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Abstract—The spectral properties of the Rayleigh backscattered
traces measured by a phase-sensitive optical time-domain reflec-
tometer (φOTDR) with direct detection are theoretically and exper-
imentally analyzed. The spectrum of the measured φOTDR signal
is found to be strictly dependent on the spectral shape of the probing
optical pulse. Furthermore, the visibility, spatial resolution, fading
rate, and correlation spectrum of the traces are analyzed using
different detection bandwidths. Results point out that the quality
of φOTDR traces and target spatial resolution are secured only if
the electrical bandwidth of the photodetector is broad enough to
cover at least 80% of the total power contained in the electrical
spectral density function of the measured trace. This means that
in the case of using direct detection of the Rayleigh backscattered
light induced by rectangular-shaped optical pulses, the minimum
bandwidth required for a proper detection of the traces is equal
to the reciprocal of the pulse temporal width (which is larger
than the pulse spectral width). Although the theoretical analy-
sis and numerical simulations are here experimentally validated
for rectangular and sinc-shaped optical pulses, the results and
methodology presented in this article can be applied to optimize the
direct-detection bandwidth of φOTDR sensors using any optical
pulse shape.

Index Terms—Fiber optics, optical fiber sensors, optical signal
detection, optical time domain reflectometry, Rayleigh scattering.

I. INTRODUCTION

PHASE-SENSITIVE optical time-domain reflectometry
(φOTDR) is a distributed fiber sensing technique based

on coherent Rayleigh scattering, now widely used in intru-
sion detection, vibration sensing, and distributed temperature
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or strain measurement [1]–[3]. In a φOTDR system, a highly
coherent optical pulse is launched into a sensing fiber and the
multiple interferences of the Rayleigh backscattered light from
distinct scattering centers covered by the optical pulse width are
detected. The refractive index of an optical fiber shows minute
random variations due to the frozen fluctuating material density.
This leads to an interference process that generates a random, but
static profile along the fiber, resulting in a temporal trace with a
stochastically varying amplitude, which is fully repeatable under
entirely identical conditions (i.e., unchanged light spectrum and
environmental conditions) [4]. The profile of a φOTDR trace
carries meaningful information about the local conditions along
an optical fiber, and therefore, most of sensing applications are
based on the monitoring of the variations of this longitudinal
random pattern.

Since this jagged profile contains essential information for
φOTDR sensing, the temporal trace must be acquired with the
best fidelity. Particularly, the φOTDR signal shows very fast
time-domain oscillations, indicating a rich spectral content. The
photoreceiver bandwidth must be therefore large enough to
avoid filtering out essential high frequency information. Should
the bandwidth be too limited, the randomly varying temporal
trace would be longitudinally smoothened, altering the trace sig-
nature and leading to a sensing response with reduced sharpness.
The requirement for a broadband detection has been pointed out
in the case of a rectangular incident pulse and the photodetector
bandwidth has been suggested to be several times broader than
the optical pulse spectrum [5]. Nevertheless, higher bandwidth
means larger noise and this might in turn impair the sensing
performance. It is therefore necessary to precisely determine
the minimum bandwidth required to secure a trace fidelity good
enough for a target spatial resolution.

In this paper, the spectral features of φOTDR traces are
theoretically and experimentally analyzed. The effects of the
photoreceiver bandwidth on the visibility, spatial resolution,
fading rate and correlation spectrum of the sensor are also
investigated. Results demonstrate that a reduced detection
bandwidth can impair the visibility, spatial resolution and fading
rate of φOTDR traces, as well as broaden the cross-correlation
peak of frequency-scanned φOTDR systems, impairing the
quality and reliability of the measurements. According to
this analysis, the photoreceiver bandwidth is assessed to be
large enough when containing 80% of the signal power, which
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represents the minimum required condition to keep impairments
at a negligible level.

II. THEORY

The amorphous nature of an optical fiber can be figured out
as the coalescence of subwavelength glass domains of random
density, resulting in numerous scattering centers, which deflect
the incident light in all directions. Thus, while an optical pulse
propagates along the fiber, a small fraction of the incident light is
back-reflected by the tiny density variations of the material. The
optical fields backscattered over the pulse width w - covering
a large number of scattering centers - interfere with each other
when reaching the detector. Therefore, the reflected light in a
φOTDR sensor at position z can be seen as the summation of
different optical fields, which can be expressed as

E (z) = e−αz
z+w∑

x=z

PE (x)E0r (x) e
j2φ(x), (1)

whereα is the fiber attenuation coefficient, r(x) is the amplitude
reflection coefficient at position x,E0 is the peak field amplitude
of the optical pulse, PE(x) represents the normalized pulse
amplitude spatial profile, and the optical phase φ(z +mΔz) is
the integration of the propagation constant β(z) = 2πn(z)ν/c
from z to z + w where c is the speed of light in vacuum, n(z) is
the local refractive index and ν is the central optical frequency of
the incident light. Note that this model assumes a short enough
(a few meters) spatial resolution of the φOTDR system, so that
the fiber loss over the pulse width can be neglected.

Usually, the number of scattering points within the spatial
resolution is extremely large due to the subwavelength size of the
scattering centers. Thus, the summation in (1) can be replaced by
an integration [6], and the reflected fieldE(z) can be rewritten as

E (z)=

∫ L

0

PE (x)E0r (x) e
j2φ(x)dx = HE (z)⊗ PE (z), (2)

where ⊗ denotes a convolution operation, convolving the fiber
backscattering impulse response HE(z) = E0r(z)e

j2φ(z) with
the interrogating pulse temporal profile [7], L is the fiber length
and the fiber loss is neglected for simplicity. Since the refractive
index varies randomly along the fiber, the optical phase φ(z) is
a random variable, and HE(z) is essentially a random function.

According to (2), the reflected light E(z) can be seen as the
random function HE(z) linearly filtered by the incident pulse
shape PE(z) [8]. Thus, the power spectral density (PSD) of
the reflected light amplitude can be expressed as the product of
the PSD of the random functionHE(z) and the squared modulus
of the transfer function of the filter [9]. The PSD ofHE(z) can be
obtained by the Fourier transform of the autocorrelation function
of HE(z) [8], and therefore the PSD of the backscattered light
can be expressed as:

SE (f) = SH · |ℱ (PE)|2 = I0R0|ℱ (PE)|2, (3)

where f is the frequency,ℱ denotes the Fourier transform,SH =
I0R0 is the spectrally uniform PSD of HE(z), I0 = 〈E0E

∗
0〉 is

the light intensity, R0 = 〈rr∗〉 is the power reflection coeffi-
cient, ∗ denotes the complex conjugation, and 〈·〉 represents an

ensemble average. Hence, (3) indicates that the spectrum of the
reflected light amplitude has the same shape as the spectrum of
the incident optical pulse.

Note that the response of a φOTDR sensor based on coherent
detection is the beat between the backscattered light and a local
oscillator (LO), so the measuredφOTDR trace presents the same
spectrum as SE(f). In other words, (3) actually represents the
signal spectrum obtained by coherent detection. A simple way
to monitor this spectrum is to directly observe the backscattered
light using an optical spectrum analyzer (OSA); alternatively,
it can be visualized through the beat signal between E(z) and
a LO using an electrical spectrum analyzer (ESA) in the usual
power mode.

In the case of direct detection, the spectral components of the
reflected light mutually beat on the photodetector. This can be
represented as a spectral convolution process. Thus the obtained
electrical power spectrum depends on the autoconvolution of
SE(f). A detailed analysis reveals that the expression of the
PSD for the reflected light intensity SI(f) is given by [8], [10]:

SI (f) = I20R
2
0δ (f) + SE (f)⊗ SE (f) , (4)

where δ(f) represents the delta function. The second term on
the right-hand side of (4) represents the beat of the reflected
light with itself. The PSD described by (4) corresponds to the
φOTDR signal measured by direct detection and can be observed
by directly plugging the photo-receiver electrical output into an
ESA.

As a result of the presented analysis, we can infer the follow-
ing interesting properties:

1) the optical power spectrum of the backscattered light is
identical to the optical power spectrum of the probing
optical pulse;

2) the electrical power spectrum of the φOTDR trace mea-
sured by direct detection is given by the autoconvolution
function of the optical power spectrum of the incident
light.

This analysis shows that the spectral content of the detected
φOTDR trace can significantly differ from that of the probing
optical pulse in the case of direct detection. Consequently, unlike
other distributed optical fiber sensors, defining the detection
bandwidth based only on the optical pulse spectrum might not be
completely correct in φOTDR systems. The validity of this con-
cept will be challenged numerically and experimentally using
two radically different pulse waveforms, of mirrored temporal
and spectral properties: rectangular and sinc-shaped pulses.

Rectangular pulses are widely used in φOTDR sensing. This
pulse shape is expressed as

P rect
E (t) =

{
1 |t| ≤ τrect/2

0 |t| > τrect/2
, (5)

where τrect represents the temporal full width of the pulse,
which is equivalent to the full-width at half-maximum (FWHM)
determining the spatial resolution of the φOTDR sensor. The
corresponding spatial resolution is therefore cτrect/2n (equating
group and phase velocities for simplicity). The PSD of the
backscattered light amplitude can then be easily obtained by
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inserting P rect
E (t) in (3), yielding:

Srect
E (f) = I0R0

∣∣∣∣τrect
sinπτrectf

πτrectf

∣∣∣∣
2

. (6)

Thus, the spectrum of the φOTDR signal measured by coher-
ent detection (or directly visualized using an OSA) should show
a sinc squared shape if the incident pulse is rectangular shaped,
thus mapping the input pulse spectrum.

Inserting Srect
E (f) in (4), the PSD of the backscattered light

intensity as directly delivered by a photodetector is given by

Srect
I (f) = I20R

2
0

{
δ (f) +

τrect

(πf)2

[
1− sin (2πτrectf)

2πτrectf

]}
.

(7)
The obtainedSrect

I (f) turns out to spread over a broader spec-
trum than Srect

E (f). This suggests that a detection bandwidth
broader than the probing pulse spectrum may be required [5], as
will be later confirmed.

In contrast, sinc pulses demonstrate a high spectral efficiency,
and it may be of interest inφOTDR sensing regarding the impact
of the spectral content. The sinc pulse temporal envelope is
expressed as

P sinc
E (t) =

{
1 t = 0

sin (2πt/τsinc) / (2πt/τsinc) t �= 0
, (8)

where τsinc is the full width of the pulse, defined as the duration
between the two first zeroes. The corresponding spatial reso-
lution from the FWHM is determined as 0.6cτrect/2n. Based
on (3) and (4), the power spectra of the backscattered light
amplitude and intensity are respectively expressed as

Ssinc
E (f) =

{
I0R0 · 2π/τsinc |f | ≤ 1

τsinc

0 |f | > 1
τsinc

, (9)

Ssinc
I (f)

=

⎧
⎨

⎩
I20R

2
0

[
δ (f) +

τ4
sinc

16

(
1−

∣∣∣ fτsinc

2

∣∣∣
)]

|f | ≤ 2
τsinc

0 |f | > 2
τsinc

.

(10)

According to (9) and (10), while the PSD of the opti-
cal Rayleigh amplitude keeps the rectangular spectrum of
the input pulse, the PSD of the detected intensity fol-
lows a triangular spectral shape, thus being also of strictly
bounded finite bandwidth. Therefore, it is possible to acquire
the full signal information content by a bandwidth-limited
photodetector.

III. NUMERICAL MODEL

Commonly, an optical fiber is conveniently modelled as a
unidimensional medium [1], [6], [11], [12], as shown in Fig. 1,
which is composed by uniform scattering segments of length
Δz (being of the order of the optical wavelength), and show-
ing randomly varying refractive indices. This can be actually
expressed as: n(z) = nave +Δn(z), where nave ≈ 1.46 is the
average refractive index along the fiber and Δn(z) is the local

Fig. 1. Unidimensional representation of an optical fiber, modelling the effect
of the scattering centers on an incident light pulse [12].

index variation. Based on this definition, (1) can be rewritten
as [12]:

E (z) = e−αz
M∑

m=0

PE (m)E0r (z +mΔz) ej2φ(z+mΔz),

(11)
where M = w/Δz is the number of scattering segments within
a sampling interval (here taken as the length covered by the pulse
width), r(z +mΔz) is the complex reflection coefficient ofmth

segment, and the optical phase φ(z +mΔz) is the integration
of the propagation constant β(z) = 2πn(z)ν/c from z to z +
m ·Δz.

Due to the large number of scattering centers within the spatial
resolution, the refractive index from z to z + (m− 1)Δz can be
approximated by the average index, so that the optical phase in
(11) can be expressed as:

φ (z +mΔz) ≈ 2πνΔz/c · [m · nave +Δn (z +mΔz)] .
(12)

Note that the sensing fiber used in a φOTDR system is usually
modelled as an ultra-long but weak random grating with arbitrary
pitches [13], [14] due to the random refractive index fluctuations
along the fiber, and the Rayleigh backscattering can be seen
as the light reflected at the interface of two adjacent inhomo-
geneities. As a result, the reflection coefficient can be straightfor-
wardly obtained using the Fresnel reflection law, assuming the
light is normally incident, based on refractive index variations
along the fiber. Inserting r(z +mΔz) and Δn(z +mΔz) into
(11) and (12), the reflected light E(z) in the φOTDR system can
be then calculated.

To numerically simulate the reflected light, the refractive in-
dexΔn(z) at each scattering point is usually randomly generated
along the fiber. However, this method is very inefficient because
M is a large number, typically of the order of millions. In
addition, it is unnecessary to consider every scattering center
since the temporal Rayleigh trace is always sampled by the
acquisition system at discrete points with a sampling interval
Δw, as shown in Fig. 1. Considering the sampling rate used in
theφOTDR system, each data point contains already information
integrated over thousands of scattering centers along the fiber.
Hence, the computational workload is here highly reduced by
using an equivalent factor Δn′(zk) at each sampled location zk
instead of the index Δn(z) [12]. Since the number of scattering
centers contributing to each sampling point is still given by all
points M inside the pulse, the index variation can be safely
assumed to follow a Gaussian distribution as justified by the
central limit theorem [6].

The results from this numerical model will be introduced
in the next section, in critical comparison with theory and
experiment.
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Fig. 2. Implemented experiment setup to acquire the spectral and spatial
properties of the φOTDR signal.

IV. EXPERIMENT AND RESULTS

A. Experimental Test Bench

To validate the above analysis, the spectrum of the reflected
light originating from Rayleigh backscattering along a 1 km
single mode fiber (SMF) is acquired by the standard direct-
detection φOTDR setup shown in Fig. 2. The light source is
a distributed-feedback laser (DFB) with ∼1 MHz linewidth at
1550 nm, so presenting a coherent length at least one order of
magnitude larger than the pulse width. The continuous-wave
laser light is shaped into pulses using an electro-optic modulator
(EOM), driven by a 2.3 GS/s arbitrary waveform generator
(AWG) to deliver different pulse shapes. In this paper, rectan-
gular and sinc pulses are studied, both with a FWHM of 10
ns, equivalent to a 1 m spatial resolution. The corresponding
width τsinc of the sinc pulse between the two first zeroes is
∼ 16 ns. The optical pulse is boosted by an Erbium-doped
fiber amplifier (EDFA) and the amplified spontaneous emission
(ASE) is suppressed using an optical band-pass filter (BPF).
The optical pulse power is leveled using a tunable attenuator
to keep it below the critical power for modulation instability
[15]. Finally, the pulse is launched into a sensing fiber through a
circulator. In order to avoid Fresnel reflections at the fiber ends,
which may contaminate the spectrum of the backscattered light,
the input of the SMF is carefully spliced to the circulator and
the far fiber-end is entwined around a small diameter object.
The weak backscattered light is amplified using another EDFA,
and a narrow-band (5 GHz) fiber Bragg grating (FBG) is in-
serted to suppress the ASE. The power spectrum of the light
amplitude SE(f) is visualized using a high-performance OSA
with 5 MHz resolution operating in coherent-detection mode. A
1 GHz photodetector converts the backscattered light intensity
into a proportional electrical signal. An ESA is employed to
observe the electrical spectrumSI(f) and the temporal Rayleigh
trace is acquired by an oscilloscope operating at a sampling rate
of 4 GS/s.

B. Simulation Conditions

Temporal φOTDR traces for different pulse shapes are nu-
merically calculated using (11) and (12) under preset conditions
identical to the experiment. The randomly generated index fluc-
tuations Δn′(zk) obey a zero Gaussian probability distribution
with a variance [16]:

σ2
n = 3λ4α/16π3n2D3 ≈ 7.4× 10−7, (13)

Fig. 3. Comparisons of power spectra of the light (a) amplitude and
(b) intensity using 10 ns rectangular pulses, obtained by theoretical analysis
(red), numerical simulation (blue), and experiment (green). The black curve
represents the measured intensity spectrum of the incident 10 ns rectangular
pulse, matching perfectly the backscattered spectrum.

where λ is the wavelength and D ∼ 10 nm is the correlation
length of the refractive index [17]. Then the spectra of the
reflected light amplitude and intensity can be obtained from the
Fourier transform of the corresponding simulated traces E(z)
and I(z) = |E(z)|2. Note that the fiber attenuation is neglected
in the simulations because of the short fiber length used in
the experiment. In order to perform a reliable comparison with
experiments, the digital bandwidth of the simulation is matched
to the detection bandwidth of the experimental setup. Thus,
the sampling interval Δw is set here at 5 cm (representing a
sampling rate of 2 GS/s in simulation and a digital bandwidth
of 1 GHz). The number of scattering segments M within each
meter of optical fiber considered in the simulations is therefore
equal to 20.

C. Results

The spectra obtained theoretically, numerically and experi-
mentally are compared in Fig. 3, for the case of using a rect-
angular pulse. It can be noticed that the theoretical analysis
(red curves) and simulation results (blue curves) agree very well
with the experimental results (green curves), thus validating the
model assumptions, at least for this important case. In particular,
Fig. 3(a) shows that the obtained spectra for the light amplitude
Srect
E (f) demonstrate a sinc-squared shape, being the same as

the intensity spectrum of the incident rectangular pulse ob-
tained by an ESA (black curve, showing the one-sided electrical
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Fig. 4. Comparisons of power spectra of the light (a) amplitude and
(b) intensity using 10 ns full width sinc pulses, obtained by theoretical analysis
(red), numerical simulation (blue), and experiment (green). Inset shows the
relative power in linear scale. ASE from EDFAs contaminates the experimental
spectra in regions of very weak frequency components.

spectrum). From the sinc-squared function, the 3 dB spectral
width of the rectangular pulse is calculated as ∼0.442/τrect
and is measured to be 44.3 MHz in Fig. 3(a) for a 10 ns
pulse. In contrast, Fig. 3(b) shows that the intensity spectrum -
acquired by direct detection and containing the jagged waveform
created by multiple interference - covers a wider frequency range
with a 3 dB width of ∼59 MHz, being very consistent with
the theoretical value ∼ 0.6/τrect (=60 MHz) [8]. In addition,
the simulation of different rectangular pulse widths shows the
same relationship between the 3 dB intensity spectrum width
and the pulse width. Therefore, the 3 dB bandwidth of the
φOTDR intensity signal is ∼1.4 ( = 0.6/0.442) times larger than
the rectangular pulse spectrum, showing that the interferences
resulting from the coherent reflectometry give rise to faster
signal modulations than those merely expected from resolved
events along the fiber.

Rectangular pulses are temporally limited and spread over
an infinite spectrum. To decisively test the agreement between
theory, simulation and experiment, a pulse shape presenting
exactly opposed features (unlimited temporal waveform and
strictly bounded spectrum) is also formed, in this case using
sinc pulses. The Fourier transform of a sinc pulse is a rectangular
function, and the 3 dB width of the pulse intensity spectrum is
calculated to be 62.5 MHz. Figure 4(a) confirms the expected
rectangular shape of the backscattered light amplitude spec-
trum. The autoconvolution of the rectangular function gives a
triangular distribution, so the spectrum of the light intensity

shown in Fig. 4(b) linearly decays with frequency, as being
clearly confirmed in the inset figure. According to (10), the
spectrum must be confined within a finite frequency range, with
a 3 dB width identical to that of the rectangular spectrum of
the sinc pulse. This is widely confirmed by the experimental
results in Fig. 4(a) and 4(b), although being affected by ASE
noise introduced by the pre-amplifier, which increases the noise
floor of the measurements (green curves). The real spectrum
obtained experimentally slightly differs from a perfect rectangle
in Fig. 4(a), since the real sinc pulse is of finite duration and
outer pulse sidelobes are suppressed. To perform a fair com-
parison, these sidelobes are also neglected in the simulation,
thus accounting for the gradual power decrease outside the pulse
spectrum width, as shown in Fig. 4(a) and 4(b).

Figure 3 and 4 show that the φOTDR intensity spectrum
normally spans over a broader frequency range than the pulse
spectrum. This is practically not an issue for coherent detec-
tion, since the optical receiver bandwidth must be larger than
the frequency difference between the backscattered light and
the local oscillator, which is usually several times broader
than the optical pulse spectrum. Therefore, the photodetector
bandwidth in coherent detection can safely be considered large
enough for a φOTDR signal. However, the detection bandwidth
required for a direct-detection φOTDR system still needs to
be determined to secure a given spatial resolution and a good
φOTDR trace quality. This will be addressed in the next section.

V. IMPACT OF PHOTO-DETECTION BANDWIDTH

A. Trace Visibility

The impact of the photodetector bandwidth can be simply
analyzed by post-processing using the internal digital filter
of the oscilloscope. As stated before, the use of a limited
bandwidth smooths the jagged shape of the φOTDR traces,
thus lowering their contrast, or visibility, commonly defined
as V = (Imax − Imin)/(Imax + Imin). Visibility is an essential
factor to quantify the quality of φOTDR traces. Figure 5(a)
shows the visibility evaluated from experimental data over a
moving window of 10 m along a 1 km fiber, when using 10 ns
rectangular pulse. According to its definition, the visibility
describes the trace contrast within a certain fiber section, and
is highly dependent on Imin. This means that the visibility
equals to 1 when Imin = 0, regardless of the value of Imax. The
smoothing effect of narrow detection bandwidths is equivalent
to a longitudinal average of the trace over a certain distance,
resulting in an increased Imin value. Consequently, it can be
observed in Fig. 5(a) that the use of a reduced bandwidth results
in a low mean visibility, which leads to a poor trace quality,
since informative high frequency components are filtered out
by the limited bandwidth. In addition, the minimum intensity
Imin turns out to be significantly offset at some fiber positions,
leading to a comparatively low local visibility and resulting in
a larger variability of the visibility along the trace, as shown
in Fig. 5(a). As the detection bandwidth narrows, more fiber
sections exhibit low visibility, resulting in a mean visibility that
reduces while its longitudinal variability increases. Note that
the visibility will be very low over the whole fiber when the
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Fig. 5. Impact of detection bandwidth on (a) the visibility along the fiber with
τ = 10 ns pulse and (b) the averaged visibility, for the case of rectangular pulse.

bandwidth is very narrow, so that the longitudinal fluctuations
of the visibility becomes small again in this extreme case.

This aspect is presented more clearly in Fig. 5(b), which shows
the average visibility over the fiber as a function of the detection
bandwidth for 10 ns and 2 ns rectangular pulses. As expected,
keeping the same bandwidth, the visibility of the φOTDR trace
obtained by a 10 ns pulse is always higher than the one obtained
with a 2 ns pulse, due to the narrower spectral width of the
probing pulse. The visibility however decreases as the bandwidth
becomes smaller in the two cases, leading to poor performance
(e.g., due to low sensitivity) and resulting in large measurand
errors [3] and/or degraded spatial accuracy [1]. Large band-
widths however introduce more noise, which impairs the whole
sensing performance. This behavior verifies the existence of a
clear tradeoff between the detection bandwidth and the sensing
performance. The relation between the visibility and bandwidth
is further analyzed in the inset of Fig. 5(b), where the bandwidth
is normalized to 1/τrect for a better interpretation. Clearly, the
visibilities in both cases decrease dramatically when the nor-
malized bandwidth is below 1, i.e., when the visibility reaches
the value of 0.9, which can be defined as a visibility threshold.
Therefore the corresponding bandwidth threshold turns out to
be exactly 1/τrect. Note however that the visibility of φOTDR
traces may also depend on other factors, such as the presence
of modulation instability [15] and the degree of coherence of
the laser [18]. Hence, the visibility threshold may vary under
non-optimized experimental conditions, but its corresponding
bandwidth should always be 1/τrect.

Fig. 6. Impact of detection bandwidth on the received power ratio over the
whole spectrum, in the case of rectangular incident pulses.

B. Detected Signal Power

As described before, the inset of Fig. 5(b) points out that the
detection bandwidth must be at least 1/τrect to secure a good
trace visibility and good correlation features. However, due to
the theoretically unlimited bandwidth of rectangular pulses and
the resulting Rayleigh backscattering intensity, this threshold
bandwidth results in a reduction of the received signal power.
To illustrate this, Fig. 6 shows colored areas that represent the
integrated power that is received within a bandwidth of 1/τrect
for 10 ns and 2 ns pulses, respectively. Note that this integrated
power represents 80% of the total signal power, indicating that
this fraction of the total power defines the minimum power re-
quired to be detected to secure good quality traces. To determine
this bandwidth f80% analytically for any arbitrary pulse width,
the intensity spectrum SI(f) integrated between ±f80% must
be equaled to 80% of the integration over the whole spectrum.
Unfortunately, this results in a transcendental equation that
has no analytic solution. However, numerical solutions using
rectangular pulses of different widths τrect have been analyzed,
concluding and demonstrating that a detection bandwidth of
1/τrect secures that 80% of the signal power is indeed measured.

C. Spatial Resolution

The impact of the reduced visibility demonstrated in Fig. 5
as a result of a limited detection bandwidth is also evaluated by
the temporal autocorrelation of traces measured with different
bandwidths. Figure 7 shows that the temporal correlation peak
becomes wider as the detection bandwidth decreases below a
given threshold. This broadening effect is actually more visible
when the bandwidth is reduced below 100 MHz, as the average
visibility drops below 0.9 according to Fig. 5(b). This is in good
agreement with the expected minimum bandwidth defined by
the reciprocal of the pulse temporal width.

The temporal width of the autocorrelation function actually
determines the spatial resolution of the sensor (note that only half
of the temporal autocorrelation function is shown here). While
unaffected φOTDR traces are expected to be correlated only
within the pulse width duration (assuming unlimited bandwidth)
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Fig. 7. Impact of detection bandwidth on the spatial resolution of the sensor,
quantified by the temporal autocorrelation of the traces for different detection
bandwidths, in the case of rectangular incident pulses.

[19], [20], the presence of broadening in the temporal correlation
peak indicates a clear spatial resolution impairment when using
reduced detection bandwidth.

Complementary to previous results based on rectangular
pulses, the trace visibility and spatial resolution impairment are
also investigated in the case of sinc-shaped pulses. In this case, a
sinc pulse with a FWHM of 10 ns is used to obtainφOTDR traces
with 1 m spatial resolution. According to (10), the bandwidth
required to collect 80% of the signal spectrum can be calculated
for a sinc pulse as

∫ f80%

−f80%

τ4sinc
16

(
1−

∣∣∣
xτsinc

2

∣∣∣
)
dx

=
4

5

∫ 2
τsinc

− 2
τsinc

τ4sinc
16

(
1−

∣∣∣
xτsinc

2

∣∣∣
)
dx (14)

where the delta function is simply neglected in the integration.
The corresponding bandwidth f80% is ∼ 1.1/τsinc. Thus, the
minimum detection bandwidth to achieve 1 m resolution is
∼70 MHz, as shown in the inset of Fig. 8(a). The main graph
in the figure shows the dependence of the average visibility
on the bandwidth. Based on (10) and Fig. 4(b), the φOTDR
signal is strictly confined within the frequency range from 0 to
2/τsinc, so no electrical signal components are present beyond
2/τsinc. As a result, the visibility only changes negligibly when
the bandwidth exceeds 250 MHz. A small visibility reduction
is observed when the detection bandwidth is decreased from
250 MHz down to 125 MHz (2/16 ns) presumably due to the
spectral broadening caused by the imperfect sinc pulse shape.
The visibility reduces to 0.9 for a bandwidth of 75 MHz,
not far from the 80% spectral collection rule (obtained at
∼70 MHz). In addition, a large correlation peak broadening,
indicating a decaying spatial resolution, is observed when the
bandwidth is reduced below 100 MHz, as shown in Fig. 8(b),
which is also in good agreement with the theoretical analysis
presented above.

Fig. 8. Impact of detection bandwidth on (a) average visibility and
(b) temporal autocorrelation of the φOTDR traces obtained for different de-
tection bandwidth when using sinc-shaped incident pulse with a zero-crossing
width of 16 ns.

D. Fading Rate

In addition to the spatial resolution impairments, the
smoothening effect on the traces resulting from a limited photo-
detection bandwidth also affects other sensing performance
parameters, especially related to the quality and reliability of
the measurements. Actually, the reduction of visibility results
on a smooth trace with a reduced number of fading points,
having an impact on the sensitivity of the sensor and on the
quality of the measurand. In order to evaluate the impact of de-
tection bandwidth on the fading rate, the proportion of sampled
points in which the signal amplitude falls below the 20% of
the mean signal level is calculated. This level is actually here
considered as a threshold value, beyond which the extraction
of the measurand information is severely impaired, resulting
in detection errors and false alarms. Figure 9 shows the fad-
ing rate calculated over φOTDR traces as a function of the
detection bandwidth. Results evidently show how the use of
a reduced bandwidth decreases the fading rate, especially at
detection bandwidths below 100 MHz, as theoretically expected.
This is clearly linked to the reduced visibility of the traces
resulting from limited detection bandwidth, which leads in a
loss of sensitivity and causing potential detection errors and
false alarms.
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Fig. 9. Impact of detection bandwidth on the number of fading points for a
direct-detection φOTDR sensor with 10 ns rectangular pulses.

Fig. 10. Impact of detection bandwidth on the spectral width of the cross-
correlation function for a direct-detection φOTDR sensor with 1 ns rectangular
pulses. (a) Experimental cross-correlation spectrum for different bandwidths.
(b) Spectral FWHM of the correlation peak as a function of the detection
bandwidth, demonstrating that the lowest required bandwidth matches the value
of 1/τrect = 1 GHz.

E. Correlation Function and Measurand Resolution

By tuning the laser chip temperature in the setup of Fig. 2,
it is possible to perform direct-detection φOTDR sensing based
on frequency scanning [21], [22]. Using a rectangular probing
pulse of 1 ns (i.e., 10 cm spatial resolution), the impact of
detection bandwidth on the performance of the sensor is here
investigated. An oscilloscope and a photodetector with larger

bandwidths are here used to achieve such a spatial resolu-
tion and to analyze the effect of detection bandwidths up to
2.5 GHz. Environmental information is retrieved in this case
by performing measurements based on a frequency scanning
and comparing these actual measurements with a reference. A
cross-correlation between measurement and reference spectra
is carried out at each fiber location. Fig. 10(a) shows the cross-
correlation spectra obtained with no environmental variations
(i.e., resulting in a cross-correlation peak centered at a frequency
shift equal to zero) for different detection bandwidths. Results
show that as the detection bandwidth reduces, the correlation
peak broadens considerably, especially for bandwidths below
1 GHz. This is more evident in Fig. 10(b), which shows the
actual FWHM of the cross-correlation peak as a function of
the detection bandwidth. Note that the use of a shorter pulse
width in this case (i.e., 1 ns pulse instead of 10 ns pulse, as in
the previous analysis) can enable to verify that the bandwidth
limitation predicted by our theory scales up linearly, resulting
in a 1/τrect bandwidth equal to 1 GHz (instead of 100 MHz
as for 10 ns pulses). Considering that the peak frequency is
normally estimated by quadratic fitting, the induced broadening
is expected to enlarge the frequency uncertainty, thus impairing
the measurand resolution with a square-root dependence on the
peak width [23].

VI. CONCLUSION

In this paper, the spectral properties of theφOTDR signal have
been analyzed theoretically and experimentally for different
probing pulse shapes. The support of a numerical approach has
been used to validate the model assumptions by simulating the
φOTDR signal in temporal and spectral domains for arbitrary
incident pulse shapes. The minimum detection bandwidth re-
quired to acquire φOTDR traces and maintain high visibility
has been investigated and experimentally validated in the case of
rectangular and sinc pulses. Based on the analysis of visibility,
spatial resolution, fading rate and correlation spectrum of the
traces, at least 80% of the signal power spectrum must be
received to secure φOTDR traces with a given spatial reso-
lution and to allow the proper retrieval of information from
the interferences forming the traces. In the canonic case of
a rectangular probing pulse, the minimum required detection
bandwidth turns out to be the exact reciprocal of the pulse
width 1/τrect. It must be noted that this value is much larger
(∼1.4 times) than the required bandwidth to resolve an equiv-
alent spatial resolution in traditional distributed fiber sensors,
such incoherent Rayleigh, Raman and Brillouin OTDRs. This
comes from the fact that the interference pattern within the
pulse width in coherent Rayleigh reflectometry shows an av-
erage periodicity shorter than the pulse width, imposing higher
detection bandwidth requirements. Although the analysis has
been here carried out for rectangular and sinc shaped pulses, the
proposed analysis can be applied to any arbitrary pulse shapes.
The obtained results and proposed methodology are expected to
provide guidelines for designing φOTDR sensors with optimal
detection bandwidth.
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