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Overhead Transmission Line Sag Monitoring
Using a Chirped-Pulse Phase-Sensitive OTDR
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Abstract—The capacity of overhead transmission lines is
fixed and determined by the physical properties of the line,
which are estimated based on worst-case weather scenar-
ios. Exceeding the capacity limit can cause the conductor
to increase the sag excessively, bringing it too close to
the ground and creating a safety risk. Real-time monitoring
of the sag value enables dynamic capacity configuration,
thereby reducing safety risks and improving the efficiency
of the transmission line. Distributed acoustic sensing based
on chirped-pulse phase-sensitive optical time-domain reflec-
tometry (CP-8OTDR) can be used to measure the vibration
induced by wind on the cable line taking advantage of the
optical fiber already deployed in the power line. An analysis
of the recovered strain in the frequency domain reveals
multiple frequency components related to the cable’s current
mechanical state. By identifying the fundamental frequency,
it becomes possible to quantitatively calculate the sag. Tracking the central frequency of each span allows for the
monitoring of the sag for each span of the line using just one single-end interrogator.

Index Terms— Distributed acoustic sensing, overhead line monitoring, phase-sensitive optical time-domain reflectom-
etry (OTDR), Rayleigh scattering, sag measurement.

I. INTRODUCTION

W ITH the growing demand and the increase of diverse
energy sources, traditional electrical networks have suf-

fered a transformation toward smart grid systems. Renewable
energy sources have created a decentralized energy landscape
that demands smart management of supply fluctuation. Opti-
mization of line capacity is one of the most critical tasks in this
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framework. The current transmission capacity depends directly
on sag [1], which is one of the most limiting parameters in the
system’s configuration. Sag is defined as the vertical distance
between the midpoint of the strained conductor and the direct
line between the insulators placed in its two suspension
points [2]. This sag is deliberately introduced to reduce ten-
sions suffered in the overhead conductor’s rest points, which
can lead to tower damage if excessive [3], [4]. Sag implemen-
tation in overhead power lines demands rigorous control of its
value as an excessive increase of sag may result in the line
being too close to the floor, allowing for ground discharges to
happen if some object with relevant height passed below the
overhead line [5]. Due to heat derived from current conduction,
environment temperature variations, heat interchange with
wind, and other extreme phenomena, sag is a variable param-
eter. Overhead power lines are designed with high-security
coefficients based on the worst-case scenario of weather con-
ditions [6]. However, these worst-case scenarios may not occur
frequently, and so the line may be underutilized for much of
the time. A precise sag monitoring can lead to a dynamic
adjustment of the capacity limit of the line, based on its actual
operating conditions and without compromising security [7].

Actual sag estimation techniques are based on the cor-
relation of this parameter with physical properties, which
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can be measured directly with different single-point sensors.
For instance, sag can be related to temperature; therefore,
by knowing the thermal properties of the conductor materials,
it is possible to estimate its sag according to [8]. Tension of the
power conductor is another method to obtain a value for this
parameter [9]. Direct observation via cameras and GPS [10],
[11], laser [12], or the use of an inspection robot [13], [14]
are other solutions to the sag measurement problem. Vibrations
in the overhead power line contain information on how long
the cable is, which directly leads to its sag value [15], [16].
Since most of the power lines are suspended and contin-
uously exposed, they can be subjected to various types of
vibrations induced by wind. These can range from generic
eolian vibrations to specific phenomena such as galloping [17].
Eolian vibrations result from transverse and laminar wind flow
around the cable, creating vortexes that alternate between the
upper and the lower parts of the conductor. The frequency
of these vibrations is fixed and depends on wind velocity
and the conductors’ diameter [18]. Vortexes created by eolian
vibrations can excite one of the harmonic vibrational modes
of the cable in the span, which are determined by its physical
and mechanical characteristics such as weight and length [19],
[20]. Notably, lower vibration frequencies in overhead power
lines correspond to greater sag [21]. Some of the afore-
mentioned sensors rely on electronic transducers that can
be affected by electromagnetic interference. To address this
problem, optical sensors based on fiber Bragg gratings (FBGs)
have been proposed [22], [23]. This technology allows for both
temperature [24], [25] and tension [26], [27] measurements,
which are the main parameters involved in sag evolution in
overhead power lines. The use of this optical sensing tech-
nology overcomes the electromagnetic interference challenge,
but as with all the aforementioned sag estimation methods,
it requires at least one measurement device per monitored
span. This requirement increases the complexity of a smart
sag monitoring system due to the coordination between the
individual sensors, and the investment in the deployment and
maintenance of each one of them.

To address this problem, a distributed measurement is
proposed in this work, which reduces the number of required
devices to approximately one every 40 km [28], and takes
advantage of the optical fiber already deployed within the
cables. To achieve this, a distributed acoustic sensor (DAS) is
used to measure strain throughout the optical fiber, registering
its variations over time. This temporal information is then
transformed into the frequency domain, allowing information
on the cable vibrations induced by the wind to be retrieved.
According to [29], these vibrations can vary based on wind
velocity and the conductor’s diameter, but there are also other
vibrational modes that tend to resonate with the fundamental
frequency and harmonics of the span, resulting in certain low
frequencies with greater vibrational amplitudes. Since these
frequencies are primarily determined by the length of the
conductor, they are closely related to its sag. By detecting
and tracking changes in these frequencies over time, it is
possible to develop a technique for monitoring the sag of the
conductor.

II. MEASUREMENT PRINCIPLE

Optical time-domain reflectometry (OTDR) offers several
advantages for large infrastructure monitoring over electronic
alternatives. They enable distributed sensing over long dis-
tances at a reduced cost as the optical fiber acts as both a
sensor and an information carrier. This reduces the number
of measurement devices required and also provides immunity
to electromagnetic interference [30], [31], [32], [33]. When
a highly coherent pulsed laser is used as a light source,
the interference of the Rayleigh backscattered light from the
scattering centers covered by the optical pulse generates a
jagged profile. Minute perturbations in the fiber can generate
local changes in the refractive index that yield random ampli-
tude variations in the registered signal [34], [35], [36]. This
technique, commonly referred to as phase-sensitive OTDR
(8OTDR), detects and locates external perturbations close to
the fiber by analyzing the variation of backscattered inten-
sity trace between pulses. Although the technique exhibits
high sensitivity, there is a nonlinear relationship between the
amplitude of the perturbation and the variation in the retrieved
signals [37]. Demodulating the phase from the 8OTDR signal
using I /Q demodulation and homodyne detection could lead to
a quantitative measurement of the perturbation amplitude [38].
However, the system performance in this architecture is still
limited by the 2π periodicity of the phase and the presence
of fading points. Chirped pulse 8OTDR (CP-8OTDR) tech-
nology can linearly retrieve the amplitude of the external
perturbation solving both of the mentioned problems present
in conventional 8OTDR.

By performing a linear variation of the emission frequency
of the source within the pulse, the CP-8OTDR system can
resolve strain-induced variations in the refractive index. The
technique is based on the estimation of local temporal delay
1t present in the trace generated by perturbation-induced
spectral shift 1ν [39]. This 1t can be related to ongoing
strain perturbations through its relationship with the refractive
index [40]. As the measurement principle is not directly related
to the intensity of the backscattered trace, the signal-to-noise
ratio (SNR) on the CP-8OTDR does not exponentially decay
with sensing distance as it does in conventional 8OTDR.
Equation (1) shows how strain variations, 1ε [ε], are obtained
from local temporal shifts in the trace, 1t [s] [39], [41]
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1t =
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≈ −0.781ε (1)

where ν0 [Hz] stands for the central frequency of the pulse,
τp [s] stands for the temporal width of the pulse, δν [Hz]
stands for the spectral content of the linearly chirped pulse,
and 1ν [Hz] stands for the laser frequency change that
compensates the strain variation [40].

III. DATA AND MEASUREMENTS

Measurements were conducted on the María-Fuendetodos
overhead line (Fig. 1), located in northeast Spain and operated
by Red Eléctrica de España. The line, 31.8 km long with
85 spans, facilitates the evacuation of energy generated by
a nearby wind turbine installation. It has two double-circuit
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Fig. 1. Location of the experimental installation. The red line indicates
the overhead power line installation.

220-kV lines with optical ground wires (OPGWs) containing
several fibers. For this study, one of the dark fibers in the west
circuit was used.

The interrogator system was provided and installed by
Aragón Photonics Labs in the substation located at the north
end of the circuit, in the municipality of María de Huerva.
The sampling rate of the interrogator was set to 250 Hz
and the channel spacing to 10 m. This interrogator unit,
commercially branded as high-fidelity DAS (HDAS), was pre-
viously calibrated under the experimental conditions providing
a strain resolution up to 1 nε and a total sensing distance of
50 km. A launching fiber coil of 1.2-km length was placed
between the sensing unit and the connector of the OPGW.
This reference fiber was used to compensate for the laser
phase noise contribution to the strain measurements. The
launching fiber was kept unperturbed by placing it in an
isolated foam box inside the substation. By computing the
strain recorded in this undisturbed coil, the laser phase noise
can be estimated and compensated for the complete monitored
fiber, resulting in an improvement of up to 17 dB in the
SNR of the measurement [42]. The measurement scheme and
the optical fiber length between the measurement points and
the interrogator unit are shown in Fig. 2. Measurements were
carried out in June 2021.

The strain of a 5-min record (12:00 H, local time) of the
central point in the launching fiber, and the channel CH187
are presented in Fig. 3(a). The CH187 is located in the
middle point of a 245-m-long span with a northeast transversal
direction, around 1.9 km from the interrogator. Previous to
any analysis, a 10-s filter is applied to the raw strain data
obtained from the interrogator to remove the low-frequency
noise derived from high integration times [30]. The spectrum
of the strain data for both locations is depicted in Fig. 3(b).

To visualize the different behavior of the points of the fiber,
the fast Fourier transform (FFT) of each fiber point has been
computed every second and then integrated into the 1–90-Hz
range. The integration value is depicted in Fig. 4. It can be

Fig. 2. Experimental measurement installation scheme. Both the
interrogator and the reference fiber are located inside a service building
in the María substation.

Fig. 3. 5-min data record of CH187 (blue) and launching fiber used as
reference (red). (a) Strain. (b) Frequency spectrum.

clearly seen that there are some areas where the fiber has a
higher value for this spectral region than others. The variation
of this value along the different locations corresponds to a
differential mechanical behavior of the point and is related to
a free span of the OPGW between two pylons. By determining
the points where there is an abrupt change in this value,
all overhead line spans and their respective pylons can be
identified. There are also some zones, between spans, where
the vibration amplitude decays to really low levels for several
meters. These regions correspond to pylons where the fiber
within the OPGW goes out of the composite and is coiled in a
splicing box due to installation constrictions. The 1.2-km-long
fiber span at the beginning of the fiber with a low integrated
strain value corresponds to the launching optical fiber coil used
for laser noise compensation.
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Fig. 4. Optical fiber map with identifiable spans, fiber back-up, and
reference fiber.

IV. SAG FROM VIBRATION MEASUREMENT

The sag of a suspended cable can be directly determined
from its vibrational data [16]. Since towers can be assumed
to be rigidly fixed, the overhead line can be simplified to a
simple cable with no stiffness where both ends are fixed. With
this model, each span of the line will present a fundamental
frequency that will only depend on the span length and tension
in the following equation [43]:

f0 =
1

2L

√
H
mc

(2)

where L [m] stands for the conductor’s length, H [N] is the
conductor’s tension, mc [kg/m] is the mass per unit length
of the conductor, and f0 [Hz] is the fundamental frequency
of the vibration mode. The cable structure exhibits both “in-
plane” and “out-of-plane” vibration modes, each with multiple
harmonic modes, making it challenging to directly observe
the fundamental frequency. Equation (3) establishes a direct
relationship between the sag of the span taking into account
the direct dependence of the sag with the span length, the
weight mass of the cable and the tension [15]

S =
g
32

1
f 2
0

(3)

where S [m] stands for sag and g [m/s2] is the gravity
constant and equal to 9.81 [m/s2]. Therefore, sag can directly
be determined by knowing the fundamental frequency, and it
is not influenced by exterior conditions. By monitoring the
fundamental frequency, instantaneous sag can be estimated
for every span and as it is derived from detected frequencies
and not signal amplitude, it does not need any amplitude
calibration.

Since the monitoring period occurred during summer, it can
be safely assumed that there was no icing on the conductors
and thus no changes in mass that could lead to significant
contributions to the vibrations. In this scenario, the main
variable of the conductor is its length and its temperature.
Variations of this parameter are mainly the effect of ambient

temperature oscillations and wind exchange, since no Joule
effect is present in the OPGW cable [44]. Elongation due to
temperature changes also implies tension variations, but both
changes are uniquely reflected in the fundamental frequency.
As the temperature of the conductor increases and elongation
takes place, the sag value is also increased and, follow-
ing (3), the fundamental frequency of each span inversely
decreases. Typical sag values for a 400-m-long span are around
10 m [1], [3], [45], which implies fundamental frequencies
around 0.17 Hz [46].

The expected sag of the cable, based on its mechanical char-
acteristics and the distances between pylons, ranges from 5 to
13 m. Elongations due to thermal expansion or contraction
can cause the sag to vary below 0.54 m. This corresponds to a
fundamental frequency range of 0.25–0.15 Hz, with a variation
of 0.01 Hz around the mean value of each span. To achieve the
spectral resolution for frequency tracking given these values,
a high integration time is required. However, the choice of
integration time must balance the required frequency resolu-
tion against the duration of perturbations and the occurrence
of unexpected high noise events. The integration time should
be long enough to achieve sufficient frequency resolution, but
not so long that perturbations fade out or that high noise events
are captured.

A change in the sag of approximately 0.5 m for the
400-m-long span during the monitored period would cor-
respond to a fundamental frequency variation of 0.01 Hz.
To detect oscillations of this mean frequency, a 5-min integra-
tion interval was used, which allows for sufficient frequency
resolution (1/300 Hz) to detect the expected frequency vari-
ations. Although higher integration times result in better
frequency resolution, long time spans of acquisition are more
likely to be affected by sudden wind gusts which increases the
difficulty for the fundamental frequency determination.

By monitoring a fixed fiber point over a long period of time
and computing its spectrogram, the fundamental frequency and
higher order modes can be observed as featured frequencies
with higher strain amplitudes persisting in time. Fig. 5 shows
the computed spectrogram of CH187 during a 10-h period
with a 300-s integration time. In the frequency range between
0.5 and 2 Hz, the frequency evolution over time is clearly
visible and exhibits subtle variations over time. It is worth
noting that sudden increases in signal levels occur for wide
ranges of points over short periods of time due to wind gusts
that overexcite the cable and thus the sensing fiber. This sud-
den increase is depicted in the spectrogram as vertical stripes.
During these periods, the noise level increases, preventing the
recovery of any frequency information.

To track the evolution of the frequency value for the
different harmonics, depicted in Fig. 5 and correlate them
with variations of the sag value, a peak tracking algorithm
is applied to the fundamental frequency and the higher-order
harmonics, working as Fig. 6 shows. The initial value of the
mean frequency is determined using a peak-search algorithm
that identifies peaks within a spectrum window based on the
expected frequency values for the monitored span. In the next
step, the algorithm determines the maximum value of the cor-
relation of the previous peak within a region determined by a
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Fig. 5. Spectrogram of CH187 for a 10-h period showing frequency
lines and time periods with strong wind.

Fig. 6. Frequency line detection algorithm.

factor, k, and the frequency resolution of the spectrogram, 1 f .
If the maximum of the correlation is not significant, the factor
k is doubled up to a predefined limit considering the realistic
variation within the time span. For the next steps, the factor k
is updated according to the position of the previously detected
maxima in the correlation so the computational cost is not
unnecessarily high.

Although the algorithm exhibits good performance in most
of the analyzed lapses of time, when the SNR is low, the
maximum of the correlation function may not represent the
displacement of the frequency of the oscillations, and a manual
discard or selection of the point is needed. A refined algorithm
considering the monotonic evolution of the value may avoid
these needed manual adjustments, but it was out of the scope
of this study. Fig. 7 shows the evolution of the frequency
detected for several high-order harmonics by the algorithm
in the spectrogram of the signal obtained for the CH1630,
which is located in the central point of a 421-m-long span
with southwest orientation around 16.3 km far from the
measurement device.

The frequencies of the different harmonics show a periodic
behavior within a 24-h period. Fig. 8 shows the evolution
of the frequency for some of the harmonics together with a

Fig. 7. (a) Frequency lines detected by the algorithm in the 24-h spec-
trogram of CH1630. Harmonic modes are presented in red, whereas
nonharmonic frequencies are displayed in black. (b) Variation of a har-
monic mode line during the 24-h period. (c) Evolution of a nonharmonic
frequency line.

polynomial adjustment and the temperature evolution of the
24-h measurement period. It can be noticed that the frequency
reaches a maximum value around 05:00 H and a minimum
around 18:00 H, corresponding to the time when minimum and
maximum environment temperatures have been registered in
the meteorological station of Valmadrid, located around 12 km
from the power line and owned by the State Meteorological
Agency (AEMET). As sag increases linearly with temperature
and attending to (3), an inverse relationship between frequency
and temperature is expected.

V. RESULTS AND DISCUSSION

The frequency variations of the different harmonics have
been proved to fluctuate with a comparable periodicity to the
temperature changes throughout the day, which is consistent
with the anticipated sag variation caused by thermal expansion
or contraction [47]. However, (3) allows for a quantitative
determination of the sag, provided the fundamental mode is
calculated. Fig. 7 shows the evolution of multiple frequencies
over time. The fundamental frequency can be obtained by
finding the greatest common divisor of all of them at a
certain time. However, not all lines in Fig. 7 can be obtained
as multiples of the same fundamental value. In this case,
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Fig. 8. Evolution of frequency lines compared with temperature
for CH1630. (a) 1.16-Hz line (seventh harmonic). (b) 1.51-Hz line
(ninth harmonic).

Fig. 9. Frequency evolution of harmonic modes for CH1630 during the
24-h measurement period.

there are several values that cannot be correlated to the
same fundamental frequency. Nevertheless, these values do
not exhibit any evolution over the course of the day and
they are likely to be correlated with mechanical oscillations
of the tower that are transferred to the cable [48] or other
vibration phenomena [49]. Fig. 9 shows the evolution of the
frequency of six harmonics throughout the day, as well as
the static value for one frequency that is not related to the
same fundamental frequency as the other harmonics. It can be
observed that the higher the order of the harmonic, the greater
the excursion of the central frequency. The fundamental fre-
quency corresponding to these harmonics is 0.169 Hz, and thus
the harmonics represented are the third, fifth, seventh, eighth,
ninth, and tenth. By using the fundamental frequency from all
the before-mentioned modes and (3), the absolute sag values
can be monitored for the 24-h measured period. Fig. 10 shows
the evolution of the sag value for CH1630 and the temperature
evolution for the monitored lapse of time.

To validate the quantified value of the sag, on-field measure-
ment was performed by using a laser telemeter to measure the
distance from the lowest point of the OPGW to the ground.
Due to limited terrain accessibility, the position for the on-site

Fig. 10. Sag evolution in the 24-h period for CH1630 obtained using
the HDAS.

TABLE I
SAG DIFFERENCE FOR TELEMETER AND HDAS MEASUREMENTS

analysis corresponds to the CH212 that lies in the middle
point of a 343.51 m span and is 2258 m away from the
interrogator unit. This measurement was taken at two different
times during the same day for the same point when the
temperature difference was significant. The difference between
these two on-site measurements corresponds to the amplitude
evolution of the sag for that point. At the same time, the
sag difference was estimated using the HDAS for the same
point. Both values are displayed in Table I. It is observed
that the values obtained with the HDAS frequency monitoring
method are in great accordance with the on-site measured
values. Although these values prove that the described method
results in a useful solution for the sag measurement challenge,
there are external factors that can reduce the accuracy of the
described technique. The most relevant of these factors is the
presence of sudden and strong wind gusts. This phenomenon
reduces the ability to identify the featured frequencies in the
temporal windows where it takes place. However, a temporal
analysis of the strain could allow for dynamically adapting the
integration window and discarding those instances that present
high noise levels. This adaptive approach, although it would
come with a higher computational cost, would increase the
robustness of the method and thus improve its overall accuracy.

VI. CONCLUSION

In this work, a 31.8-km-long overhead line was monitored
using a CP-8OTDR to study the vibration-induced strain on
the fiber. The spectrograms of the registered strain along the
fiber were obtained, and multiple local maxima at different
frequencies were observed. These peaks account for all the
vibration phenomena that are happening in the cable. Some
of these frequency peaks exhibit a 24-h periodic variation that
can be correlated with the ambient temperature changes. These
peaks are correlated to the sag for each span and the frequency
excursion of the peaks is directly related to the elongation and
contraction of the cable due to thermal dilation. A careful
identification of the harmonics and a thorough analysis of
these frequencies enable the determination of the fundamental
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frequency. This value enables the quantitative calculation of
the sag value. By tracking this fundamental frequency through-
out the day, the sag has been monitored across the overhead
line. To validate the results, on-site measurements were taken,
showing great accordance with the results estimated with the
fundamental frequency estimation through the strain analysis.
This method allows for a distributed measurement, overcoming
the main drawbacks of the current point-wise sag monitoring
techniques.
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