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We propose a high-gain and frequency-selective amplifier for a weak optical signal based on stimulated Brillouin
scattering in a single mode fiber. To be able to satisfy the needs of high gain and high signal-to-noise ratio laser
pulse amplification, different fiber lengths and core diameters are used to fulfill this experiment. In the experi-
ment, a 430 nW (peak power) pulsed signal is amplified by 70 dB with a signal-to-noise ratio of 14 dB. The small
size, high gain, low cost, and low noise of the fiber Brillouin amplifier make it a promising weak signal ampli-

fication method for practical applications such as lidar.
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Brillouin amplification has been a subject of interest be-
cause of its ability to amplify weak pulse signals with a
high magnification®? and strong signals with a high
efficiency2¥. It has potential applications in intelligent
driving systems™? and lidar detection systems™>, Lidar
is an excellent system for high-resolution detection. The
quantity of echo signals of lidar depends heavily on the
surrounding environment, such as weather and air condi-
tions. Up until now, most lidar systems mainly employed
electrical amplification to detect weak echo signals, which
required a highly sensitive detector¥. However, high
sensitivity brings more background noise and restricts
the working conditions of the detector, such as low
temperature.

Stimulated Brillouin scattering (SBS) is a relatively
simple and efficient mechanism for weak optical signal am-
plification with a high gain and high signal-to-noise ratio
(SNR). According to various references, the results show
the possibility of using a Brillouin amplifier to enhance
weak signals®=2J, About a 2 x 10 signal amplification fac-
tor was achieved for an input signal of 1 pJIZ. By using the
double-stage non-collinear Brillouin amplification system,
a Stokes signal of 8.6 x 1074 J was amplified with an
overall signal amplification factor of 10"'%. Image
amplification by a factor of 300 was demonstrated with
Brillouin two-beam coupling in CS,!Y. With a pump
power at the threshold, the Brillouin amplifier can provide
a very high gain: a gain of 45 dB was obtained with 8 dBm
of pump power in a 25 km single mode fiber (SMF) for a
—45 dBm input power signal?. Those experiments in-
volved a high pump power density to amplify the Stokes
pulse. Therefore, pulsed pumps were employed. However,
for a real lidar system, it is hard to synchronize the pump
and echo signals, because the time when the echo signals
reach the SBS amplifier is unknown.

In this Letter, we propose a high gain scheme based on
SBS in an optical fiber that employs a continuous-wave
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(CW) pump to amplify the weak signals to obtain a higher
magnification than done previously2. It has the following
two main advantages: (1) the intrinsic linewidth of the op-
tical fiber is only ~30 MHz, so the SBS amplifier can filter
out most of the background optical noise; (2) the length of
the fiber can be much longer than that of traditional SBS
medium, so a high gain can be realized by the pump with a
much lower power. The experiment results demonstrated
that the fiber Brillouin amplifier is suitable for the ampli-
fication of weak pulse signals. The Stokes peak power mag-
nification and SNR of a fiber medium are studied.

The experimental optical path is shown in Fig. 1. A dis-
tributed feedback optical fiber laser with a 10 kHz ultra-
narrow linewidth outputs a CW laser that operates at the
wavelength of 1550 nm and outputs the power of
94.2 mW. Then, a 90/10 coupler is used to split the out-
put CW into two branches. The upper branch is used for
the generation of the Stokes light. It is modulated by an
electro-optic modulator (EOM2) with a 45 dB high ex-
tinction ratio to form a 40 ns Gaussian pulse with a rep-
etition rate of 50 kHz. Note that the Stokes pulse is
40 ns wide, which is used to match the intrinsic linewidth
of the optical fiber. After passing through the EOM2,
which is driven by an arbitrary waveform generator
(AWG), the Stokes light is amplified by an erbium-doped
fiber amplifier (EDFA2). The other branch is used as the
pump light. It is offset in frequency with the Brillouin fre-
quency shift (BFS) of ~10.83 GHz by an intensity modu-
lator (EOM1), which works at the carrier suppression
mode. The output of EOM1 is filtered by a fiber Bragg
grating (FBG) to retain the upper sideband. When the
pump component passes through the EOM1 and some op-
tical devices, it is injected into SMF (Corning SMF-28e).
The 40 ns Gaussian pulse Stokes light and the pump light
meet in the amplifying medium. The peak power of the
Stokes pulse, and also the pump light, can be controlled
by means of variable optical attenuator (VOA2).

© 2018 Chinese Optics Letters


mailto:dexinba@hit.edu.cn
mailto:dexinba@hit.edu.cn
mailto:dexinba@hit.edu.cn
mailto:lvzw@hit.edu.cn
http://dx.doi.org/10.3788/COL201816.111901
http://dx.doi.org/10.3788/COL201816.111901

COL 16(11), 111901(2018)

CHINESE OPTICS LETTERS

November 10, 2018

AWG
e
Q00 e AMA

pcz L—/—"71

Couplerl
1550nm

DFB

Vo —Av v0+Av

Coupler3

v tav

Probe Light

0,
0% [ EDFaz

Yo

{ Filter

000 [Eowmi |
|

PCI

! FBG Coupler2

i 3

Fig. 1. Schematic diagram of the experimental setup. EOM, electro-optic modulator; EDFA erbium-doped fiber amplifier; FUT, fiber
under test; PC, polarization controller; AWG, arbitrary waveform generator; OI, optical isolator; PD, photodetector; MG, microwave
generator; FBG, fiber Bragg grating; VOA, variable optical attenuator; OSC, oscilloscope; OC, circulator.

The amplified Stokes light is captured by a photodetector
(PD) and sampled by an oscilloscope.

Power meter 1 is used to monitor the CW pump light
power, and an optical spectrum analyzer (OSA) is used to
monitor the frequency domain waveform of the pump light
after being filtered by the FBG. An oscilloscope is used to
monitor the amplified Stokes light’s waveform and its
peak power after amplification. Optical probe 1 is used
to monitor the waveform of the Gaussian Stokes light
and record the peak power of the pulse light.

The oscilloscope used in this experiment is DPO71254C
from Tektronix. Power meter is EXFO of FPM-300. The
optical spectrum analyzer is YOKOGAWA of AQ6370D
and is used to monitor the amplitude of DC bias to obtain
a stable waveform of the pump light.

In the experiment, to measure the medium parameters’
effect on the fiber Brillouin amplification process, the
Stokes and pump power in the fiber is fixed. The SBS
medium parameters’ effect on the amplification process
can be studied by means of replacing the fiber medium.
The main parameters include the core diameter and
length. The case for the power parameters is the same.
The Stokes peak power is kept at 430 nW. The SNR
and the Stokes peak power magnification of the SBS am-
plification are investigated by changing the pump power.
Peak power magnification is defined as the ratio of the am-
plified Stokes peak power (P..) to the incident Stokes
peak power (Py.): €p = Py /Psn- The SNR is the ratio
of the emitted Stokes peak power (P.,) to the output
noise power (P,): SNR = P,/ P,.

In the fiber Brillouin amplification process, as we all
know, the pump light interacts with the acoustic wave
in the fiber. When the pump and the Stokes pulse light
meet in the medium, the backscattered Stokes light inter-
feres with the input pump light and generates an acoustic
wave through the effect of electrostriction. The forward
propagating acoustic wave acts as a Bragg grating, which
scatters more pump light in the backward direction. In
this way, the Brillouin amplification is realized. A CW

is used as the pump light in order to make full use of
the characteristics of optical fiber.

The following experiment results show the relationship
between the two kinds of fiber with different core diame-
ters and the variation of the pump power. Figures 2 and 3
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Fig. 2. Stokes peak power magnification as the pump power
changes in two kinds of fiber core diameter.

SNR
%)

[ [}
4 1 L I | L L

100 150 200 250 300 350
Pump power (mW)

Fig. 3. SNR as the pump power changes in two kinds of fiber core
diameter.
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show that Stokes peak power magnification and the SNR
as the pump power changes in two kinds of fiber core
diameter, respectively.

According to the traditional view, the SBS gain that the
Stokes light got from the pump satisfies the equation

G = gIL = 4gLP/(xD?), (1)

where ¢ is the Brillouin gain coefficient, I is the input
pump power density, L is the effective interaction length,
P represents the input pump power, and D is the core
diameter of the SMF. The exponential gain coefficient
G of the system scales inversely with the diameter. There-
fore, as the diameter of the fiber decreases, the SBS gain
becomes larger and the magnification improves. However,
it can be seen from Fig. 2 that the magnification of the
fiber core diameter of 6 pm is higher than another when
the pump power is below 200 mW. The state will be
changed as the pump power increases. The phenomenon
is derived from fine core diameter’s low coupling efficiency.
Figure 3 shows that the SNR decreases with the pump
power increasing and the SNR of the black block is supe-
rior to the red block. So, to obtain a higher gain, the fiber
core diameter of 9 pm can be considered as an ideal
medium for SBS amplification. Figures 4 and 5, respec-
tively, correspond to the signal magnification and the
SNR curve under the conditions of different fiber lengths.
By using different lengths of optical fiber, the magnifica-
tion increases with the fiber length increasing, while the
SNR decreases a lot. The longer the fiber, the higher
the resulting gain when the pump power and the Stokes
peak power remain unchanged. Therefore, as the gain in-
creases, the peak power magnification of the Stokes and
noise are increasing, so the SNR is decreasing. Meanwhile,
we find that the amplified Stokes peak power increases
with the pump light power increasing in the same length
of fiber. From the results above, obviously, the magnifica-
tion and the SNR of a 1 km long 9 pm fiber core diameter
are higher than others. A maximum amplification up to
70 dB is achieved. A high signal gain is obtained when
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Fig. 4. Stokes peak power magnification as the pump light power
changes in two kinds of fiber length.
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Fig. 5. SNR as the pump light power changes in two kinds of
fiber length.

the pump power is above 200 mW. Once the value of
the pump power exceeds 300 mW, the magnification re-
mains approximately constant because of saturation.
The gain factor ¢gIL in this experiment is larger than
20, which is the threshold for the generation of the SBS
process. This is mainly because of the competition be-
tween the generation process and the amplification of
the leaked CW-Stokes of EOM2. The leaked CW wave
of EOM2 is amplified by the CW pump, which generates
an acoustic field because of the interference between the
pump and the leaked wave. It suppresses the generation
of the spontaneous acoustic field, which is the origin of
the spontaneous SBS. Figures 3 and 5 show the influence
of the pump power on SNR. It can be that SNR decreases
with the pump power increasing, which may result from
the amplification of the leakage of EOM2.

Then, keeping the pump power at 300 mW, the optical
fiber Brillouin amplification process is observed with the
Stokes light peak power variation in SMF. Figure 6 shows
the magnification of Stokes changes with the increase of
the Stokes peak power. Its influence on the SNR is shown
in Figure 7.

From the above experiment results, it can be noted that
the signal gain decreases with the Stokes peak power
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Fig. 6. Influence of the Stokes peak power on the Stokes
magnification.
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Fig. 7. Influence of the Stokes peak power on the Stokes SNR.

increasing. The SNR increases with the Stokes peak power
increasing. This is because when it keeps the pump power
and the medium’s length unchanged, the gain G that the
Stokes pulse got from the CW pump is at a certain value.
Therefore, as the Stokes peak power increases, the peak
power magnification decreases and the SNR increases.

The above experiment results show that the proposed
amplification method that is based on SBS in optical fiber
can be employed to achieve a high magnification. When
selecting a Brillouin amplification medium, we should
not only take the core diameter but also the length of
the medium into consideration. The above results show
that, for SMF-28 fiber, the best length of fiber used for
SBS is 1 km long, and the amplification of the weak Stokes
signal with the power is in the range of 107" to 10710 W.
Hence, the application scopes of weak signals with high
gain are greatly expanded.

Considering that there are no appropriate instruments
in our lab to measure the spectra of signals, an analysis
of the characteristics of the spectra is given to investigate
this characteristic. The width of the Stokes pulse is 40 ns in
the experiment, the bandwidth of which is estimated to be
about 10 MHz (full width at half-maximum) according to a
Fourier transform. It is much narrower than the Brillouin
linewidth of the optical fiber (approx. 30 MHz). Therefore,
all the frequency components lie in the amplification band,
which can be amplified with almost the same gain. This
suggests that there is no significant change in the shape
of the spectrum of the amplified Stokes light. The width
of the amplified Stokes is broadened to ~ 60 ns, which im-
plies that the spectral width of the amplified light is de-
creased. We will study the spectrum characteristics of
the Stokes beam before and after amplification based on
a fiber Brillouin amplifier (FBA) in future.

In conclusion, by the same CW pump power, the Stokes
signal of a few hundred nanowatts is amplified based on
FBA. Different power conditions and medium parameters

are studied. The results show that with the increasing of
the pump light power, the weak signal gain is increasing
and the SNR is decreasing, and with the increasing of the
Stokes light peak power, the weak signal gain is decreasing
and the SNR is increasing. We have demonstrated a 70 dB
amplification for a weak optical signal based on stimulated
Brillouin scattering in optical fiber, which is 30 dB higher
than the previous studies?. The proposed method has the
advantages of a simple structure, convenient adjustment,
and being easy to implement. This experiment proves that
it is available to amplify a weak laser pulse by CW through
the SBS method.

This work was supported by the National Natural
Science Foundation of China (No. 61605034).
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