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High-gain and low-distortion Brillouin amplification based on
pump multi-frequency intensity modulation∗
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Using a pump with a multi-line spectrum to broaden the Brillouin gain bandwidth is an effective way to achieve low-
distortion amplification with high gain. Here, we theoretically and experimentally investigate the generation of a broadband
Brillouin gain spectrum based on multi-frequency intensity modulation in an optical fiber. The arbitrary bandwidth of
the Brillouin gain spectrum of stimulated Brillouin scattering (SBS) can be obtained as expected. In our experiment, a
broadband Brillouin gain spectrum with a bandwidth of about 200 MHz is demonstrated. We also achieve a low-distortion
amplification of a weak signal, whose maximum magnification is 65 dB for a −68-dBm input power signal.
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1. Introduction

As one of the strongest nonlinear light-matter interac-
tions, stimulated Brillouin scattering (SBS) has been widely
studied in the amplification of weak signals, pulse compres-
sion, distributed strain/temperature sensors, slow/fast-light
generators, tunable optical filters, and beam shaping.[1–8]

More recently, the SBS in optical fibers is found to be able to
realize the high-gain amplification of weak signals embedded
in strong background noise.[9] The efficient mechanism for
weak signal amplification possesses many advantages, such as
room temperature operation, compatibility with off-the-shelf
telecom equipment and easy-to-filter out most of the back-
ground optical noise due to the narrow Brillouin resonance
width (∼ 30 MHz in standard single mode optical fibers).
These characteristics make the SBS a promising mechanism
to be used to detect weak optical signals under extreme con-
ditions. In view of these applications, the optimization and
less time-consuming measurement of the Brillouin gain spec-
trum (BGS) and the low-distortion Brillouin amplification of
the signal light are of great importance. In particular, low-
distortion amplification with high gain based on the SBS has
attracted the attention of many researchers.

In optical fibers, the SBS is a nonlinear process of three-
wave coupling involving the pump field, counter-propagating
Stokes field, and acoustic wave. When the angular frequency
of the pump (ωp) is the Brillouin frequency shift (BFS) of SBS
medium (Ω ) higher than that of the Stokes (ωs), a positive
feedback loop occurs, which leads the energy to flow from
the pump to Stokes and phonon waves. A signal pulse acting

as Stokes light is amplified by the pump light because of the
Brillouin amplification effect. However, in the process of Bril-
louin amplification, only the frequency component that lies in
the Brillouin amplification band (intrinsic Brillouin linewidth
of SBS medium) is able to be amplified without distortion (or
with very low distortion). Therefore, in the time domain, the
usable signal pulse width is limited to a value larger than a cer-
tain width (generally tens of nanoseconds) due to the intrinsic
narrow Brillouin bandwidth. Consequently, the SBS gain with
a broad BGS is highly desirable if we are to suppress pulse
distortion. For this purpose, various methods have been in-
vestigated to broaden the gain spectrum, such as by expanding
the BGS through externally or internally modulating a pump
source with a sinusoidal wave or Gaussian (super Gaussian)
noise.[10–14]

In the internal modulation (or called direct modulation)
type, the output of BGS can be viewed as a convolution be-
tween the pump spectrum and the SBS medium dependent
intrinsic BGS. As reported, about 250 MHz of BGS was
achieved for this case.[14] However, this proposed method is
not suitable for obtaining an approximate intrinsic Brillouin
gain bandwidth (dependent on the material of SBS medium).
In contrast, external modulation type involves overlapping a
serial of discrete Brillouin gain lines to broaden the Brillouin
bandwidth. Meanwhile, there is no limit in the number of
lines in theory. To realize a broader Brillouin gain bandwidth,
multi-frequency phase external modulation via a phase modu-
lator (PM) was proposed by Lu et al. in 2007.[15] However, this
presented approach must satisfy a series of equations which
are difficult to solve, and obtains an impure spectrum. It is
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not easy to obtain more than 11 discrete lines by the proposed
multi-frequency phase modulation.[16] Compared with multi-
frequency phase external modulation method, multi-frequency
intensity modulation via an intensity modulator (IM) requires
a much small quantity of calculations. Therefore, it is a good
alternative to realize broader Brillouin gain bandwidth. In this
paper, we extend their work to obtain an arbitrary bandwidth
of BGS by using an IM instead of a phase modulator (PM) in
a standard single mode fiber (SSMF). A gain spectrum with a
bandwidth of about 200 MHz is obtained by using the pump
with 10 equal-amplitude spectral lines. Subsequently, a low-
distortion amplification of the weak signal pulse is investigated
in an experiment. The maximum signal magnification with a
value of 65 dB is obtained, when the input signal power is
−68 dBm.

2. Theory
Figure 1 illustrates the principle of broadening the gain

bandwidth of SBS by using a discrete multi-line pump. We
assume that the initial input pump beam is a continuous and
monochromatic, in the time domain it can be expressed as

Ep (t) = cos(ωpt +ϕp), (1)

where ωp and ϕp are the frequency and phase of the pump
beam, respectively. To obtain more discrete gain spectrum
lines of SBS, a multi-frequency intensity modulation signal
is used to modulate the pump beam. The modulated field is
written as

Em (t) =
n

∑
i=1

Ai cos [(i−0.5)ωmt +ϕi] , (2)

where Ai is the amplitude of the component of the i-th har-
monic wave, and ϕi is the initial phase of the i-th harmonic
wave. Notice that the single-frequency intensity modulation
corresponds to the case of i = 1 under the assumption of
ϕi = 0. Therefore, for simplicity, the final modulated output
of pump beam can be described as

E (t) = Ep (t)Em (t)

= cos
(
ωpt +ϕp

)[ n

∑
i=1

Ai cos [(i−0.5)ωmt +ϕi]

]

=
n

∑
i=1

Ai

2

{
cos
[(

ωp +(i−0.5)ωm
)

t +ϕi +ϕp
]

+ cos
[(

ωp − (i−0.5)ωm
)

t +ϕp −ϕi
]}

. (3)

The output spectrum is composed of 2n lines. By setting Ai =

2A, all the lines are of equal intensity (i.e. equal-amplitude
lines). Thus, the effective BGS is given by overlapping the
gain spectra induced by each pump spectral line. Therefore,
the total gain g(v) can be expressed as[17]

g(ν) =
1
2n

n

∑
i=1

{
κig0 (∆νB)

2

(∆νB)
2 +4 [ν +(i−0.5)δ ]2

+
κig0 (∆νB)

2

(∆νB)
2 +4 [ν − (i−0.5)δ ]2

}
, (4)

where g0 is the line-center SBS gain coefficient for a
monochromatic pump field, ν is the detuning from the line
center, ∆νB is the BGS bandwidth, and δ is the frequency sep-
aration between adjacent spectral lines, and κi is the modula-
tion index (κi = 1 for equal amplitude modulation).

*

pump spectrum intrinsic gain spectrum      Brillouin gain spectrum

*

v

pump spectrum intrinsic gain spectrum      Brillouin gain spectrum

v(a)

(b)

Fig. 1. (a) Gain spectrum of one-line pump and (b) sketch map of bandwidth broadening using three-line pump.

Based on this theory, we first numerically study the con-
ditions of obtaining arbitrary bandwidth of BGS for multi-
frequency modulation. The 2 and 30 spectral lines with
δ = 10 MHz can be obtained as shown in Fig. 2. The total
gain spectra are denoted by red and blue solid line, respec-
tively. It is obvious that the gain profile is broadened by the
pump with different numbers of lines. Moreover, the shape of
BGS is also changed with the interval between adjacent spec-

tral lines δ . For 2n = 30, figures 3(a)–3(f) show the simula-
tion results of BGS for δ = 1, 5, 10, 20, 30, and 60 MHz,
respectively. It can be seen that the fluctuation in resulting
gain increases with the frequency separation increasing, which
leads to great pulse distortion. Therefore, there is an optimal
δ for a constrained pulse distortion. The previous experiments
on SBS slow light proved that the optimal separation, which
equals the gain linewidth, can significantly suppress the pulse
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distortion.[17] The present simulations prove that the band-
width of BGS can be increased by multi-line pump.

We take the 2n = 10 for example. When frequency sep-
aration is fixed at 10 MHz, the corresponding Brillouin gain
profile is obtained. The gain spectrum of the pump, plotted
in black dash curve, is shown in Fig. 4(a). There is no doubt
that the BGS is a bell-shaped profile. However, when none of
the modulation indexes are identical, i.e., κ1 = κ2 = κ3 = κ4 =

0.5, and κ5 = 1, the unequal-amplitude spectral lines appear as
shown in Fig. 4(b). It can be seen that the corresponding BGS
presents a flat-top-shaped profile. Therefore, we can choose
the suitable modulation parameters (i.e., δ ,κi, n) to achieve
a flat-top Brillouin gain spectrum with different bandwidths
under the condition of multi-frequency modulation via an in-

tensity modulator.
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Fig. 2. Gain spectra induced by multi-line pumps.
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Fig. 3. Brillouin spectra under the pump with multi-line spectrum separated in different intervals for frequencies of (a) 1 MHz, (b) 5 MHz, (c)
10 MHz, (d) 20 MHz, (e) 30 MHz, and (f) 60 MHz.
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Fig. 4. (a) Bell-shaped BGS and (b) flat-top-shaped BGS.
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Fig. 5. Amplified waveforms for various pump bandwidths.

Finally, the simulation is carried out to demonstrate the
capability of the multi-line pump beam to amplify weak sig-
nals with low distortion. In the simulation, the original signal
is a 2-ns Gaussian pulse. The pump bandwidths are set to be
30, 60, 120, and 1000 MHz, respectively. The corresponding
amplification results are shown in Fig. 5 (see also inset). It
can be seen that the distortion decreases with the bandwidth
increasing. Therefore, this is a promising method to achieve

low distortion amplification, and hence to greatly expand its
application scope.

3. Experimental results and discussion

Based on this theoretical analysis, we build an experi-
mental setup as shown in Fig. 6. Pump from a 100-mW, 40-
kHz linewidth, 1550-nm wavelength distributed feedback laser
(DFB) is split into two parts by an optical coupler (C1, 90:10).
The upper branch is used as the pump light, which passes
through an electro-optic modulator (IM3) connected with an
erbium doped fiber amplifier (EDFA1), and then injected into
an SBS medium of optical fiber (fiber under test, FUT) with
1 km in length. The other branch is injected into an IM1 driven
by a microwave generator (MG), generating two modulation
sidebands. After being filtered by an optical Bragg grating fil-
ter (FBG), the lower sideband is obtained, which is used as the
probe light. The shifted probe beam is then injected into the
opposite end of the SBS medium, where the SBS effect will
happen. An oscilloscope is used to record the amplified probe
beam.

PC1

C1
DFB laser

IM3

IM1

F P OSA

C2

IM2

EDFA1

1%

FBG

ISO

PC2

DC3

MG DC1
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0
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1 2
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F
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EDFA2
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Fig. 6. Schematic diagram of experimental setup. IM: electro–optic modulator; EDFA: erbium-doped fiber amplifier; FUT: fiber under test;
PC: polarization controller; AWG: arbitrary waveform generator; ISO: optical isolator; PD: photodetector; MG: microwave generator; FBG:
fiber Bragg grating; VOA: variable optical attenuator; OSC: oscilloscope; OC: circulator.
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Fig. 7. (a) Spectrum of two equal-amplitude pump lines and (b) spectrum of ten equal-amplitude pump lines.

We experimentally demonstrate that the multi-frequency

intensity modulation is able to achieve a broad gain spectra.

One percent of the pump beam is extracted with a C2 (1:99),

and then detected by a confocal scanning F–P optical spectrum

analyzer (OSA) with a free spectrum range (FSR) of 2 GHz.

For simplicity, by using the required modulation signal, we
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obtain two equal-amplitude spectral lines shown in Fig. 7(a),
and 10 equal-amplitude spectral lines shown in Fig. 7(b) with
the same frequency separation (30 MHz). It is evident that
the experimental results accord well with the simulation re-
sults. The BGS is measured by sweeping around the BFS of
fiber medium. A Brillouin gain bandwidth of ∼ 200 MHz is
obtained. The corresponding gain profile is shown in Fig. 8.
It is worth noting that if one wants to achieve a wider gain
spectrum, then the modulation signals including more discrete
lines are necessary.
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Fig. 8. Brillouin gain spectrum of 10-line spectral pump.

Another experiment based on Brillouin amplification in
fiber is carried out to demonstrate its low distortion amplifica-
tion capability. The pump beam then is modulated by an IM3
to form 10 lines or one line (no modulated), which results in a
broadened BGS. The other branch is used as a probe (Stokes)
beam, which is modulated into a Gaussian-shaped 50-ns pulse
by a pulse generator (IM2). Figure 9 shows the comparison
between the probe input and its amplified output pulses un-
der the different pump conditions. The input of pump power
density needs controlling to keep the same signal magnifica-
tion (30 dB) in these cases. Obviously, the shape and width
of the amplified probe pulse are almost consistent with those
of the origin probe input pulse under the condition of multi-
line pump. By contrast, the experimental result without pump
modulation is also shown in Fig. 9 (blue dash line). This high-
lights that a serious broadening and a distortion occur. The ex-
perimental results suggest that a low distortion amplification
can be obtained. More interestingly, the low distortion Bril-
louin amplification with high-gain paves the way for a range of
weak optical detection embedded in strong background noise
including laser communication, laser lidar, real-time monitor-
ing of laser welding and intelligent driving.[18–21]

Finally, an experiment is conducted to measure the mag-
nification that a signal can be achieved in the fiber medium. In
the experiment, the pump power is fixed at 300 mW and the
seed power is set to be in a range of 30 dBm to −70 dBm.
Figure 10 shows the signal magnification versus seed power.

It can be seen that the maximum magnification (signal gain)
is about 65 dB. The maximum magnification of the signal de-
creases with its power increasing because of the gain satura-
tion. This happens because a higher input signal power more
easily depletes the pump power. It is evident that the genera-
tion of multi-line spectrum via intensity modulation for broad-
ening the Brillouin gain bandwidth is able to realize high mag-
nification.
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Fig. 9. Comparison between probe input and its amplified output pulses
under different pump conditions.
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Fig. 10. Plot of signal magnification versus seed power.

4. Conclusions
In this work, we theoretically analyze and experimen-

tally verify the ability to achieve the broadband BGS based on
multi-frequency intensity modulation via an IM. The results
show that different bandwidths of the gain spectrum can be
easily achieved. A BGS with a bandwidth of about 200 MHz
is obtained by the proposed effective approach in the experi-
ment. Subsequently, we demonstrate that Brillouin amplifica-
tion in a single-mode fiber can be used to obtain low distortion
amplification with high magnification, and the maximum mag-
nification is around 65 dB. With appropriate optimization, the
application scope of low distortion of weak signals with high
gain is greatly expanded. Such an imaging enhancement may
play an important role in an image sensor where the target is
embedded in strong noise. Further work will focus on further
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exploring the performances of bandwidth Brillouin amplifica-
tion, including signal-to-noise, higher magnification, quicker
measurement of BGS, and simple structure.
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