spectrally broadened through phase modulation with a maximal-length
sequence (MLS), which is a common type of pseudo-random bit sequence. The enhancement
of the stimulated Brillouin scattering (SBS) threshold of the modulated lightwave in a fiber
system is evaluated by numerically simulating the coupled three-wave SBS interaction equations.
We find that SBS can build up on a nanosecond-level time scale in a short fiber, which can
reduce the SBS suppressing capability of MLS modulation waveforms with GHz-level clock
rate, if the sub-sequence ("run") lengths with the same symbol (zero or one) of the MLS extend
over several nanoseconds. To ensure the SBS buildup is perturbed and thus suppressed also
during these long sub-sequences, we introduce a low-pass filter to average the signal over several
bits so that the modulation waveform changes gradually even during long runs and amplify the
RF modulation waveforms to the level required for sufficient spectral broadening and carrier
suppression of the optical signal. We find that the SBS suppression depends non-monotonically
on the parameters of the filtered and amplified MLS waveform such as pattern length, modulation
depth, and the ratio of low-pass filter cutoff frequency to clock rate for maximum SBS mitigation.
We optimize the SBS suppression through numerical simulations and discuss it in terms of the
temporal and spectral characteristics of the lightwave and modulation waveform using derived
analytical expressions and numerical simulations. The simulations indicate that the normalized
SBS threshold reaches a maximum for a RMS modulation depth of 0.567 and a ratio of filter
cutoff frequency to clock rate of 0.54 and that MLS9 is superior to other investigated patterns.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Yb-doped fiber amplifiers (YDFAs) at wavelengths around 1 um are well-established as reliable
laser sources for high power and brightness [1,2]. Still, they are limited by nonlinearities, optical
damage, and thermal problems [3-6]. Several beam combining schemes aiming to overcome
their limitations were demonstrated in recent years [7-9]. Both spectral and coherent beam
combining benefit from monolithic fiber amplifiers with narrow linewidth and good beam quality
[10-13]. However, for those beam combining schemes, the nonlinear effect of stimulated Brillouin
scattering (SBS) limits power scaling, and suppression techniques are therefore applied [14—16].
SBS is a spectrally narrow process that involves scattering off an acoustic wave. External phase
modulation of a single-frequency seed laser with a temporal pseudo-random bit sequence (PRBS)
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realized in the radio-frequency (RF) domain has been shown to be effective for broadening the
spectrum and thus suppressing SBS [17,18]. The PRBS is normally a maximal-length sequence
(MLS) of symbols (bits) "0" and "1". Control of the clock rate (i.e., the inverse of the bit
duration) and pattern length of the MLS provides useful flexibility and control of the frequency
spacing as well as of the total linewidth of the optical spectrum with the basic binary phase
modulation between 0 rad (zero-symbol) and 7 rad (one-symbol), or more generally, between the
zero-symbol phase ¢ and ¢ + 7. In this scenario, the optical phase can be varied faster than
the SBS buildup time, which prevents the acoustic wave from building up to a large amplitude,
and the SBS gain will be reduced consequently [19,20]. In addition, the effect of low-pass
filtering and amplification of the MLS on the SBS suppression has been investigated [21,22].
However, despite the success and widespread use of MLS phase modulation for SBS suppression,
reports of rigorous analytical expressions for the resulting optical spectra phase modulated with a
MLS waveform and investigations of the temporal and frequency characteristics of MLS phase
modulation are sparse [23]. Furthermore, the optimization of the waveform parameters, i.e.,
pattern length, clock rate, modulation depth, and filter bandwidth, for best SBS mitigation has
yet to be reported in detail.

In this work, we report theoretical investigations of SBS suppression in a short passive fiber
through MLS phase modulation of a single-frequency optical signal. Resulting optical spectra
are found analytically by considering the MLS as a cyclostationary sequence. The dependence
of the carrier and sideband components on the modulation depth (i.e., amplitude of the phase
modulation) and the pattern length is illustrated. We introduce the triply coupled set of nonlinear
partial differential equations to describe the SBS dynamics of the modulated optical signal, and
solve it with numerical integration. It is shown that when unperturbed, the SBS can build up
with a nanosecond-level time constant in a short fiber, which is faster than the decay constant of
the acoustic wave. The buildup is quasi-exponential, and can therefore compromise the SBS
suppressing capabilities of the MLS phase modulation, insofar as this has long uninterrupted
sub-sequences (known as “runs") of the same symbol, which can extend over several nanoseconds.
We introduce a low-pass filter to ensure the modulation waveform changes even during long
runs, and use a RF amplifier to reach desired phase modulation depth. The dependence of the
normalized SBS threshold and the RMS linewidth on the filter cutoff frequency and the phase
modulation depth for MLS with different pattern lengths is investigated, and the optical spectra
for some local maxima are illustrated. Aiming to accomplish the best SBS mitigation, parameters
of the filtered and amplified MLS such as pattern length, modulation depth, and the ratio of filter
cutoff frequency to clock rate are optimized numerically.

This paper is structured as follows. Section 2 describes the numerical model and the SBS
dynamics. The SBS threshold and the buildup time for a short fiber system are investigated. In
section 3, the temporal characteristics of the MLS waveform and the frequency characteristics
of the phase modulated optical signal are discussed. Section 4 illustrate the SBS suppressing
capability for unfiltered MLS phase modulation cases. Optimization of the filtered and amplified
MLS phase modulation is investigated in Section 5. Section 6 concludes the paper.

2. Numerical model

The MLS phase modulation and SBS suppression scheme we consider is shown in Fig. 1. A
single-frequency seed laser at 1075 nm (typically with linewidth less than 5 MHz) is externally
modulated by an electro-optic phase modulator (EOPM). A MLS waveform in the RF domain
is filtered by a low-pass filter and amplified by a RF amplifier and then drives the EOPM. The
modulated lightwave is then amplified in an optical amplifier, the output of which is spliced to a
passive delivery fiber with length L. The optical amplifier is assumed to be ideal, so does not
introduce any distortions. Thus, the pattern length and the clock rate of the MLS, the RF power
(related to the modulation voltage and depth), and the cutoff frequency of the filter control the
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modulation and thus spectral broadening of the lightwave. We then consider the SBS dynamic in
this passive fiber. Although SBS could also occur in the amplifier, this is not considered.

MLS
generator

Filter

RF Amplifier

©-Mod Front-end Amplifier Passive fiber

Fig. 1. Schematic diagram of the MLS phase modulation and short fiber system. z = 0
and z = L denote the input and output end of the passive fiber. EOPM, electro-optic phase
modulator.

The optical waves propagating in the fiber core can be represented by the electric field A of the
forward propagating laser and the electric field Ag of the backward propagating Brillouin Stokes
wave [17]. We do not consider the SBS seeding effect [21] that can occur when the linewidth
exceeds the Brillouin frequency shift (~16 GHz for 1064 nm), because the spectral broadening in
this work is small compared to that, and because it is possible to fine-tune the clock rate so that the
spectral lines of the signal avoid the Brillouin gain peak [24]. Using the slowly varying envelope
approximation and ignoring the group velocity dispersion and the background propagation losses
(negligible in a short fiber), the temporal and spatial evolution of the laser, Stokes and acoustic
fields in a fiber are determined by the following coupled system (corresponding to a Lorentzian
Brillouin line):

C 8AL 6AL .
R e A 1
n 0z " ot TpAs M
C aAS aAS . «
n 0z " ot P AL )
0p TIp .
(@ - I)E — i p = xALA-If (3)

Here o = wy,/2n’po, x = €oyeky/2Qp. @ = I'g/Qp, respectively. The phonon decay rate
Ip =27/17.5 ns" ! [17] = 27 x 57.1 X 10° s~!. This is also the full-width at half-maximum
(FWHM) of the Brillouin line in angular frequency. Thus, in “regular” frequency, the FWHM
Brillouin linewidth Avg becomes 57.1 MHz. The phonon lifetime 7, is the inverse of the decay
rate and becomes 2.79 ns. Furthermore, w = 27¢/A and Qp = 2nvaw/c is the laser and resonant
acoustic angular frequency, respectively. The acoustic wave number k, = 47/A. The definition
of some other parameters are like this: 7, is the electrostrictive constant, pg is the mean density
of the fiber medium, 7 is the core refractive index, c is the velocity of light in vacuum, ¢ is the
dielectric constant, v, is the speed of the acoustic wave, and p is the amplitudes of the acoustic
wave, respectively. Since the second derivative of the acoustic field has negligible influence
on the simulation results with low optical linewidths, we omit this term for simplicity. The
quantity f;x = yncQ/(Ar)2S; in RHS of Eq. (3) represents the initiation of the SBS process
from Langevinian noise [25], where Q = 2kpgT.I'gpo JAv?, kg is Boltzmann’s constant, T, is
the temperature in the fiber core, and A is the fiber effective mode area, respectively. The
quantity S; denotes a complex random function with Gaussian distribution of zero mean and
unit variance. The indices j and k enumerate the spatial and temporal points of the numerical grid
along the fiber and in time. The symbols Az and At denote the spatial and temporal grid spacing,
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respectively. The MLS coded phase modulation can be introduced by Az (0, 1) = A7 (0, 0)e®,
where ¢(¢) is the optical phase coded by MLS waveform and A; (0, 0) is the input laser amplitude
at location z = 0. Given the noise seeding of SBS, the Stokes wave is often pulsing. The
SBS level is therefore quantified by the time-averaged reflectivity R = (|As(0,1)|%)/{|AL(0,1)|?),
where the brackets indicate time-averaging over several transit times (20 fiber transit times
in this work). The SBS threshold is defined as the laser power that results in R = 1%. The
single-pass gain G, in units of nepers (Np), is defined by G = g,PL/A, where P is the laser power
atz = 0, and g, = y2w?/ponc*vaTp is the peak value of the Brillouin gain. The three-wave
equations Eqs. (1)—(3) are solved numerically using the Euler method along the characteristic lines
dz/dt = £c/n [17]. We use the normalized SBS threshold to quantify the SBS suppression (or the
SBS threshold enhancement factor). This is the ratio of the SBS threshold with phase modulation
to the unmodulated SBS threshold. It is also equivalent to the multiplicative inverse for the
normalized SBS gain introduced in Ref. [23], i.e., one is the inverse of the other. Parameters and
the values we have used are shown in Table 1. The fiber length of 7.4 m leads to a single-pass
transit time of 35.8 ns.

Table 1. Parameters and the values used for simulation Tmm

2.6 x 10710 2 n 1.45
T, 293.15 K 1 1075 nm
w 1.7534 x 101 rad/s 00 2201 kg/m®
Ve 1.95 vA 5.9 x 10° m/s
L 7.4 m c 3% 108 m/s
kg 1.38064852 x 10723 m2Kgs 2K ! ) 8.854187817 x 10712 F/m
T 2.79 ns Avp 57.1 MHz

First of all, we use this numerical model to calculate the SBS threshold thus defined with no
phase modulation. The dependence of the SBS reflectivity on the single-pass gain G is shown in
Fig. 2(a). The fluctuation of the reflectivity is caused by the stochastic nature of the noise source
and indicates the uncertainty resulting from the finite duration of the averaging. The threshold
for 0.01 reflectivity is around G = 9 Np (~5 W) for the parameters above. We also examine the
temporal evolution of the Stokes power at its output (at the signal input end of the passive fiber at
z = 0) and investigate the details about the SBS buildup time at this location. The SBS buildup
time can be defined as the delay between the start of the Stokes and that of the laser [26]. Here in
our simulation, according to the relaxation oscillations in SBS dynamics, we evaluate the buildup
process in terms of the time constant in the time before the reflectivity reaches its maximum value,
during which the temporal evolution of the Stokes power shows an approximately exponential
form. For this we introduce an ON-OFF-ON-like phase modulation with a MLS waveform with
parameters such that SBS is well suppressed when the MLS is ON. The switch-OFF moment of
the MLS waveform represents the starting point of the SBS buildup. The modulating scheme and
the SBS reflectivity as a function of time for G = 30 Np and 150 Np are shown in Fig. 2(b), as
calculated by ensemble averaging over 100 times of the SBS temporal evolution to reduce noise
fluctuations. It shows a rapid growth of the Stokes power in the first several nanoseconds for
large G (such as G = 150 Np), and then relaxation oscillations appear, which agrees with the
statement in Ref. [27]. To further investigate the dependence of time constant on G, we also
examine the SBS buildup kinetics in a modulation switch-OFF time period of 10 ns, which is
shown in Fig. 2(c). The dashed curves show the exponential fitting curves. The time constants
for different G calculated by the curve fitting are shown in Fig. 2(d). It is clear that the time
constant is inversely proportional to G and in the nanosecond time scale. To be certain, SBS in a
short fiber system can build up within several nanoseconds at high power, with a time constant
that is considerably shorter than the transit time of the optical waves, and shorter than the phonon
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lifetime. The smallest time constant becomes 0.9 ns in Fig. 2(d), which occurs for the highest
considered single-pass gain of 200 Np, i.e., around 22 times the unbroadened threshold. Note
that narrow-line fiber systems may well be broadened to a higher enhancement factor than this,
e.g., 53 in [22], and we would then expect an even shorter time constant.

1
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Fig. 2. (a) SBS reflectivity of unmodulated signal plotted as a function of the single-pass
gain G (Np). (b) The ON-OFF-ON MLS phase modulation and the SBS dynamic for G = 30
Np and 150 Np. (c) The temporal evolution of SBS reflectivity for different single-pass gain
G. (d) The time constant of the exponential growth of the Stokes wave as a function of G.

3. Temporal and frequency characteristics of MLS phase modulation

The maximal-length sequence is a type of PRBS which possesses all three PRBS randomness
criteria simultaneously [28]. An MLS is sometimes called an m-sequence or n-sequence, and can
also be denoted as PRBSn or MLSn. It is commonly used in spread spectrum systems, bit error
testing, and many other areas, and can be easily produced by a Linear Feedback Shift Register
(LFSR) of length n. Mathematically, the maximal-length sequences are described by irreducible
and primitive polynomials [29]. For MLS3, the polynomial is x> + x + 1, or abbreviated as (3,1,0).
Correspondingly, there are (5,2,0) for MLSS5, (7,1,0) for MLS7, (9,4,0) for MLS9, (11,2,0) for
MLS11, (13,4,3,1,0) for MLS13, and (17,3,0) for MLS17, respectively. A MLS consists of an
aperiodic base sequence of length N = 2" — 1, which is then periodically repeated to form a
continuous infinite sequence, and since it is periodically repeated, its bit sequence (or pattern)
has a discrete spectrum with frequency spacing equal to the inverse of the period.
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The choice of the pattern length in MLS phase modulation in fiber system has always been
a dilemma. If the pattern of the MLS is too short then the line spacing can become excessive
and the number of spectral lines small, and the power per spectral line thus too high for efficient
SBS suppression. On the other hand, the phase for a MLS phase modulated lightwave stays
constant during the uninterrupted sub-sequences ("runs"), which could also lead to significant
SBS in a fiber system if these sub-sequences are too long (large n). This suggests that there is a
length that optimizes the trade-off between these conflicting considerations. In addition, with
low-pass filtering, the MLS waveform is averaged over several bits due to significant inter-symbol
interference (ISI) when the filter cutoff frequency is small compared to the clock rate. Thus, the
phase can vary continuously, and SBS suppressed, even during long runs. Although averaging
also reduces the amplitude of the modulation, this can be restored through amplification of the
low-pass filtered RF wave. This control of the RF power (i.e., modulation amplitude) further
extends the control of the optical spectrum. The temporal and frequency characteristics of
unfiltered and filtered and amplified MLS phase modulation are important for the understanding
of the SBS suppression capability.

In this Section, we investigate the temporal characteristics of the MLS waveform (Section 3.1),
the optical spectra of MLS phase modulation (Section 3.2), and the optical spectra of filtered and
amplified MLS phase modulation (Section 3.3).

3.1.  Temporal characteristics of a MLS waveform

The properties of a MLS waveform are controlled by the sequence

{aj} ={ao.a1,...,an-1} )

The quantity {a;} is a variable with a period of N that takes on discrete values -1 (if the bit is
symbol 0) and +1 (if the bit is symbol 1). If an element from the sequence is chosen at random,
then the probabilities of the different values become Pr,; = (1+1/N)/2 and Pr_; = (1-1/N)/2,
respectively, where of course Pri; + Pr_; = 1. To form a continuous waveform (e.g., for
modulation) from the sequence, a single period xy(7) of the continuously repeated train x(z) can
be written as

N-1 N-1
a(t) = Y aple = JT) = p(o)» Y a;o(t = iT) )
Jj=0 j=0

where T is the bit duration (equal to the inverse of the clock rate f;,) and * denotes convolution.
The base shape p() of a single symbol is assumed to be the same for both types of symbols. It is
often taken to be a rectangular function, constant throughout the duration 7 of the symbol slot
and zero outside, and can thus be written as

1 0<¢<T
p(t) = (6)

0 otherwise

The intermediate aperiodic signal xx(¢) can then be extended in time by using a comb of delta
functions with a time spacing of 7y = NT. This operation can be formulated as convolution
resulting in the periodic train

(e8]

N-1
x(t) = p(0) % D aio(t = T)+ Y 6(t=kTy) )
/=0

k=—c0

where j, k € Z are used to specify discrete instants in time. For the purpose of comparing the
characteristics of MLS with different base sequence lengths N, we plot normalized values in one
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307 period Ty for sequences with N = 31, 127, 511, and 2047 bits (n = 5, 7, 9, 11) with a clock rate
308 of 6.5 GHz, shown in Fig. 3(a). The signal filtered by a low-pass filter with a cutoft frequency of
309 2.2 GHz is shown in Fig. 3(b). We choose a low-pass filter with the amplitude characteristics of
310 a 6" -order Butterworth filter in this paper, because we have found that to agree well with the
3 filtering in our previous experimental work [22]. However, the filter is of the zero-phase type,
312 i.e., with flat phase characteristics. Such a filter is not causal but the resulting signal can still be
313 generated by an arbitrary waveform generator (AWG) with pre-calculated sample values. We
314 use Matlab’s "filtfilt" function to implement zero-phase filtering [30]. It is clear in Fig. 3(b) and
315 Fig. 3(d) that the normalized phase spreads beyond the range (-1, 1) and also attains intermediate
316 values.
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355 We next consider the temporal properties of MLS and compare them to the SBS buildup time.
156 A MLSn sequence contains 2"~ runs, including one single “1" run of length 7 (the "dwell time"

357 in Ref. [17]), which is the longest run, and 21=1=1 rung of length i, where i = 1, 2, 3, ..., n-1.
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This includes the second-longest run, which comprises n-1 of “0". For shorter runs, there are the
same number of zero-runs and one-runs. Take MLS9 for example, there are a total of 256 runs,
which include a single run of ones of length 9, a single run of zeros of length 8, 2 runs of length
7, 4 runs of length 6, 8 runs of length 5, 16 runs of length 4, 32 runs of length 3, 64 runs of length
2, and 128 runs of length 1. We plot the longest run of MLS9 (1.38 ns) and MLS11 (1.69 ns)
before (Fig. 3(c)) and after Fig. 3(d) filtering. The dwell time »nT as a function of clock rate for n
=3,5,7,9, 11, 13, 17, and 31 is shown in Fig. 4(a). For clock rates ranging from 3 GHz to
10 GHz, the dwell times for patterns considered in this work are within several nanoseconds,
which are comparable to that of the SBS buildup time constant in the 7.4-m of passive fiber that
we consider. Such dwell times may then lead to significant SBS, which will be demonstrated
in Section 4. The amplitude of the low-pass filtered MLS waveform no longer stays constant
(Fig. 4(b), which may then allow for better SBS suppression, although a small bandwidth may
lead to excessive averaging. Also, the dependence of the period NT on clock rate for different
MLS patterns is shown in Fig. 4(b). As seen, the period is much longer than the SBS buildup
time (except for MLS3). In many cases, it is also longer than the 35.8 ns fiber transit time.

10 2

10
n=3
—~ 8 n=5 L]
2} n=7
& ’glo2 n=9
g 6 ~ n=11MH
e -

= 9 n=13
E 4 &‘3 10!
a2

0 10° .

0 2 4 6 8 10 0 G 4 6 8 10

Clock rate (GHz) Clock rate (GHz)
() (b)

Fig. 4. (a) The length of the longest uninterrupted sub-sequence (or dwell time) nT vs.
clock rate and (b) the period NT vs. clock rate for different patterns.

3.2. Optical spectra of MLS phase modulation

In this section, we discuss the optical spectra of lightwave phase-modulated with a MLS. We
consider a linearly polarized single-frequency laser electric field

E(f) = ELRe{/l“ 90} ®)

where E; is the constant amplitude of the laser field, which we ignore in the calculation of the
power spectral density for simplicity. For convenience, we shift the optical spectrum by the
carrier frequency w, to be centered around w = 0. According to the expression given by Eq. (7),
the MLS coded phase ¢(f) can be represented as

00

k N-1
o) = S (D) ) a6t ~jT) = Y 8t~ KIn) ©)
j=0

k=—c0

where k, is the peak-to-peak phase modulation amplitude, which is defined as 7 times the ratio
of the peak-to-peak modulation voltage to the half-wave voltage V, of the EOPM. Here, the
laser electric field E(¢) is an infinitely repeated periodic sequence with a period of N which takes
two distinctive values exp(ik,/2) and exp(—ik,/2) (i.e., the phase ¢() takes two values k,/2 and
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—k,/2). Based on these properties, we can then calculate the autocorrelation function (ACF) of
E(t) as phase modulated by the MLS waveform. Recalling the periodic ACF (i.e., PACF) of a
complex function (i.e. E(¢) in our case) at discrete times 7 = kT is defined by

=
Rex(1) = ,Zo Xjir (10)
where x;x;,. is the product of one bit in the base sequence with a corresponding bit shifted by kT,
where j and k are integers. Figure 5 illustrates the evaluation of the PACF Rg £ of E(r) phase
modulated by MLS3 for £ = 0, 1, and 2, according to Eq. (10). The calculating procedure is
shown in Fig. 5. The first period of Rg g can be expressed as

Res -1 170 Lysin(y o<l <1 an
' cosz(kz—”) - %sinQ(%) 1< lLTl < %V
<——— One perio)d ———»
=0 0101110 0101110 0101110
Optical field sequence kP2 kP2 orikp/2 oikD/2 oikp/2 Gikp/2 o -ikp/2
complex conjugate kP2 ikp/2 Gikpl2 oikp/2 -ikpl2 oikp/2 o ikp/2 ]
ACF Reg(t)=1
=T 1011100 1011100 1011100
Optical field sequence kP2 oikp/2 Gikp/2 Gikp2 Gikp/2 orikp/2 o-ikpi2
complex conjugate kD2 kD2 kD2 ikp/2 ikpr2 Gikpr2 ikp2 g ]
ACF R g(t)=cos’(k,/2)-sin*(k,/2)/N
=2T 0111001 0111001 0111001
Optical field sequence kD2 kD12 kP2 Gikp/2 o eikp2 ooikp/2 o ikpl2
complex conjugate NP2 ikp/2 oikp/2 -ikpl2 (ikp/2 Gikp/2 o-ikp2 g
ACF R p(1)=cos’(ky/2)-sin*(k,/2)/N

Fig. 5. An example calculation of the ACF for MLS3 phase modulated optical field.
The minimum value of Rg ¢ varies in the range of (—1/N, 1) according to kj,, which is shown

in Fig. 6. The power spectral density (PSD) of the laser field can then be given by the Fourier
transform of the PACF according to the Wiener-Khinchin theorem, that is

Sep(f) = F{Rpp(1)} = f{RE,E(T) — cos? (li) + Lo (lﬁ) }

2 N 2 (12)
- ﬁ{cosz (%p) - jlvsin2 (%) }
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Fig. 6. PACF of the MLS phase modulated optical field, normalized by Ej .

Through the use of elementary Fourier transform pairs and arithmetic, we can substitute
Eq. (11) into Eq. (12), whereby Eq. (12) becomes

Spi(f) = 1+ c;s(kp) . ]% 1- c;s(kp)] 5U)+1 - c;s(kp) NI\;I
& (13)
X sinc? (i) Z o(f —ifn)
T

Equation (13) is the normalized optical spectrum of the MLS phase modulation scheme, which
is a discrete spectrum. The line spacing is given by fy = 1/NT = f,,/N and the clock rate f,,
and the modulation amplitude k, determine the bandwidth. With a clock rate of 6.5 GHz, the
line spacing becomes 928.57 MHz, 209.68 MHz, 51.18 MHz, 12.72 MHz, and 3.18 MHz for
n=3,57,9, and 11, respectively. Spectral nulls occur at integer multiples of clock rate. The
first part in RHS of Eq. (13) corresponds to the intensity (i.e., optical power) of the carrier while
the second part corresponds to the intensity of the sidebands. The dependence of the intensities
of the carrier and the adjacent sideband components on kj, is shown in Fig. 7(a) and 7(b). When
k, = 2m + 1) (m € Z), Eq. (13) becomes the PSD of the MLS waveform [28], viz

St£() = —0) + " sine? (fi) 2, o= i) (14)
i#0

At this point, the carrier reaches its lowest intensity 1/N? and the adjacent sideband components
reach their highest intensity (N + 1)/N?. If there is dominating spectral line with more power
than in other lines then it is well known that the SBS threshold is dictated mainly by this line,
when the optical sidebands act independently (approximately when fy>I'g/7) [17]. It is clear
from Fig. 7(a) and 7(b) that the carrier can be such a dominant component. Most importantly,
this must not be excessive, but nor should it be depleted of power since this would mean that
the other lines carry more power than necessary. Thus, a value of k, that leads to the same
carrier component intensity as in the adjacent (or the strongest) sideband components may be
best for SBS suppression at large line spacing. The strengths of carrier and the adjacent sideband
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components are compared in Fig. 7(c). We find that the values of k,, that lead to the same intensity
in the carrier and the adjacent sideband components (/. = I;) are 0.8869x for MLSS, 0.9437r
for MLS7, 0.9719x for MLS9, and 0.98597 for MLS11, respectively, as shown in Fig. 7(d).
There are also equivalent points for &, slightly larger than 7. However, the power in the strongest
spectral line varies only slowly near k, = n for every n (see Fig. 7(c)). Therefore, we take
kp = & for the SBS suppression optimization for unfiltered MLS phase modulation in this work.
Although this leads to marginally higher power in the strongest lines than necessary, this does not
necessarily translate to a lower SBS threshold for small line spacings. Furthermore, we note that
for most values of k,, the carrier is the dominant line and needs to be controlled precisely if it is
to match the highest sideband peak. The slow variation of the power in the carrier around k, = 7
reduces the sensitivity to errors in k.

— E———
o n=35 3 0.03 —_—=7
~ 0.8 —n=7 ©n
@ —n= S 0.025 —n=9
= n =t
.S —n=11 s n=11
E 0.6 S 0.02
3 S
G © 0.015
o 04 t..a
2 0.01
F 02 g
8 g 0.005
| = o0 ‘
0 0.5 1 1.5 2 - 0 0.5 1 1.5 2
Modulation depth () Modulation depth (7)
(a) Carrier components (b) Adjacent sideband components
:,? 0.1
P [ihss s e goo
o = =
8 )0 \ n= l]k =0.9859 7
3 0.9 \ n=9.k ~09719
g
S 006 k08 \ n=7, —094377r
> ~ = =
g @ 5, k 0 8869 ™
2 004 0.7
g
b 0.6
S 0.02
? (0.5 [<rerrenrnnnsennnnresneiiii s -1
5 o z
E 08 08 09 095 1 105 L1512 o5 10 15 20 25 30 35
Modulation depth (7r) Power n
(c) Comparison of carriers and the adjacent sidebands d) kp vs. nfor I = I

Fig. 7. Intensity of (a) the carrier and (b) the adjacent sideband components vs. k, for
n=25,7,9,and 11. (c) Intensity of the carrier and the strongest sideband components around
kp = r for different n. (d) Values of k;, that lead to the same intensity in the carrier and the
adjacent components for different power n.

To verify the derivation, we construct a series of MLS waveforms with n = 5,7,9, 11, and
calculate numerically the PSD of the MLS phase modulated laser field using the Wiener-Khinchin
theorem. The clock rate is 6.5 GHz, and the modulation depth assumes the values 7, 1.12x, 1.37,
and 27r. The calculated results are shown in Fig. 8. The intensity of both carrier and sidebands
are in good agreement with the derivation. The results confirm that when &, = , the carrier
nearly vanishes and the sidebands reach their highest intensity. From these results we expect that
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in this scheme, errors in &, can easily result in a large carrier and thus drastically degraded SBS
threshold.

0.04 0.04
E— —n=5
(N+H)/N > T I

n=9 0.03

Intensity (a.u.)
o
S

0.01

0
-15
Frequency (GHz) Frequency (GHz)
(@ kp=n () kp =1.12n
0.1 1.2
—n=5 —n=5
—n=7 1 —n=7
~.0.08 =9 - n=9
= —n=11 = 0.8 —n=11
<0.06 N2
z 206
wnl wn
g 0.04 5
5 | R
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() kp =1.3n d) kp =27

Fig. 8. Optical spectra for MLS phase modulation withn =5, 7,9, 11, and f;. = 6.5 GHz
for k, equal to (a) 7, (b) 1.127, (¢) 1.37, and (d) 27. Note the different vertical scales in (c)
and (d).

3.3. Optical spectra of filtered and amplified MLS phase modulation

So far, the spectra of the phase modulated optical field are easy to find analytically because
the unfiltered MLS is a sum of rectangular pulses. However, the spectra are sinc-shaped with
slow decaying sidelobes, which is often undesirable, as is the distinctive behavior of the carrier.
On the other hand, the bandwidth of rectangular pulses is infinite, so they will be distorted by
the limited bandwidth of the different parts of a real system, in particular if there is a filter.
As before, we will assume that a low-pass filter akin to a 6”-order Butterworth filter but with
spectrally flat phase characteristics determines the overall response. All other components are
ideal, with bandwidth significantly larger than that of the filter, but other linear filter would be
straightforward to implement. With reference to Fig. 1, the complex envelope at the RF input of
the EOPM may be written as ¢(z) = h(t), where h(t) is the impulse response of the filter. The
frequency-domain response for a Butterworth low-pass filter is 1/~/1 + (f/f.,)?", where £, is the
cutoff frequency (-3dB) and m is the order. The electric field of the lightwave phase modulated
by this filtered signal can be described as

E'(t) = E{Re{ 10001y (15)
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We have not been able to obtain an analytical expression for the spectrum of a lightwave phase
modulated according to Eq. (15). Instead, we calculated spectra numerically. The modulation
depth of the low-pass filtered and amplified MLS is defined as k, = 7V /V,, where V,; is the
standard deviation of the voltage of the modulation waveform. This is related to the RMS voltage

according to ko = k% = K3y
RMS value and the standard deviation are equal if k4yg = 0. We note that for an unfiltered
MLS phase modulation with a peak-to-peak modulation amplitude of k,, the modulation depth
krms = kp/2 when MLS waveform takes the values of —7/2 or /2. Although kavg # 0, the
resulting difference is small, especially for a long MLS, and therefore we neglect it. Optical
spectra forn = 3, 5,7, 9, 11, and 13 with f., = 6.5 GHz are calculated with the ratio of the
low-pass filter cutoff frequency to clock rate f, /f.r = 0.4, and ks = 0.57, 7, 1.27, 1.57, and are
shown in Fig. 9. The spectra become wider as k.- increases, and whereas the temporal periodicity
means the spectra remain discrete, the envelopes are no longer sinc? shaped. There are no clear
sidelobes, and, significantly, the power in the carrier does not depend critically on the modulation
depth, at least for k,>n/2. Still, the carrier is in many cases the strongest component by a
considerable margin, which may lead to SBS. Next, we will investigate the SBS suppression
capability of unfiltered and filtered MLS phase modulation scheme numerically, including the
impact of the spectral spikes. We start with the unfiltered case in the next section.

where kayg is the average of the modulation depth. Thus, the
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Fig. 9. Optical spectra as phase modulated by filtered and amplified MLS waveform with
fer = 6.5 GHz, foo [fer =0.4,and n =3,5,7,9, 11, and 13 for ks equal to (a) 0.5, (b) 7, (c)
1.27, and (d) 1.57.
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4. SBS suppression with unfiltered MLS phase modulation

As mentioned previously, phase modulation by an unfiltered MLS can provide an effective way
of suppressing the SBS gain. We examine SBS suppression with phase modulation by a MLS
with k, = 7 (approximate to k, = m/2) using the simulation method introduced in Section
2. This modulation amplitude avoids strong spectral lines in the optical spectrum (see Fig. 8).
The normalized SBS threshold (i.e., the enhancement factor) as a function of clock rate for
different bit patterns is shown in Fig. 10(a). It should be noted that, even though the normalized
SBS threshold is calculated by time averaging over 20 transit times, there is still some residual
randomness in the simulation results, due to the Langevinian noise introduced in every temporal
and spatial grid point. The increase in enhancement factor with clock rate saturates for MLS3
and MLSS, for a clock rate of ~1.7 GHz (line spacing ~243 MHz) and ~7.5 GHz (line spacing
~242 MHz), respectively. Also, a rollover point of about 30 GHz can be obtained for MLS7 (line
spacing ~236 MHz), which is shown in Fig. 10(b). The spectral line separation is more than
twice the spontaneous Brillouin linewidth Avg of 57.1 MHz in this paper at these points. For
clock rates higher than these points, the spectral lines act independently and the SBS threshold
no longer grows [17]. For high SBS threshold, the power should then be distributed over a large
number of spectral lines, without excessive power in any line. Thus, in that regime, spectral
considerations suggest a long MLS with smaller line spacing is preferable. However, once the
spectral line spacing becomes sufficiently small for cross-interactions (beating) between adjacent
spectral lines to contribute to the SBS gain, the SBS threshold decreases.

< 90 Rollover at 1.7 GH for MLS3 _ Rollover at ~7.5 GHz for MLSS - . . . Rolllover‘aL~30:GHz f?r MLS7
< 1601 ——n=7k,=n ]
= A aAAAA
Z 140} Vel
= " |
< 120} e !
oA !
2100 W 5
2 R0+ /AA' I
) i
R 60} !
Té: 40t 5
5 207 :
Z 0 . . L . . L .
0 5 10 15 20 25 30 35 40
Clock rate (GHz) Clock rate (GHz)
(a) (b)

Fig. 10. Normalized SBS threshold with unfiltered MLS and k;, = 7 vs. clock rate for (a) n
=3,5,7,9, 11, and 17 for clock rates from 0 GHz to 10 GHz, and (b) n = 7 for clock rates
from 0 GHz to 30 GHz.

It is shown in Fig. 10(a) that the SBS threshold enhancement with MLS11 is smaller than
with MLS9 and that with MLS17 is smaller than with MLS9 as well as with MLS11. Thus, the
shorter sequences are better, and we note that all of these sequences have line spacings smaller
than the Brillouin linewidth for the range of clock rates plotted in Fig. 10(a). The largest spacing
becomes 10 GHz /511 = 19.6 MHz. This is often explained as a result of the smaller line spacing
of the longer sequences (= f.,/N), but in the simulations in [16], smaller line spacing, down
to 12.5 MHz (the smallest considered) led to better SBS suppression for optimized, non-MLS,
waveforms. However, this is not always the case, and a temporal-domain description may provide
more insight into why one waveform should be better than the other, than the line spacing does.
This includes MLS sequences, for the situation that the clock rate is sufficiently low relative to
the rollover point. Then we believe that the dwell time for the MLS signal plays an increasingly
important role in the SBS buildup kinetics, and for the same clock rate, the dwell time for MLS11
is longer than MLS9 (shown in Fig. 4(a)). For example, the dwell time for MLS9 and MLS11
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with a clock rate of 1.5 GHz is 5.99 ns and 7.33 ns, respectively. Given that the Stokes power
grows exponentially when the signal is unmodulated (Fig. 2(c)), for the case of G = 160 Np
(corresponding to an enhancement factor of ~18 relative to the unbroadened threshold gain of 9
Np), the reflectivity can grow up to 6.13x107> for 5.99 ns and 1.91 x 10~* for 7.33 ns, which
means the reflectivity of the MLS11 case is 3 times than that of the MLS9 case. It is clear that
there can be a significant penalty for the longer dwell time of MLS11. For MLS17, the dwell
time is much longer still, and its SBS suppressing capability thus reduced.

5. Optimization of filtered and amplified MLS phase modulation

In this section, we numerically optimize a filtered and amplified MLS waveform used to drive a
phase modulator for the best SBS mitigation. Still, we use a low-pass filter similar to a 6”-order
Butterworth filter but with zero phase. As a starting point, we investigate the SBS suppression
capability for phase modulation with low-pass-filtered MLS (no RF amplification). A plot of
the normalized SBS threshold vs. clock rate for different f, /f., and k, = & for MLS9 is shown
in Fig. 11(a). It is shown that the SBS threshold increases with f, /f., for k, = 7. The highest
threshold is reached for the unfiltered case (with infinite f.,). The reason for this is that the
low-pass filtering is equivalent to temporal averaging, whereby the modulation depth k, becomes
too small, leaving too much power in the carrier for effective SBS suppression (shown in Fig. 9).

To overcome this and achieve a high SBS threshold also with the low-pass filter, we use a RF
amplifier to boost the modulation depth of the filtered MLS9 waveform. Then we investigate the
dependence of normalized SBS threshold on the clock rate at f, /f., = 0.4 for different modulation
depth k-, which is shown in Fig. 11(b). As EOPMs often have a maximum RF input power
of around 28 dBm into 50 Q impedance (thus RMS voltage of 5.6 V) and a half-wave voltage
around 5 V, the modulation depth K, in our calculations is chosen to be within 7 (corresponding
to 27 dB). We note that the unfiltered case with k, = 7 (thus with k, = 7/2) approximately
matches the filtered case with k, = 7. We plotted k- /k,, as a function of f, /f., for different n, as
shown in Fig. 11(c). For large values of filter cutoft frequency, k. is close to k, /2.

Although Fig. 11 suggests that higher cutoff frequency and modulation are better, this is not
generally the case. Figure 12(a) shows the dependence of the normalized SBS threshold on
both f., /f.r and k.. The value of f;, is chosen to be 10 GHz, which is a typical value. We note
that within the parameter range investigated in Fig. 12(a), f;,/f. must be at least around 0.1.
Furthermore, for large f,/f.r, good suppression is only achieved when k, equals an integer
multiple of 7/2. From a design perspective for filtered and amplified MLS phase modulation
with a high SBS suppression, the optical linewidth plays an important role in this optimization.
Figure 12(b) shows corresponding contours of the RMS linewidth Avgyss according to these two
parameters. Often, a narrow linewidth is preferred, and it is then desirable to suppress SBS
with the smallest possible linewidth broadening. It is often assumed that the SBS threshold
increases linearly with linewidth, and, the ratio of the normalized SBS threshold to Avgyys is used
as a figure of merit. This ratio is plotted in Fig. 12(c). Generally, there is significant structure
with large variations in the plot, and the local maxima for normalized SBS threshold follows
approximately a k, = [0.06/(f., /fr — 0.1) + 0.5] X & behavior, where f,/f.->0.1. We especially
consider five local maxima in Fig. 12(c) (marked in red circles), and calculate the optical spectra
using parameters in these zones, as shown in Fig. 13. It is interesting to note that there are no
strong side bands in Fig. 13(a) and Fig. 13(b) (local maximum 1 and 2, respectively), whereas
the other three local maxima (Fig. 13(c)-Fig. 13(e)) exhibit spectral "spikes" located at integer
multiple of f,,. In addition, the carriers are suppressed in all these five local maxima. It may safe
to draw the conclusion that the suppression of the carrier and the strong sidebands for the filtered
and amplified MLS phase modulation is necessary for SBS threshold enhancement in a fiber
system.
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If SBS is to be suppressed without regard to linewidth, Fig. 12(a) suggests it is best to use
a large modulation depth, where suppression is good and the structure is reduced. However,
as mentioned, modulation depths k. larger than r are difficult to reach because of limitations
on the half-wave voltage and the maximum RF input power of commonly used EOPMs. We
therefore restrict further investigations to k, below 7, and use numerical simulations to find the
dependence of the normalized SBS threshold on both f, /f,, and k., for n = 3,5,7,9, 11 with
fer = 6.5 GHz in this regime. The results are shown in Fig. 14(a)-14(e). For a large pattern power
n, especially n = 9, a distinct curve for the local maximum of the normalized SBS threshold
appears (see Fig. 14(d)). By comparing Fig. 14(a)—14(e), we find that the global maximum for
MLS9 outperforms the other patterns for k- <7, and reaches the maximum around f, /f,, = 0.54
and k, = 0.56 within the investigated parameter range. The corresponding optical spectrum is
shown in Fig. 13(e). Figure 14(a)-14(e) also indicate that a minimum value of f,, /f., of 0.3~0.4
and of k, of 0.5 is needed for high SBS suppression. To further distinguish the SBS suppression
capability from different patterns, we plot the dependence of the normalized SBS threshold on
the modulation depth k, with f., = 6.5 GHz and f,,, /f., = 0.4 in Fig. 14(f). These corresponds
to cuts through the Fig. 14(a)-14(e) at f., /fr = 0.4. It is clear from this figure that the n = 9
pattern is superior to other patterns for k, more than 0.57. We also calculate the normalized SBS



Research Article Vol. 0, No. 0/00 00 0000/ Optics Express

Optics EXPRESS

Sy,

817
818

819

820

821

822

823

824 4
825
826 3 i 150
827 _ HiTH

828 552 100
829 < Eckes

830
831
832

833 0 02 04 06 08 1 0 0.2 0.4 0.6 0.8 1
834 £ /f (f =10GHz) £ /f (£ =10GHz)

20

RMS linewidth (GHz)

Normalized SBS threshold

835 (a) Normalized SBS threshold vs. f.,/ for and ko (b) RMS linewidth vs. feo/fer and ko
836

837 Local Max 2 Local Max3  Local Max 4
838 4 : ~1 35
839 :

840 : 130
841 A

842 HH¥ 125
843 £

844 ™
845 - 9
846 3
847

848

849 1
850

851

852

e

aENEE

T

420

T
T

INE AN

15

10

T

0

853 0 0.2 0.4 0.6 0.8 1
854

855 Local Max 1 fC /f (f =10 GHz) Local Max 5
0 cr - cr
856
857
858 Fig. 12. The normalized SBS suppression vs. feo/fer and ko for MLS9 takes values of
859 -n/2 or /2. (b) The RMS linewidth vs. f;,/fcr and kg (c) The ratio of normalized SBS
860 threshold to RMS linewidth vs. f., /fr and k. Five local maxima are marked in red circle.
861
862
863
864
865
866
867

. -1
Normalized SBS threshold / AVRMS (GHz ")

(c) Normalized SBS threshold / RMS linewidth vs. f.o/fer and ko



Vol. 0, No. 0/00 00 0000/ Optics Express

Optics EXPRESS

Sy,

868
869

870

871 1
872
873
874
875
876
877 o, 5 30 5 30
878 IP%(‘ 545 0 (G0 IP%(‘O 54, 0 (G0

879 O[Y 1 30 'lé'( eope‘(\cﬂ /Y?) 1 230 'l?sﬁeq“eﬁcﬂ
880

381 (a) Local maximum 1: foo/for =0.15, ko =2.67 (b) Local maximum 2: foo/fer =0.22, ks =21

==
i

Intensity (a.u.)
XL
B W

=]
n

882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908 15 "
909 - enC
010 &2) 1 -30 ?{un

911 (e) Local maximum 5: f.,,/fer =0.54, ko =0.567
912
913

= =
W i

=
ES

Intensity (a.u.)
233273
W o

Intensity (a.u.)
L

15 30
0 GY\'I)
1 -15 e“(‘ﬂ
e) -3 0 Y(eok\)
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Fig. 13. Power spectra of optical signal as phase modulated by filtered and amplified MLS
waveform with f., /fr and k- taking values of (a) fi.o /fer = 0.15, k- = 2.67 (local maximum
o14 1), 0) foo/for = 0.22, ko = 21 (local maximum 2), (¢) feo/for = 0.23, ko = 147 (local
915 maximum 3), (d) feo/fer = 0.35, ko = 0.937 (local maximum 4), and (d) feo/fer = 0.54,
916 ko = 0.567 (local maximum 5). £, = 10 GHz.
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threshold for MLS9 with clock rate of 1 GHz, 3 GHz, 4 GHz, 5 GHz, 6.5 GHz and 10 GHz, as
shown in Fig. 15(a)-15(f). Figure 15(f) is a subset of Fig. 12(a). It is shown that the maximum
of the normalized SBS threshold depends on f;, /f,, but not the absolute value of f,.
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Fig. 14. Normalized SBS threshold vs. f;,/fer and kg (or kgyss) for (a) MLS3, (b) MLSS5,
(c) MLS7, (d) MLS9, and (e) MLS11 with 6.5 GHz clock rate. (f) The normalized SBS
threshold vs. ko for different patterns (fz, /fer = 0.4).

Returning to Fig. 13(e), this contains spectra for the optimized parameters (f,, /f.; = 0.54 and
ko = 0.56m) for MLS9 with clock rates of 1 GHz, 3 GHz, 5 GHz, 6.5 GHz, and 10 GHz. For all
the clock rates, there are strong components at f,.. We calculate the RMS optical linewidth of
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Fig. 15. Normalized SBS threshold vs. f¢,/fer and kg for MLS9 with f;, equal to (a) 1
GHz, (b) 3 GHz, (c) 4 GHz, (d) 5 GHz, (e) 6.5 GHz, and (f) 10 GHz.
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this optimized filtered and amplified MLS phase modulation with f,, € (0, 10) GHz, as shown in
Fig. 16. The normalized SBS threshold for MLS9 with f,, /f., = 0.54 and k, = 0.56x for f,, = 1
GHz, 3 GHz, 4 GHz, 5 GHz, 6.5 GHz, and 10 GHz (also the global maxima in Fig. 15) is also
shown in Fig. 16 (red circles). It is shown that both the RMS linewidth of the optical spectra and
the maximum normalized SBS threshold with the optimized parameters increase linearly with f.,,
although a roll-off in threshold is expected when the line spacing (which stay below 19.6 MHz in
Fig. 16) is sufficiently large, relative to the Brillouin line. The maximum RMS optical linewidth
with the parameters considered here is calculated to be within 15 GHz, which indicates that the
optimization in this work is suitable for both spectral and coherent beam combining.

MLS9
kRMS =0.56m

f /f =0.54
co cr

SO AN

[ —
oo O

RMS linewidth (GHz)
Normalized SBS threshold

0
01 2 3 4 5 6 7 8 910
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Fig. 16. RMS linewidth (blue circles) of the optical spectra and normalized SBS threshold
(red circles) plotted as a function of the clock rate, MLSO9, f., /fer = 0.54, ko = 0.56m7.

The calculations for Fig. 12(a), Fig. 12(c), Fig. 14(a)-14(e) and Fig. 15 are time consuming
even for the 61 x 61 grid that we use, because the SBS threshold is found by numerical iteration
with an increasing laser power, incremented in small laser power steps to ensure the accuracy.
During the integration, the power increment is adapted to reduce the number of iterations to save
computation time: first, we choose a relatively big power increment (20 W). Then the iteration
goes quickly through the linear zone of the SBS reflectivity vs. G curve. The nonlinear zone of
the reflectivity curve needs a smaller increment to achieve a high accuracy. When the calculated
SBS reflectivity exceeds 1% (i.e., when the laser power is above our definition of the threshold),
the iteration is repeated from a low power with a new increment which is the previous increment
divided by 2. A solution is found when, the SBS reflectivity deviates from the threshold of 1% by
less than 1x107 (relative error < 107#). We use the Parallel Computing Toolbox” M in Matlab to
split the execution of iterations over eight workers in a parallel pool. The execution time for each
sub-figure in Fig. 12(a), Fig. 12(c), Fig. 14(a)-14(e) and Fig. 15 is less than 12 hours. Further
optimization of the algorithm for threshold searching can improve the computational efficiency.

6. Conclusion

We have investigated SBS suppression in a 7.4-m-long passive fiber through phase-modulation
of a single-frequency lightwave with a maximal-length sequence, assumed to be a RF wave.
We considered ideal sequences comprising undistorted rectangular bits with & phase difference
between symbols, as well as those that were low-pass-filtered and amplified to different levels
of phase modulation. The temporal and spectral characteristics of the modulation waveform
and the modulated lightwave were investigated analytically with expressions we derived, as
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well as numerically. The SBS threshold power was evaluated through numerical integration
of a time-dependent three-wave coupled nonlinear system that describes the SBS dynamics of
the phase-modulated lightwave, and subsequent time-averaging. The threshold was quantified
relative to the threshold for the unbroadened lightwave (the so-called enhancement factor). For
an enhancement factor of around 20, we found that the Brillouin Stokes wave can build up
exponentially with a sub-nanosecond time constant in our 7.4-m fiber length. This can then reduce
the SBS suppressing capability for MLS waveforms at GHz-level clock rate, insofar as these have
uninterrupted single-symbol sub-sequences (‘“runs") extending over several nanoseconds. The
combination of a low-pass filter and a RF amplifier can be used to distort the uninterrupted long
sub-sequences and improve the phase distribution and SBS suppression with the MLS waveform.
Aiming to accomplish the best SBS mitigation, parameters of the filtered and amplified MLS
such as pattern length, modulation depth, and the ratio of filter cutoff frequency to clock rate are
optimized numerically. The simulations indicate that for a RMS modulation depth of 0.56x and
a ratio of filter cutoff frequency to clock rate of 0.54, the normalized SBS threshold reaches a
maximum, and that MLS9 is superior to other investigated patterns (but note that ML.S8 and
MLS10 were not investigated). Unless the modulation is close to an integer multiple of +7/2, a
cutoff frequency larger than around 80% of the clock rate leads to lower SBS suppression in the
cases we considered, which we attribute to inadequate suppression of the lightwave’s carrier. By
contrast, there is no upper limit on the modulation depth, beyond which SBS suppression is no
longer effective. Nevertheless, the suppression does not increase monotonically with modulation
depth, which necessitates a careful selection of waveform parameters. Similarly, the suppression
vs. linewidth characteristics vary significantly, and the suppression can be poor even with large
linewidths. Our results provide new insights into SBS and its dynamics, relevant for kilowatt-class
fiber systems for spectral and coherent beam combining which need to balance the linewidth and
the SBS.
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