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We demonstrate a technique to reduce the sidelobes in
optical pulse compression reflectometry for distributed
acoustic sensing. the technique is based on using a
Gaussian probe pulse with linear frequency modula-
tion. This is shown to improve the sidelobe supression
by 13 dB compared to the use of square pulses, without
any significant penalty in terms of spatial resolution.
In addition, a 2.25-dB enhancement in signal-to-noise
ratio is calculated compared to the use of receiver-side
windowing. The method is tested by measuring 700 Hz
vibrations with 140 nε amplitude at the end of a 50 km
fiber sensing link with 34-cm spatial resolution, giving
a record 147,058 spatially-resolved points.
© 2018 Optical Society of America
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Coherent optical time-domain reflectometry (C-OTDR) tech-
nology is being developed due to its potential to provide dis-
tributed acoustic sensing (DAS) in a number of applications
such as seismic surveys in oil and gas fields, intrusion detection
in perimeters or pipelines and monitoring of energy cables [1].
C-OTDR sensors launch coherent light pulses into a fiber under
test (FUT) leading to a Rayleigh backscattered signal resulting
from the interference of waves reflected from the multiple scat-
tering centers within the traveling pulse. The optical phase of
the backscattered signal is highly sensitive to acoustic signals
and mechanical vibrations that can be precisely located along
the FUT and quantified.

The range of a DAS is given by the distance along the FUT
at which vibration can be detected with the required average
signal-to-noise (SNR) [2], and it is directly related to the energy

of the deployed pump pulses. One way to increase this energy is
by increasing the power of the pump pulses, but this is limited
by the onset of nonlinear effects such as modulation instability
(MI). Another method would be to increase the duration of the
pulses, but this degrades the spatial resolution of the sensor.

In order to ameliorate the range limitation, application of
optical pulse compression reflectometry (OPCR) to C-OTDR has
been proposed [3][4][5][6]. This technique uses Radar principles
to break the range versus spatial resolution trade-off in OTDR
techniques by deploying relatively long pulses with a linear fre-
quency modulation (LFM) and using a matched filter to process
the received backscattered signal so that it becomes equivalent
to that obtained with a shorter "compressed" pulse of equivalent
energy. However, a problem of demonstrated implementations
of the OPCR technique is that they use square pulses that after
compression turn into sinc-shaped pulses with large sidelobes.
These sidelobes degrade the effective spatial resolution in the
presence of neighboring perturbations.

In this paper, we introduce a technique to reduce the side-
lobes of the compressed pulse by modifying the shape of the
input pump pulses. This is shown to improve the sidelobe sup-
pression ratio as well as the average SNR, compared to the use
of receiver-side windowing. Furthermore, the method is demon-
strated in a long-range DAS link with high-frequency dynamic
measurements close to the Nyquist limit and sub-meter spatial
resolution.

Fig. 1 schematically depicts the fundamentals of the OPCR
technique. An optical pulse with constant amplitude and LFM
that is launched into the FUT (red). This pulse can be expressed
as:

S(t) = rect
(

t
Ts

)
exp

(
jKsπt2

)
(1)

where rect is the rectangular function, Ts is the temporal width
of the pulse and Ks is the slope of the instantaneous optical fre-
quency variation along the pulse. Then, the backscattered signal
from the FUT is detected and processed using matched filtering.
The matched filter has an impulse response which is the conju-
gated time-reversed version of the input pulse. The matched
filter introduces different delays to each spectral component
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Fig. 1. Basics of the OPCR technique when a pulse with LFM
is employed.

of the received signal, leading to their temporal compression.
Hence, the final sensor response is equivalent to that obtained
using a compressed pulse that is the autocorrelation of the input
pulse. The autocorrelation of the pulse in Eq. (1) is given by [3]:

CS(t) = rect
(

t
Ts

)
Tssinc (πKsTst) (2)

Notice that in the case of a square-shaped pulse, the compressed
pulse has a sinc shape, which is a function with large sidelobes
that are only 13 dB below the mainlobe. This is particulary
relevant for locations that are close to highly reflecting events.
Hence, powerful nearby perturbations in the fiber would lead
to crosstalk on the signal measured at a particular location.

Our proposal is to use a pulse shape whose autocorrelation
has sidelobes as small as possible, such as Gaussian. In this case,
the Gaussian-shape pulse with LFM injected in the FUT is given
by:

G(t) = exp

(
−
(

t
Tg

)2
)

exp
(

jπKgt2
)

(3)

where Tg is the half temporal width of the Gaussian at the 1/e
intensity points and Kg is the slope of the frequency variation.
The compressed pulse at the output of the matched filter can be
derived to be:

CG(t) =
KgTg

2
exp

(
−
(

KgTgt
2

)2
)

(4)

which is also Gaussian shaped with no sidelobes. Hence,
crosstalk should be alleviated compared to the conventional
configuration.

Figure 2 depicts the experimental setup that we used to
demonstrate our technique. A 1550 nm laser emits an opti-
cal signal with a static linewidth of less than 15 kHz. LFM of
the output signal is performed by direct current modulation
of the laser (2 V peak-to-peak) during the time-window of the
pulse with no modulation outside this window. For this purpose,

Fig. 2. Experimental setup used in the OPCR technique.

an arbitrary waveform generator (AWG) is used to generate a
waveform that takes into account the different components of
the laser chirp to induce a LFM. A polarization maintaining
coupler separates 30% of the laser signal that is directed to an ho-
modyne optical receiver (Optoplex 90◦ Optical Hybrid Receiver)
to serve as local oscillator (LO). In the upper branch, the optical
pulse is shaped using a Mach-Zehnder electro-optical modulator
(MZ-EOM) driven by another electrical signal from the AWG. Af-
ter the MZ-EOM, a semiconductor optical amplifier (SOA) op-
tical switch with 45-dB extinction ratio (ER) is used to get rid
of the leakage of the pulse wave, which is present due to the
limited ER of the MZ-EOM. This is very important since this
leakage introduces additional noise in the measurement [4].
The signal used to drive the SOA comes from the AWG and
it has to be perfectly synchronized with the signals that modu-
lates the laser and drive the MZ-EOM, respectively. Finally, an
Erbium doped fiber amplifier (EDFA) boosts the pulsed signal
to 19 dBm, the MI threshold in the FUT, and a 1-nm thin-film op-
tical filter (OF) removes the excess amplified spontaneous emis-
sion (ASE) introduced by the SOA and EDFA before injecting
the signal into the 50 km FUT. The backscattered signal is then
directed by a circulator to the homodyne receiver through a po-
larization controller, where it mixes with the LO signal [7]. Note
that the relative delay between the upper and lower branches of
the setup needs to be adjusted so that the LO signal fed to the
receiver while detecting the backscattered signal is outside the
LFM window and, hence, has a constant optical frequency. At
the output of the receiver, the in-phase (I) and quadrature (Q)
signals are digitized by an oscilloscope at 1 GS/s and then fed
into a computer for matched filtering and post-processing.

Fig. 3 shows an example backscattering signal obtained with
the system in Fig. 2 before matched filtering. The power of the
back-scattering signal decays exponentially due to the attenu-
ation of the fiber. A strong reflection can be seen at the end
of the FUT, which has been induced by connecting a variable
optical attenuator (VOA) followed by a short length of fiber that
is precisely cleaved to induce a Fresnel reflection. This reflection
is used to characterize the pulse, as it is shown below, and its
magnitude is controlled by the VOA so that the receiver is not
saturated.

Fig. 4 shows the time-domain amplitude and instantaneous
frequency of the pump pulses reflected from the controlled re-
flection at the end of the FUT for square and Gaussian shapes.
This characterization has been performed by detecting the re-
flected pulses in the homodyne receiver and processing the I
and Q components to obtain the complex amplitude information.
The temporal width of the pulses has been set to ensure that both
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Fig. 4. Time-domain amplitude and instantenous optical fre-
quency of the square-shape (top) and Gaussian (botton) pulses
in the fiber.

pulses contain the same energy since the average SNR depends
directly on the energy of the pulse. The square pulse has a dura-
tion of 950 ns while the Gaussian 1/e-intensity width is 710 ns.
In both cases, the pulse leakage is bound by a 1600-ns switching
window of the SOA switch. Since both pulses do not have the
same temporal duration, the slope of the LFM is not equal in
both cases. The Square pulse has a slope of 0.25 MHz/ns , while
the frequency slope of the Gaussian pulse is 0.35 MHz/ns. These
complex amplitude measurements have some noise, but this is
due to the fact that they are originated by a small reflection at
the far end of the FUT. In addition, there is some amplitude dis-
tortion which is attributed to the imperfections in the homodyne
demodulation due to the tolerances in the optical hybrid and
balanced receivers.

As it can be deduced from Eq. (2) and Eq. (4), the pulse com-
pression obtained with the OPCR method is proportional to the
peak-to-peak optical frequency deviation of the applied LFM
during the input pulse duration: the larger the total frequency
deviation, the greater the pulse compression. At the same time,
the frequency deviation of the LFM determines the spectrum of
the pulse and, hence, of the backscattering signal. Fig. 5 depicts
the amplitude of the complex spectrum of the signal backscat-
tered from the FUT for square and Gaussian pulses. This is the
Fourier transform of the complex amplitude signal obtained
from the I and Q components measured in the homodyne re-
ceiver. Notice that, for the square pulse, the spectrum takes
the approximate shape of a uniform distribution of components
over a range of frequencies equal to the peak-to-peak frequency
deviation of the LFM. On the other hand, for the Gaussian pulse,
the different optical frequencies during the pulse duration are
weighted according to the amplitude of the pulse envelope;
hence, the pulse spectra also follows a Gaussian distribution.
In these measurements, it can be seen that the 3-dB bandwidth
of both signals is approximately equal. This is the important
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Fig. 5. Comparative of the spectrum of the reflected signal
when square (red) and Gaussian (green) pulse are used

parameter to consider because, as the previous discussion illus-
trates, the pulse compression that OPCR can ultimately provide
is determined by the electrical bandwidth of the deployed re-
ceiver (200-MHz in our case). Therefore, in our system the LFM
modulation of the pulses was adjusted so that the occupied
bandwidth of the measured signals was equivalent in order to
have a fair comparison between the use of square and Gaussian
pulses.

The comparison of the pulse compression obtained with
square and Gaussian input pump pulses is depicted in Fig. 6.
These measurements were obtained applying a matched filtering
to the backscattered signal and centering on the end reflection of
the FUT. The matched filter for each case used the correspond-
ing input pulse as template. The spatial resolution, given by the
width of the main lobe, is around 34 cm for both compressed
pulses. However, as it was expected, the compressed pulse for
input square shape has large sidelobes that are 13dB below the
mainlobe amplitude. As for the Gaussian, the compressed pulse
displays much smaller sidelobes that are 26 dB below the main-
lobe. These sidelobes actually appear due to the square pulse
windowing of the Gaussian pulse generated by the SOA. More-
over, at the location of the sidelobes of the compressed square
pulse, the amplitude of the compressed Gaussian pulse drops
by 39 dB.

In addition to the previous measurements where the reduc-
tion of the side-lobes has been demonstrated, dynamic strain
measurements were also carried out to test the performance of
our Gaussian OPCR setup. For this purpose, a piezoelectric
optical fiber stretcher (PFE) with 10 meters fiber length was
added at the far end of the FUT and was driven by electrical
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Fig. 6. Comparative of the pulse compression when a square
(red) and Gaussian (green) pulses are used.
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tones to generate a periodical perturbation with 140 nε ampli-
tude. Successive backscattering traces at 10 cm spatial sampling
were captured and processed for OPCR. Fig. 7 depicts exam-
ple measurements of differential phase measured within the
PFE, i.e., the subtraction of the phase measured in consecutive
positions in the fiber inside the PFE. Two measurements are
shown with a gauge length of 10 cm and 1 m, both displaying
a sinusoidal shape according to the perturbation applied. For
this measurement, the FUT was reduced to 1 km so as to have a
pulse time-of-flight that allowed a 13.3 kHz time sampling that
provided clear measurements of signal where noise was also
visible. Then, the 50-km FUT was used and the time sampling
was reduced to 1.4 kHz due to the pulse time-of-flight. Fig. 8
shows the fast Fourier transform (FFT) of the differential phase
measured with a gauge length of 10 cm for several perturbation
with frequencies from 400 to 700 Hz at a location with the PFE
at the end of the 50 km FUT. The SNR of the detected signal for
every frequency was measured to be around 6 dB without any
kind of signal denoising. Finally, Fig. 9 displays the intensity
plot of the FFT of differential phase for the 600 Hz perturbation
case for positions around the PFE at the end of the fiber. Notice,
that the detection of the perturbation is very well confined to
its occurrence zone. Some amplitude variation is also apparent
within the PFE because of signal fading that is not compensated
in this particular setup.
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Fig. 7. Differential phase variation measured in a fiber location
during a sinusoidal perturbation of 100 Hz for 10-cm (blue)
and 1-m (red) gauge length.

 Frequency (Hz) 

400 500 600 700

 A
m

p
li

tu
d

e 
(a

.u
.)

 

0

0.2

0.4

0.6

0.8

1

Fig. 8. FFT of the perturbation phase-difference measured in a
location at the end of the FUT of 400-Hz (black) 500-Hz (red),
600-Hz (green) and 700-Hz (blue) frequency.

An alternative to reduce the compressed pulse sidelobes us-
ing our method would be to deploy amplitude weighting of
the compressed pulse after detection. This is the method that is

Fig. 9. Intensity plot of the FFT of the detected phase-
difference in the area around the perturbation.

normally deployed in radar pulse compression because the trans-
mitter in those systems does not work in a linear regime and,
hence, shaping of the transmitted pulse is inefficient. However,
application of this method to the OPCR would lead to a SNR
penalty since the total receiver filtering is no longer matched to
transmitted pulse. This mismatch loss can be calculated as [8]:

SNRloss =

(
∑N

n=1 wn

)2

N ∑N
n=1 w2

n
(5)

where wn is the weight of each coefficient and N is the total
number of coefficient of the window filter. In the case of Gaus-
sian shape, the calculated SNR penalty is 2.25 dB. Therefore, in
optical systems, where linearity concerns in the receiver do not
need to be taken into account, it is more convenient to deploy
our Gaussian OPCR method for sidelobe reduction.

In summary, we have introduced a new technique for trans-
mitter pulse shaping in OPCR DAS that greatly reduces the
sidelobes of the pulse compression, leading to a more accu-
rate detection of dynamic events. Experimental results demon-
strate more than 13-dB of sidelobe suppression when using a
Gaussian shape pulse. Moreover, measurements of dynamic
perturbations with a frequency close to the Nyquist limit are per-
formed in a 50-km FUT with 34-cm spatial resolution. This
is, to the best of our knowledge, the OPCR DAS with the
longest range and largest number of spatially-resolved points
(50 km/34 cm=147,058 points) demonstrated to date.
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