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The signal-to-noise ratio (SNR) of all-optical pulse com-
pression of broadband microwave signals based on stimu-
lated Brillouin scattering (SBS) is theoretically analyzed.
According to numerical simulation, it is found that the
SNR is dominantly determined by the Brillouin gain
coefficient gB . With the improvement of gB , the SNR is evi-
dently enhanced and the bandwidth of SBS-based pulse
compression is consequently enlarged. Experiments are
implemented by using a dispersion compensation fiber with
a higher gB rather than a single-mode fiber. The experimen-
tal results show that better SNR of the compressed signal is
obtained and the system bandwidth is extended up to
5 GHz. © 2017 Optical Society of America
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As an important signal processing method, pulse compression
technology has been widely used in the radar field [1,2]. So far,
digital processing and surface processing are mature methods to
fulfill the pulse compression of complicated signals [3–5].
However, modern coherent radar systems are faced with signifi-
cant issues of signal processing, such as increased bandwidth,
the challenge of digital storage, and fast signal processing
[2,6,7]. Although the developed photonic analog-to-digital
conversion (ADC) has overcome the bandwidth limitation
of the electronic ADC [8–10], the challenge of digital storage
and fast signal processing remains unchanged. Therefore, an
advanced pulse compression technique is needed. Thanks to
the development of microwave photonics [11], broadband
microwave signals with high phase stability can be generated,
controlled, and processed [12–17]. For instance, a novel pulse
compression process for broadband microwave signals based on
stimulated Brillouin scattering (SBS) was theoretically and
experimentally demonstrated in [16]. SBS is, in principle,
three-wave interaction among the pump lightwave, the

counter-propagated probe lightwave, and the acoustic wave
[18]. The acoustic wave inherits the amplitude and phase
information of the lightwaves. Subsequently, during the
re-coupling between this acoustic wave and pump lightwave,
the time delay and amplitude conjugation conditions, which
are necessary for the matched filtering, are automatically satis-
fied. Thus, the pump lightwave carrying the microwave signal
amplifies the short-pulse probe lightwave via the acoustic wave.
Consequently, the pulse compression is implemented by direct
detection of the probe pulse with and without SBS. The
advantages of this pulse compression technique in [16] are
the short processing time and, thus, significant reduction of
the difficulty of digital storage and signal processing. A
proof-of-concept experiment was carried out to validate the
pulse compression of an LFM pulse. However, the compressed
signal is severely distorted especially by noise effect; thus, the
system bandwidth is limited to 1 GHz.

Compared to [16], the theory of the SBS-based pulse com-
pression technique is improved by implementing the numerical
analysis of the detected probe signal considering the noise
contribution and deriving the signal-to-noise ratio (SNR) of
the compressed signal. The higher Brillouin gain coefficient gB
contributes to a higher SNR and, thus, a broader system band-
width. Experimentally, a dispersion compensation fiber (DCF)
with a higher gB [19] rather than the single-mode fiber (SMF)
utilized in [16] is used to verify the enhanced theory. The ex-
perimental result shows that the SNR of the compressed signal
can be enhanced due to the higher gB. Consequently, the sys-
tem bandwidth can be significantly extended up to 5 GHz.

In [16], the basic theory of SBS-based all-optical pulse com-
pression was demonstrated. However, the noise effect was not
considered. Suppose that n1�t� and n2�t� denote the noise of
the injected pump and probe lightwaves, respectively. The
complex envelope of the injected pump EnP0�t� and probe
EnS0�t� lightwaves can be expressed by

�
EnP0�t� � EP0�t� � n1�t�
EnS0�t� � ES0�t� � n2�t� ; (1)

2980 Vol. 42, No. 15 / August 1 2017 / Optics Letters Letter

0146-9592/17/152980-04 Journal © 2017 Optical Society of America

mailto:wzou@sjtu.edu.cn
mailto:wzou@sjtu.edu.cn
mailto:wzou@sjtu.edu.cn
https://doi.org/10.1364/OL.42.002980
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.42.002980&domain=pdf&date_stamp=2017-07-25


where EP0�t� and ES0�t� are the ideal envelopes of the pump
and probe lightwaves, respectively, without considering the
noise effect.

After substituting Eq. (1) into the three-wave coupling
equations describing the SBS interaction in the fiber, namely,
Eqs. (1)–(3) in [16], the electric field of the detected probe
lightwaves E 0

nS�t � T � suffering the SBS gain can be written as

E 0
nS�t � T � � gBv

8τp
fES0�t� ⊗ �u�t�yP�t�e−Γ

�t �

� N 1�t�g � EnS0�t�; (2)

where v denotes the light velocity in the fiber, τp represents the
phonon lifetime, Γ represents the detuning and dumping
coefficient, and yP�t� � EP0�t� ⊗ E�

P0�−t� is the ideal pulse
compression of the signal to be processed. Moreover, N 1�t�
corresponds to the noise generated through the compression
process, which is given by the following:

N 1�t� � ES0�t� ⊗ fu�t��EP0�t� ⊗ n�1�−t�
� n1�t� ⊗ E�

P0�−t� � n1�t� ⊗ n�1�−t��e−Γ
�tg

� n2�t� ⊗ fu�t�EnP0�t� ⊗ E�
nP0�−t�e−Γ

�tg: (3)

In principle, yP�t� in Eq. (2) can be deduced by subtraction
between E 0

nS�t � T � and EnS0�t�. However, the photo-
detector (PD) used to detect the probe light with or without
the SBS gain always introduces extra noise to the subtracted
signal as well as yP�t�. On the basis of Eqs. (9)–(11) in [16],
the signal after subtraction considering noise can be written as

s�t�T � � �jE 0
nS�t�T �j2 � nPD1�t�� − �jEnS0�t�j2 � nPD2�t��

≈ jΔEnS�t�j2 � 2RefΔEnS�t��n2�t���g�Δn�t�;
t ≥ τs ; (4)

where ΔEnS�t� � E 0
nS�t � T � − EnS0�t� and nPD1�t� or

nPD2�t� represent the PD noise when used to detect the probe
signal with or without the SBS gain. Δn�t� � nPD2�t� −
nPD1�t� is the subtraction of these two PD noises.

Eventually, after substitution and simplification, the sub-
tracted signal s�t � T � is described by

s�t � T � � �gB�2S�t� � �gB�2N 2�t� � gBN 3�t� � Δn�t�;
(5)

where �gB�2S�t� corresponds to the term j gBv8τp
fES0�t� ⊗

�u�t�yP�t�e−Γ
�t �gj2 and is proportional to the squared ideal pulse

compression of the signal to be processed jyP�t�j2, which is
essentially the same as in [16]. Therefore, in Eq. (5), the term
�gB�2S�t� is proposed as the signal of the SBS-based pulse
compression and the remaining parts as the noise. N 2�t�
and N 3�t� are given by the following:

N 2�t� �
�

v
8τp

�
2

2 RefES0�t� ⊗ �u�t�yP�t�e−Γ
�t �N �

1g

�
�

v
8τp

�
2

jN 1�t�j2; (6)

N 3�t� �
�

v
8τp

�
2RefES0�t� ⊗ �u�t�yP�t�e−Γ

�t �n�2�t�g: (7)

Consequently, the SNR of the SBS-based compressed result
is determined by the following:

SNR ∝
Signal power

Noise power
�

R
S�t�dtR

N 2�t� � N 3�t�
gB

� Δn�t�
�gB�2 dt

: (8)

According to Eq. (8), a higher gB gives rise to a higher SNR.
To analyze the relation between SNR and gB , a simulation of
the SBS process is implemented and the result is demonstrated
in Fig. 1. The signal to be processed is a 1 μs LFM pulse with a
2 GHz sweep range. The noises n1�t� and n2�t� are the envi-
ronmental background noises, namely the noise floor, along
with the pump and probe lightwaves before entering the fiber.
The noises n1�t�, n2�t�, and Δn�t� are set as white Gaussian
noise in the simulation. The corresponding power spectral
density (PSD) of n1�t�, n2�t�, and Δn�t� is −100 dBm∕Hz,
−120 dBm∕Hz, and −120 dBm∕Hz, respectively. The PSD
values are around the noise level in the experiments. The probe
lightwave is a 0.2 ns pulse. The Brillouin frequency shift (BFS)
is set uniformly along the fiber and τp � 10 ns. The simulation
results show the comparison of subtracted power with different
gB : 0.33 m−1 W−1, 0.60 m−1 W−1, 0.90 m−1 W−1, and
106.97 m−1 W−1, where 0.33 m−1 W−1, 0.90 m−1 W−1, and
106.97 m−1 W−1 correspond to the gB of SMF, DCF, and an
As2Se3 chalcogenide fiber according to [19,20], respectively.
When gB is small, only the main lobe of the compressed signal
is noticeable. With the increase of gB, the first side lobe of the
signal become evident. The simulation results show that a high
gB increases the power of the signal and SNR, which matches
well with the theoretical analysis. However, there is an excep-
tion when using a chalcogenide fiber with an extremely high gB
where the compressed signal is severely distorted owing to the
high loss in this fiber.

To intuitively comprehend the relation between the SNR
and system bandwidth, a simulation is implemented. The
SNR of the compressed signal as a function of the bandwidth
of the pump lightwave, under conditions of different gB , is de-
picted in Fig. 2. Except for the bandwidth of the signal to be
processed, other simulation parameters are set the same as in
Fig. 1. According to Fig. 2, broader bandwidth of the pump
light gives rise to a lower SNR. Here, we define a critical con-
dition for the system bandwidth. Namely, the bandwidth
corresponding to the SNR of 0 dB is proposed as the system
bandwidth. According to the above critical condition, the
system bandwidth with a gB equal to 0.33 m−1 W−1,
0.60 m−1 W−1, 0.90 m−1 W−1, and 106.97 m−1 W−1 is
2.05 GHz, 3.60 GHz, 5.40 GHz, and 1.00 GHz, respectively.
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Fig. 1. Simulation results for the SBS-based pulse compression with
different gB . The pump lightwave is modulated by an LFM pulse with
2 GHz sweep range and the probe lightwave is modulated by a short
pulse with 0.2 ns pulse duration. The power spectral density (PSD) of
noise in the pump and probe lightwaves is set as −100 dBm∕Hz and
−120 dBm∕Hz, respectively. The PSD from PD is −120 dBm∕Hz.
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It can be seen that with a higher gB, the SNR increases; as a result,
the system bandwidth is broadened. According to the analysis,
wide system bandwidth requires a high SNR and, thus, a high
gB . Although a high gB is the key parameter for the enhancement
of the SNR, the corresponding broader system bandwidth, fibers
with extremely high gB , and also a high loss coefficient are not
good choices for the enhancement of this SBS-based pulse com-
pression system—for example, the As2Se3 chalcogenide fiber.

Thus, the optical fibers with a higher gB (DCF) are believed
to achieve the pulse compression of an ultraband microwave
signal.

Figure 3 shows the experimental setup. The lightwave with a
wavelength of 1550 nm is generated by the distributed-
feedback laser (DFB-LD, NEL, NLK1C6DAAA) and is split
into two arms by a 1∶1 fiber coupler. In the upper arm, through
an electro-optic modulator (EOM, Eospace, AX-6K5-10-PFU-
PFUP-R4), the probe lightwave is modulated by a short pulse
and the output is amplified by an erbium-doped fiber amplifier
(EDFA1) to compensate for the power loss caused by the
modulator. The short pulse is generated via a pulse generator
(Tektronix, PSPL10070A). In the lower arm, a single sideband

modulator (SSBM) is used to modulate the signal to be
processed. The first higher sideband (in frequency) of themodu-
lated signal is selected after the SSBM. The output of the SSBM
is amplified by EDFA2. Polarization controllers (PC1, PC2)
optimize the light polarizations before the modulators. PC3
and PC4 are used to ensure the maximum SBS interaction in
an optical fiber. After PC3 and PC4, the probe light and the
pump light counter-propagate along the optical fiber and inter-
act with each other. To isolate the pump light and transmit the
amplified probe light, a circulator is used after PC4. A PD con-
verts the detected probe power into the electric signal, namely,
the compressed signal, which is observed through the oscillo-
scope (OSC, Tektronix, DSA70804). To reduce noise and dis-
tortion in the pulse compression system as much as possible, this
setup is simplified by using two modulators rather than three
modulators as in [16]. The beat frequency between the pump
and probe lightwaves is the start frequency of the pump light-
wave, which should be the BFS of the optical fibers.

Experiments using two different fibers (SMF and DCF)
under the same conditions are implemented and compared.
The BFS of the SMF and the DCF is 10.812 GHz and
9.672 GHz, respectively. The gB of the SMF and the DCF
is ∼0.3 m−1 W−1 and ∼0.9 m−1 W−1, respectively. The pump
lightwave is modulated by an LFM pulse signal to be processed,
which is generated via an arbitrary waveform generator (AWG,
Keysight, M8195A). The duration of the LFM pulse is set as
3.6 μs and the frequency is linearly swept from the BFS of the
fiber with different sweep ranges. The power of the pump and
probe lightwaves before entering fibers is around 22.29 dBm
and 10.67 dBm, respectively. Each experimental result using
DCF is acquired after averaging by the OSC 30 times instead
of 1000 times in [16].

Figure 4 depicts the pulse compression results using the
SMF and DCF compared with the squared ideal pulse
compressions of the LFM signal under two bandwidths of
200 MHz and 1 GHz. The short pulse duration is set as
500 ps. It can be seen that the compressed results with the
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Fig. 2. Analysis of the SNR of the compressed signal as a function
of the bandwidth of the pump lightwave with different gB . The dashed
line is set as the threshold of SNR � 0 dB. The pump lightwave is
modulated by an LFM pulse with the sweep range from 0.5 GHz
to 5 GHz and the probe lightwave is modulated by a short pulse with
0.2 ns pulse duration. The power spectral density (PSD) of noise in the
pump and probe lights is set as −100 dBm∕Hz and −120 dBm∕Hz,
respectively. The PSD from PD is −120 dBm∕Hz.
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Fig. 4. Experimental results for the pulse compression based on the
SBS process with different bandwidth of the LFM signal. The pulse
compression results with both SMF and DCF are compared with the
squared ideal pulse compressions of the LFM pulses. The duration of
the short probe pulse is 500 ps and the sweep ranges of the LFM pulses
are (a) 200 MHz and (b) 1 GHz, respectively.
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SMF and DCF maintain the same shape of pulse compression
and the main lobe of the SMF and DCF is evident. However,
thanks to the greater gB and, consequently, larger signal power,
as well as the SNR, the identification of the peak of the main
lobe of the compressed signal is more precise. Thus, the com-
pressed result with the DCF matches better with the ideal pulse
compression than the SMF. According to [16], the range
resolution R for the compressed signal is defined as the width
between the peak and the first null, which approximately equals
the reciprocal of the bandwidth B of the LFM pulse.
Comparing Figs. 4(a) and 4(b) with the increase of B, R of
the compressed signal is shortened. Furthermore, owing to
the high gB , the system bandwidth by using the DCF can easily
reach 1 GHz, whereas the compressed signal by using the SMF
is severely affected by noise and the larger system bandwidth
can no longer be reached by using the SMF.

To guarantee the capability of the pulse compression of an
ultrabroad bandwidth (such as 5 GHz), the probe pulse dura-
tion is set as 200 ps. Figure 5 depicts the pulse compression
result of an LFM signal with 5 GHz bandwidth by using
the DCF. The main lobe of the compressed result fits well with
the ideal curve. The mismatch between the experimental result
and the ideal curve is caused by the insufficient Brillouin gain
for the ultrashort probe pulse.

The range resolution R of the LFM pulses with the different
bandwidth B by using the DCF compared with the R − B data,
by using the SMF in [16], is compared in Fig. 6. It shows a clear
inverse relation between the R and B of the LFM pulse for both
the SMF and DCF. The approachable system bandwidth with
the DCF is significantly larger than that with the SMF.
Moreover, the relative error of R between the experimental
result and the ideal R − B curve is smaller by using the
DCF. The comparison between the SMF and DCF indicates
that, by increasing the gB , the performance of the SBS-based
pulse compression is enhanced.

To conclude, we have analyzed and enhanced the SNR of
the SBS-based pulse compression of a broadband microwave
system. Based on the analysis, a higher gB gives rise to a higher
SNR and, thus, a broader system bandwidth. Experiments are
carried out by using the DCF and SMF to verify the analysis.
The SNR of the compressed signal is enhanced and the

detected signal also matches well with the ideal pulse compres-
sion signal by using the DCF with the higher gB. Consequently,
the system bandwidth can be extended to 5 GHz.

Funding. National Natural Science Foundation of China
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