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Abstract: We propose and experimentally demonstrate the use of cyclic pulse coding for
enhanced performance in distributed acoustic sensing based on a phase-sensitive optical
time-domain reflectometry (�-OTDR) using direct detection. First, we present a theoretical
analysis showing that to make cyclic pulse coding effective in �-OTDR, the laser linewidth
and stability must be optimized to simultaneously guarantee intrapulse coherence and in-
terpulse incoherence. We then confirm that commercial off-the-shelf distributed feedback
(DFB) lasers can satisfy these conditions, providing coding gain consistent with theoreti-
cal predictions. By externally modulating such lasers with cyclic pulse coding, we demon-
strate a distributed acoustic sensor capable of measuring vibrations of up to 500 Hz over
5 km of standard single-mode fiber with 5-m spatial resolution with ∼9-dB signal-to-noise
ratio (SNR) improvement compared with the single-pulse equivalent. We also show that
the proposed solution offers sensing performances that are comparable to similar sen-
sors employing highly coherent and stabilized external cavity lasers and a single-pulse
�-OTDR.

Index Terms: Fiber optics sensors, Rayleigh scattering, lasers, linewidth.

1. Introduction
Among distributed optical fiber sensors, Distributed Acoustic Sensors (DAS), which are based
on the use of an optical fiber to measure vibrations over an extended region, are becoming in-
creasingly attractive for a wide range of industrial applications. These include monitoring oil and
gas pipelines, ensuring railway safety and perimeter security, and performing industrial process
control [1]. DAS systems involve the real-time observation of the properties of the Rayleigh
backscattered signal in a coherent optical time-domain reflectometer (also known as phase-
sensitive OTDR or �-OTDR), and have become viable alternatives for long distance, distributed
dynamic safety monitoring. Although several techniques have been proposed to implement DAS
systems based on �-OTDR, their high cost and complexity often hinder potential applications in
large volume markets.

For instance, distributed intrusion detection systems have been demonstrated using a direct
detection scheme [2] and a phase-sensitive interferometric system [3]. Solutions for distributed
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vibration measurement using coherent detection have also been proposed using polarization
maintaining configurations [4] to detect vibrations of up to 2.5 kHz across a few tens of meters
of sensing fiber. Since the Rayleigh back-scattering signal is characterized by a state of polari-
zation that is uncontrolled along the fiber, such systems necessitate the use of rather complex
and expensive polarization maintaining configurations. Advanced signal processing techniques,
including moving averaging and moving differential methods, were shown to enhance the mea-
surement capabilities in such sensors but at the cost of significant processing overheads. A digi-
tal demodulation technique, able to detect both the amplitude and phase of the beating signal
after additional processing at the receiver, has also been demonstrated [5]. Wavelet denoising
has also been proposed, offering signal-to-noise ratio (SNR) enhancement in the Rayleigh back-
scattered signal [6]. Both techniques reported in [5] and [6] improve the SNR of the backscat-
tered signal at the expense of reduced dynamic capabilities due to the required additional post
processing.

More recently, a high visibility phase-sensitive OTDR for high-frequency vibration measure-
ments has been demonstrated using a Semiconductor Optical Amplifier (SOA) as a modulator
[7]. This solution relies on the reduction of coherent noise by the high extinction ratio of the
SOA driven as a modulator, and on the high suppression of the sidemode noise due to spectral
hole-burning inside the same. Besides the challenges in driving the SOA as a modulator, this
solution does not address the modulation instability issues affecting vibration measurements at
long distance, in which high peak power values are required [8]. Finally, a technique exploiting
a dual-pulse phase modulation scheme in the probe signal is shown to provide SNR enhance-
ments while avoiding the use of an additional interferometer at the receiving end [9]. Although
sensors which are able to quantitatively detect both amplitude and phase of the vibration exist,
they are affected by significant drawbacks; they either require difficult post-processing [10] and
complex receiver schemes with consequent limited performance [5] or the use of highly coher-
ent lasers [5], [9], with typical sensing distances limited to less than 1 km. Recently, an en-
hanced-SNR distributed vibration sensor using Polarization OTDR has been proposed [11], but
the demonstrated vibration frequency was limited to only 11 Hz.

In this paper, we propose and experimentally demonstrate a cost effective �-OTDR system
based on cyclic pulse coding and a simple direct detection receiver to accurately determine the
frequency of vibration along a 5 km single-mode fiber at a spatial resolution of 5 m. We provide
theoretical coherence analysis and experimental demonstration, showing that the use of cyclic
coding with a commercial off-the-shelf (COTS) distributed feedback (DFB) laser significantly im-
proves the SNR of vibration measurement while reducing the overall cost of the source com-
pared to conventional single pulse systems [12]. The theory of cyclic coding in the proposed
phase-OTDR system is presented in Section 2, while the design of the source and the experi-
mental setup of the sensor are reported in Section 3. The detailed noise characterization of the
laser is provided in Section 4, followed by the results for the measurement of vibration in Sec-
tion 5. We also quantitatively compare the performance of direct detection DAS systems based
on COTS DFB and highly coherent lasers.

2. Cyclic Pulse Coding in Phase-OTDR
Phase OTDR is based on the observation of the coherent Rayleigh backscattering signal from
light pulses sent into the fiber to detect the phase changes induced by local perturbations.
When using a light source which is coherent within the pulse width, the electric field of the back-
scattered signal at the receiver EðtÞz¼0 consists of coherent speckles generated by the interfer-
ence from M Rayleigh backscattering centers in the section of the fiber located in the range
z 2 ½ðtvg � wpÞ=2; tvg=2�, where vg is the group velocity, and wp is the pulse spatial width [7].
The field is given by

EðtÞz¼0 ¼ E0e�2�zej!t
XM

m¼1

rme j�m (1)
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where �z ¼ 1=2½tvg � wp=2� is the corresponding position of the centre of the pulse from which
the signal is backscattered, rm 2 ½0; 1� is each scattering center's reflectivity, and E0 is a refer-
ence amplitude.

Pulse coding has been implemented for various types of sensors including conventional
OTDR [12], Raman Distributed Temperature Sensors (RDTS) [13] and Brillouin Optical Time
Domain Analysis (BOTDA) [14]. It involves sending a sequence of pulses with a known pattern
into the fiber in such a way that they remain inside the fiber concurrently. As a result, the contri-
bution of the backscattering for a single position in the fiber will be a superposition of that from
many pulses. In case of Simplex coding [13]–[15], the equivalent of the single pulse trace is
subsequently obtained from the coded traces by a linear decoding process which involves a
single multiplication between a matrix and a vector. The resulting signal is characterized by a
higher SNR compared to the one from the single pulse and the SNR improvement, also known
as the coding gain G, scales with the length of the codeword N according to G ¼ ðN þ 1Þ=2 ffiffiffiffi

N
p

.
The use of pulse coding, more specifically Simplex cyclic coding [13], for a DAS system

based on �-OTDR is motivated by several factors. First, the properties of Simplex cyclic pulse
coding provides SNR enhancement allowing effective decoding in less than a single fiber round
trip time (RTT) [15], without degrading the DAS dynamic performance. This is a fundamental
condition for performing vibration measurements at high speed. Besides, the use of coding en-
ables sending more energy into the fiber compared to using a single pulse without detrimental
non-linear effects. The resulting SNR improvement has an additional benefit of making commer-
cial off-the-shelf (COTS) DFB lasers suitable for DAS measurements. In conventional �-OTDR
sensors, more expensive, frequency stabilized and narrow linewidth lasers are required to obtain
the coherent Rayleigh backscattering signals used to perform vibration measurements.

However, in a �-OTDR using a narrow linewidth laser, the effective implementation of pulse
coding can be problematic. The back-scattering given in (1) from a pulse pi can potentially inter-
fere with that of a subsequent pulse pj according to

Iij ¼ Ii þ Ij þ 2
ffiffiffiffiffiffi
Ii Ij

p
cos�ij (2)

where Ii and Ij are the backscattered intensities from the two pulses, and �ij is the phase differ-
ence between them. For a Lorentzian line shape, the coherence length of a laser Lcoh is given
by [16]

Lcoh ¼ c
�n��

(3)

where �� is the laser linewidth, n is the group refractive index of the fiber, and c is the speed of
light in free space.

To use pulse coding in a �-OTDR, the choice of the laser linewidth is subject to two interfer-
ence conditions which determine its upper and lower bounds such that ��min � �� � ��max.
The first one is the intra-pulse coherence condition which demands that the pulse be coher-
ent within the pulse width � , i.e., the time period required for backscattering signals from a
single reflection center to interfere at the receiver. Noting that Tmin�coh ¼ � (during which the
pulse travels twice the distance of the spatial resolution) and using tcoh ¼ Lcoh=ðc=nÞ in (3),
we obtain

�� � ��max ¼ 1
�� �

: (4)

On the other hand, the inter-pulse incoherence condition requires that the backscattering sig-
nals from two consecutive pulses not be coherent with respect to each other. This second con-
dition can be clearly satisfied by cyclic coding with inter-pulse distance larger than the
coherence length of the laser. In other words, for a given sensing distance and corresponding
RTT, the coherence time of the laser should be lower than the bit time of the longest codeword
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Nmax used for cyclic coding, i.e., lower than Tmax�coh ¼ RTT=Nmax. Using (3), this condition can
be written as

�� � ��min ¼ Nmax

�� RTT
: (5)

If the choice of the source satisfies the conditions in (4) and (5), the beating component in (2)
will be eliminated. This in turn means that the contribution of the various pulses to the total in-
tensity in the backscattering signal at the receiver will be a superposition of the delayed intensity
contributions from individual pulses,. i.e.,

ItotalðtÞz¼0 ¼
XN

i¼1

pi � I t þ ðN � i þ 1Þtbð Þ (6)

where P ¼ fpi 2 f0; 1g : i ¼ 1; 2; 3 . . .Ng is the cyclic pulse pattern, ti ¼ t þ ðN � i þ 1Þtb repre-
sents the delay in the backscattering intensity contribution for the i-th pulse at the receiver, tb
being the bit duration, and IðtÞ ¼ Iðt þ NtbÞ is the periodic backscattering intensity trace from an
individual pulse containing the coherent speckles. A few rearrangements to (6) yield a set of lin-
ear equations which can be solved using a single multiplication between a matrix and a vector
to perform the decoding process and obtain the equivalent of the single pulse fiber response,
using analyses similar to the one given in [12].

It is worth noting that, according to our analysis, a highly coherent source prevents the use of
coding for the Rayleigh trace reconstruction. However, a COTS DFB laser, which can easily
satisfy the conditions given by (4) and (5), has the double advantage of having a lower cost
and allowing the use of coding for SNR improvement. Besides, in conventional long distance
�-OTDR, the use of high peak power levels, which is required for achieving acceptable SNR
values in the Rayleigh backscattering signal, has been shown to result in detrimental non-linear
effects such as modulation instability [8]. This means that an alternative solution based on pulse
coding and using lower peak power levels to obtain given sensitivity and sensing distance re-
quirements would be preferable. In our work, we experimentally demonstrate that the use of cy-
clic Simplex coding in �-OTDR with COTS DFB lasers effectively reduces the DAS measurement
noise leading to dynamic performances comparable to the ones achievable with highly coherent
sources.

3. Experimental Setup and Design of Source for �-OTDR With Coding
To test our proposed scheme for a phase-OTDR based on cyclic coding, we used the experi-
mental setup shown in Fig. 1. Light from a COTS DFB laser is amplified with an Erbium Doped
Fiber Amplifier (EDFA), filtered via a narrow Optical Bandpass Filter (OBPF) and then modu-
lated by a pattern of continuous pulses in the “1” state using a Mach-Zehnder Modulator (MZM)
driven by a Waveform Generator (WFG), while the state of polarization is controlled by a Polari-
zation Controller (PC). Then, the pulses are further amplified and filtered with the second EDFA

Fig. 1. Experimental setup of phase-OTDR with coding.
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and OBPF, respectively, before being input to a high extinction ratio (ER) Acousto-optic Modula-
tor (AOM) used as a gating element to generate the cyclic pulse codeword pattern. The coher-
ent Rayleigh backscattering signal is input to a simple direct detection receiver consisting of a
125 MHz PIN photodiode which precedes the data acquisition block consisting of a 200MS/s
oversampling ADC and a fast digital acquisition board.

The design of the source for implementation of the cyclic coding in a �-OTDR is made in such
a way that the coherence noise in the backscattering signal is minimized by using suitable combi-
nation of modulation, amplification and filtering, as shown in the schematic given in Fig. 2. Note
that the MZM and the AOM suppress the residual zero-level amplified spontaneous emission
noise at the input of the second EDFA and at the fiber input, respectively. The high ER of the
AOM provides an additional benefit of suppressing the coherence noise [7]. The MZM is driven
by a continuous pattern of bits all in the “1” state, which would then be turned either on or off by
the AOM, depending on the pulse pattern. Note that, in order to make a sensible performance
comparison between single pulse and coded �-OTDR, the noise and peak power of the signal af-
ter the second EDFA should have the same value for different codewords and a single pulse.
This is achieved by the experimental set-up described in Fig. 1 and by the scheme described in
Fig. 2 by always generating a sequence of pulses in the “1” state, with the same bit time Tbase

which corresponds to the longest codeword used. The selection of a specific codeword will then
take place in the AOM depending on the specific codeword pattern and length. The delay �t in
Fig. 2 corresponds to the locations of the two modulators in the experimental setup.

4. RIN and Frequency Noise Characterizations
Before testing the effectiveness of our DAS system based on cyclic Simplex coding, we charac-
terized a COTS DFB laser at 1549 nm from NetTest and a narrowband stabilized external cavity
laser (ECL) from Advantest, in terms of linewidth, frequency stability and Relative intensity
Noise (RIN). Fig. 3 shows the RF spectra of the COTS DFB laser measured using a delayed
self-heterodyne technique [17] at different output power levels, where the FWHM is half the one
reported in the figure. It is evident that the linewidth of the laser is strongly dependent on the la-
ser operating conditions and, specifically, the output power should be adjusted so that the emis-
sion width is suitable for accurate vibration measurement based on pulse coding. We have
verified that operating the laser at 2.5 dBm output power provides a FWHM of ∼4 MHz which
guarantees the intra-pulse coherence and inter-pulse incoherence conditions required for a

Fig. 2. Implementation of the modulation scheme in the source for �-OTDR with coding.

Fig. 3. RF spectra corresponding to laser emissions at different output power.
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coded phase-OTDR (the laser linewidth is within the range 1 MHz–6 MHz, which is required to
guarantee both coherence conditions with 6 km sensing fiber, 50 ns pulses, and maximum co-
deword length NMAX ¼ 255). For comparison, we have also measured the linewidth of the
highly stabilized ECL to be ∼50 kHz, confirming that this laser cannot be used for coded �-
OTDR due to inter-pulse coherence.

We have also made a characterization of the relative intensity noise (RIN) of the COTS DFB
and stabilized external cavity lasers, which are reported for comparison in Fig. 4. As shown,
both lasers are characterized by low RIN values at frequencies corresponding to the time scales
of our measurement, providing accurate intensity values within the measurement bandwidth of
125 MHZ. Specifically, the integral of the RIN over frequency in the spectral range of our mea-
surement is inversely proportional to the SNR and hence low value of measured source RIN im-
plies higher SNR of measurement using the overall sensing system.

The COTS DFB laser used in our coded phase-OTDR and the highly stabilized ECL have
also been characterized in terms of frequency stability using the interferometric scheme de-
scribed in Fig. 5(a) [18]. As shown, the output of the laser passes through an isolator followed

Fig. 4. Measured RIN of the COTS DFB laser and stabilized narrow linewidth ECL.

Fig. 5. (a) Experimental setup for characterizing laser frequency stability. (b) Measured power spectral
density of frequency noise using the DFB laser and a frequency stabilized, narrow linewidth ECL.
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by a variable optical attenuator (VOA), which controls the power from the laser. A Fabry–Perot
interferometer (FPI) is used to convert laser frequency fluctuations into intensity changes, and a
polarization controller (PC) is employed to obtain the optimum state of polarization in the FPI.
Then, a PIN photodiode and an oscilloscope have been used to acquire the intensity changes
at the output of the interferometer, which are then converted back to the corresponding fre-
quency changes by inverting the transfer function of the FPI. The measured values of the power
spectral density (PSD) of the frequency noise for the two lasers are reported in Fig. 5(b), which
confirms the higher overall frequency stability for the ECL compared to the DFB laser. Note that
the central frequency of the laser should not drift during consecutive measurements and that
the required frequency stability depends on the laser linewidth. For instance, if the desired line-
width range is 1–5 MHz, not only should the laser emission remain within these limits, but also
should its center frequency not vary by more than 5 MHz. This factor determines the impact of
frequency noise of the source on the overall performance of the sensing system. This is clearly
reflected in the result of the frequency noise measurement in Fig. 5(b), which shows that the
COTS DFB laser has an emission spectrum stable enough to guarantee accurate measurement
of the phase-OTDR intensity. The effect of noise on the performance of the sensing system can
be summarized as follows: low measured RIN in Fig. 4 combined with low frequency noise
shown in Fig. 5(b) for the light source used in our sensor means that the sensor spatial resolu-
tion will be preserved and cyclic coding can be effectively implemented with reduced measure-
ment noise.

5. Experimental Results
We have tested the effectiveness of the DAS system using the COTS DFB laser and cyclic
Simplex coding. We used 6 km of standard single mode fiber in which a 1.5 meter section at
around 5 km was wound on a Piezoelectric Tube (PZT), so that low amplitude vibrations can
be applied at different frequencies using a WFG driven by an amplifier, to simulate external in-
terferences. A number of coded traces were then acquired at a repetition rate corresponding
to the fiber RTT (16.67 kHz). Subsequently, each trace was decoded and the time variation of
the intensity of the point of vibration was studied. The limit of frequency of vibration that the
sensor can measure is determined by the RTT of light along the fiber, which depends on the
sensing distance while the RTT and codeword length determine the duty cycle. Fig. 6(a)
shows a comparison of an averaged single pulse trace and a 255-bit averaged decoded trace
at the end of the sensing fiber, with 50 ns pulses and just 10 moving averages, clearly showing
the presence of coherent speckles and the benefit of pulse coding in terms of noise suppres-
sion. Note that the properties of cyclic coding allow effective decoding in less than a single RTT
without degrading the DAS dynamic performance [14].

The decoding process can be taken as a kind of sampling in the optical domain that occurs
many times within a single RTT at intervals of the bit time and helps to perform fast denoising of

Fig. 6. (a) Individual phase-OTDR traces for single-pulse and 255-bit cyclic coding showing denois-
ing with coding. (b) Theoretical and experimental coding gain for varying codeword length.
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the backscattering signal. Even though the end result of using cyclic coding can be equivalent
to that of averaging in terms of the denoising, the process happens within a single round trip
time, and hence, this makes it particularly important for fast denoising. It also significantly re-
duces the number of averages required to obtain a given SNR. It is important to follow the theo-
retical analysis given in Section 2 for the actual implementation of the pulse coding scheme
since it is not straightforward in the case of a phase-OTDR system which uses a coherent
source. The experimental and theoretical coding gain values as a function of codeword length
for pulse width of 50 ns and peak power of 27 dBm are shown in Fig. 6(b), which points out the
close agreement between theory and experiment. The slight difference between the two for long
codewords can be explained by the fact that, when the code length increases, the bit-time which
is defined in Fig. 2 decreases and the backscattered signal from each bit in the codeword starts
to interfere more with adjacent ones. We have experimentally confirmed that coherent interfer-
ence among the Rayleigh back-scattering from the different pulses in the codeword is avoided
by choosing the source according to the theoretical coherence analysis given in Section 2.
When cyclic coding is used with a narrow linewidth laser, the coherent Rayleigh backscattering
signal shows clearly observable oscillations which do not appear when a single pulse is used,
making it evident that the interference arises from backscattering among coherent consecutive
pulses. On the other hand, when a larger linewidth laser fulfilling the coherence conditions is
used, the acquired trace contains clear intensity superposition of contributions from individual
pulses, which can then be effectively decoded. Fig. 7 shows the detected sinusoidal signal in
time domain for a 500 Hz vibration applied at the PZT, when a codeword of 255 bits is used.

To assess the noise reduction due to cyclic coding, a comparison of the various measured
spectra when using a single pulse and different codeword length values has also been done
and the results are reported in Fig. 8, which clearly shows a reduction in the noise floor of the
measurement for varying codeword length values. These results also confirm that the noise sup-
pression induced by pulse coding is consistent with the coding gain reported in Fig. 6(b) (which
is ∼9 dB with 255-bit codeword).

Fig. 7. Time-domain plot of a 500-Hz sinusoidal vibration at the PZT.

Fig. 8. Measured vibration spectra with the DFB laser using single-pulse, 63- and 255-bit cyclic
coding.
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It is worth noting that, since our sensor monitors the change in the intensity of the back-
scattering signal, it is mainly suitable for accurate measurement of the frequency of vibration over
a long distance. It can be attractive in a number of applications including intrusion detection and
identification, health monitoring of structures and leakage detection in the oil and gas industry.

An additional advantage of using cyclic coding is that it increases the total light energy sent
into the fiber without having to increase either the pulse width or the peak power. Since the de-
coding process converts the response obtained by sending the codeword along the fiber into
the equivalent of the single pulse, it maintains the spatial resolution. The maximum SNR im-
provement using cyclic coding depends on the length of the codeword, which in turn depends
on the length of the fiber and the source linewidth as defined by the inter-pulse incoherence
condition. For a given light source satisfying the coherence conditions, the bit time should be
longer than the pulse width and the corresponding length of codeword used will set the limit to
the SNR enhancement. The maximum frequency of vibration that can be measured is deter-
mined by the round-trip-time of light along the fiber and the number of acquired traces, which is
much less when using cyclic coding compared to a single pulse.

Finally, a comparison of the measured vibration spectra obtained with cyclic coding and a DFB
laser with FWHM ∼4 MHz and that with single pulse and a highly stabilized ECL with FWHM
∼50 kHz, were made (the characterizations of both lasers were done, as shown in Figs. 3–5).
The measured spectra for a 500 Hz sinusoidal vibration at the PZT with the two lasers using the
same parameters including the pulse width, sensing distance and optical power at the input of
the FUT are reported in Fig. 9, which clearly shows that the use of cyclic coding with the COTS
DFB laser results in a reduction in the noise floor of the measurement to a level comparable to
that obtained using the ECL. Note that the proposed sensor is suitable for long distance mea-
surements (enabling vibration frequency measurements at a distance of 5 km resolved by 5 m)
and is less costly because of the use of a COTS DFB laser and simple direct detection with min-
imal post-processing. The cost-effectiveness is evident from the fact that most existing vibration
sensing schemes [4]–[6], [9] employ stabilized narrow linewidth light sources, which use exter-
nal cavities to maintain spectral purity. Compared to simple COTS DFB lasers which have
FWHM of a few MHz, such sources are more complex and expensive.

6. Conclusion
We have demonstrated a DAS system using cyclic coding in a direct detection scheme which
uses a commercial DFB laser. We have presented theoretical analysis for intra-pulse and inter-
pulse coherence conditions which enable cyclic pulse coding to be effective in �-OTDR. De-
tailed experimental characterizations have also been carried out in order to select suitable
sources to be used in improved SNR �-OTDR sensors. We have shown that suitable design of
the source to satisfy these coherence conditions relaxes the strict requirement for a stabilized,
narrow linewidth laser in conventional phase-sensitive OTDR sensors while at the same time

Fig. 9. Vibration spectra using DFB laser and a frequency stabilized ECL.
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reducing coherent noise and non-linear effects. Experimental results confirm the capability of
the proposed technique to perform distributed measurement of vibrations of up to 500 Hz at
5 km distance on standard single-mode fiber, with a spatial resolution of 5 meters.
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