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The light scattering phenomenon in optical fibres has been implemented in several
applications for years. Nowadays, commercial distributed sensing systems for temperature
measurements — distributed temperature sensing (DTS) — are gaining more attention and are
being applied in many fields. The DTS systems are commonly based on optical time domain
reflectometry or optical frequency domain reflectometry analysis approaches. This paper
presents the simulation model and primary experimental results of a novel approach for data
analysis for DTS systems based on the measurement of the backscattered Raman anti-Stokes
radiation: the optical transient-state domain reflectometry. The novelty of this approach is
the fast and accurate proposed analysis algorithm, as well as the cost-effective, secure and
reliable set-up, whose main aspect is the implementation of long, low-power input laser

1. Introduction

The backscattered light spectrum provides crucial
information regarding the physical state of an optical fibre
and its surrounding environment. The light scattering
phenomenon in optical fibres has been implemented in
several applications over the years: in medicine [1, 2],
chemistry [3, 4], geothermal systems [5], aeronautical
applications [6], and remote sensing in the oil and gas
industry [7], power cables [8, 9], hydrology [10, 11], and
atmospheric applications [12]. The light scattering in optical
fibres allows the measurement of several physical quantities,
such as strain [13], humidity [14], and temperature [15]
over the entire length of an optical fibre. The optical fibres
are immune to electromagnetic interferences, durable, and
are more available nowadays, hence, distributed optical
fibre sensor (DOFS) systems are popular in several
applications [3].

Elastic light scattering occurs when there is no loss of
energy and photons do not change their wavelength,
whereas the inelastic light scattering occurs when there is
an interaction that causes loss or gain of energy, and the
scattered photons have a longer or shorter wavelength [16].
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The strongest band in the backscattered spectrum is the
elastic Rayleigh scattering band which has the same
wavelength as the incident light wavelength. The Rayleigh
scattering is enhanced by the irregularity of the molecular
structure [ 17]. The inelastic Brillouin scattering and Raman
scattering bands have higher (Stokes) or lower (anti-
Stokes) wavelength than the incident light. The Brillouin
scattering is caused by the lattice vibrations, while the
Raman scattering is caused by the temperature-dependent
molecular and atomic vibrations [9].

The DOFS systems based on the Rayleigh scattering
exploit the propagation effects, including attenuation and
gain, phase interference, and polarization variation, to
achieve measurements of magnetic fields and ionizing
radiations [18], relative humidity [19], and chemicals
concentration [20]. The implementation of optical fibres
within power cables allows the monitoring of power cables
and an easy localization of defects over the years [8, 17]. In
contrast, DOFS systems for strain measurement are based
on the measurement of the Brillouin scattering, in which
frequency and intensity are dependent on fibre density
which is enhanced by optical fibre deformation as a result
of the applied strain [21]. Such systems can provide the
valuable information regarding the health of structures,
such as buildings [22], bridges [23], and railways infra-
structure [24]. The frequency of the Brillouin scattering
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depends also slightly on temperature. However, it is hard
to separate the Brillouin band from the strong, adjacent
Rayleigh band. Hence, for temperature measurements,
the spontaneous Raman anti-Stokes backscattered radiation
is observed since its intensity is highly dependent on
temperature [25].

Distributed temperature sensing (DTS) systems
measure the temperature along the optical fibre. This means
the ability to obtain the temperature profile for lengths up
to tens of km, while having the receiver at the transmitting
base [26]. The laser power, the laser wavelength, and the
fibre type are the key parameters of each DTS system. The
choice of these parameters depends on the application, the
desired spatial range (dynamic resolution), and the spatial
resolution [17, 27] of the DTS system. The optical fibre
attenuation is different for each type of optical fibres, and
also depends on the laser wavelength. The fibre attenuation
should be small to retain the energy of the laser light for the
longest possible distance [9]. Single-mode optical fibres
and graded-index multimode optical fibres, along with
high-wavelength lasers (e.g., 1550 nm) are suitable for the
long distance applications [27].

Several demodulation algorithms have been presented
in order to improve the sensitivity and the correctness of
the results [28, 29]. One of the most popular methods is the
calculation of the ratio of the Raman anti-Stokes to the
Raman Stokes intensities, which eliminates the fibre link
losses [29]. DTS systems have been applying the analysis
in the optical time domain reflectometry (OTDR) [30, 31]
or in the optical frequency domain reflectometry (OFDR)
[27, 32].

1.1. Optical time domain reflectometry (OTDR)

OTDR is the most popular analysis method in DTS
systems, due to its simplicity and accuracy. The main
principle of the OTDR method is a measurement of the
backscattered radiation of powerful, short laser pulses of
the order of 10 ns or less [7] that are launched into the
optical fibre periodically in a time interval enough to
achieve the specific spatial resolution [17]. The spatial
resolution can be determined by (1)

CcT 1
—, M
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where c is the velocity of light in vacuum,  is the laser
pulse duration, and n is the refractive index of the optical
fibre. In order to achieve a 1 m spatial resolution, the laser
pulse duration should be:

2AZ i M
T=%=10ns. 2)

A huge amount of laser light pulses is required in order
to eliminate the noise and achieve the respectful temperature
resolution, thus the registrations could be time-consuming
[7]. The backscattered radiation is collected and detected
by a photodiode (PIN, Avalanche) with high sensitivity,
then averaged and filtered in order to reduce the noise
effect. The OTDR analysis algorithm calculates the
temperature from the amplitude of the detected signal,
while the location is determined by the calculation of time

at which the peak amplitude appears. The spatial range of
a DTS system, based on the OTDR analysis is [17]:

cT

Lpax = Ea (3)

where T is the laser pulse period.
1.2. Optical frequency domain reflectometry (OFDR)

Depending on the light source type, the OFDR can be
categorised into a coherent OFDR in which the frequency
of a coherent light source is modulated by a tunable laser
source (TLS) [33] or incoherent OFDR, where the laser
light intensity is sinusoidally modulated by an electrooptic
modulator (EOM) [32,33] and different modulation
frequencies are set one after another in series. The
modulated input laser light, the backscattered Raman
Stokes, and the backscattered Raman anti-Stokes are
detected for each frequency by the photodiodes. The spatial
resolution can be obtained by [27]

Cc
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where f,,4, 1s the maximum modulation frequency.

The amplitude and phase of the modulated input laser
light are weakly dependent on the modulation frequency,
while the amplitude and phase of the detected Raman
Stokes and Raman anti-Stokes signals are dependent on the
modulation frequency [27]. The collected signals are fed to
a vector network analyser (VNA) in order to convert them
into a digital form and calculate discrete, complex
modulation transfer functions for the Raman Stokes and
Raman anti-Stokes signals. Finally, the discrete inverse fast
Fourier transform (IFFT) is calculated for transfer functions
and the result is presented as a pulse response [32]. In the
OFDR analysis algorithm, the amplitude of a detected
signal is used to calculate the temperature value, while the
phase presents the hotspot location. The spatial range of
a DTS system, based on the OFDR analysis is [27]:

c
Linax = Wa ®)]

where Af is the step of the modulation frequency.
1.3. OTDR and OFDR capabilities and drawbacks

DTS systems are commercially available for different
industrial applications and are developed and updated to
enhance their capabilities and expand their applications.
Depending on the desired spatial range and spatial
resolution, the parameters of the DTS system can be
chosen. Table 1 presents some examples of the parameters
of DTS systems based on the OTDR and OFDR
approaches.

Although the DTS systems measurements based on the
above-mentioned methods are accurate, the DTS systems
components, such as high-power lasers, TLS, EOM, and
VNA, are relatively expensive. In order to enhance the
signal-to-noise ratio (SNR) and reduce link losses and
to achieve a desired temperature resolution and spatial
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Table 1.
The parameters of DTS systems based on OTDR and OFDR
approaches.
OTDR-based DTS systems
Ref. |[Input laser|Input pulse| Spatial | Spatial | Temp.
power duration | range |resolution resolution
[34] 70 W 2.6 ns 3 km 0.5m 0.6 °C
[35] 50 W 10 ns 26 km Im 3°C
[36] | 70 mW 10 ns 3 km I'm 1°C
[37]1 | 0.15mW | 200 ps 200 m 0.1 m 2°C
OFDR-based DTS systems
Ref. (Input laser| Maximum | Spatial | Spatial | Temp.
power |modulation| range |resolution resolution
frequency
[38] | 320mW | 25 MHz 16 km 2m 2°C
[27] | 80 mW 67 MHz 4 km 1.5m 3°C
[39] | 100 mW | 10 MHz 30m 096m | 09°C

resolution, both methods apply statistical averaging and
time-consuming demodulation algorithms which may
extend the measurement time up to several minutes [40].

Moreover, OTDR-based systems may suffer from dead
measurement zones which occur as a result of reflection or
attenuation. The power of these events can be several
orders of magnitude higher than the power of the
backscattered signals, leading the receiver to saturation.
The receiver needs time to retain its stability, and by that
time, the system is unable to perform temperature
measurements correctly. Dead zones can be eliminated by
the implementation of the fast single-photon detectors and
the generation of very short laser pulses, even at picosecond
levels of value [41]. However, this may reduce the system
dynamic range and the SNR. The solution requires the
implementation of a low-pass filter which involves compli-
cation and higher cost of the system [42].

Coherent OFDR-based systems are limited to short
measurement lengths. At longer distances, while approach-
ing the laser coherence length, the phase noise of the TLS
source increases and as a result the SNR decreases [33, 43].
This can be solved by the short tuning range of the TLS
[44] or the implementation of the laser phase noise
compensation [45], yet again, this solution is expensive and
complicates the system set-up.

2. Optical transient-state domain reflectometry concept

In contrast to the OTDR method, the novel optical
transient-state domain reflectometry (OTsDR) approach
relies on the measurement of the backscattered light during
a long laser pulse, whose duration can be of the order of
microseconds. The pulse duration is determined by the
length of the tested optical fibre. The OTsDR approach
measures the backscattered signals at each discrete point,
determined by the spatial resolution of the system, which
depends on the sampling rate of the analogue-to-digital
converter (ADC). The backscattered signals are summed
for all the measured points from the beginning to the end of
the optical fibre. Hence, the registered backscattered

signals are integrated and the temperature profile can be
easily reconstructed by applying the derivative calculation.

The proposed OTsDR approach does not require a high
optical power of the laser diode as needed in the OTDR
analysis method, which requires an optical power in the
range of 1-70 W [17, 34, 46]. In contrast to the OFDR
method, the long laser pulses are obtained through the
electrical binary modulation of the laser diode for a
constant frequency, not by an EOM.

The OTsDR approach can be applied to the DTS
systems in which the optical power of the laser diode might
be several orders of magnitude lower than the optical power
in commercial DTS systems (Table 1). Beside their
safeness, low-power laser diodes are much cheaper than the
currently used laser diodes in commercial DTS systems.
Also, to generate long laser pulses, a very simple laser
diode control unit is needed. Due to the simple construction
of the DTS system based on the OTsDR approach, the
system is cost-effective and can be more reliable.
Moreover, the implementation of a low-power laser diode
expands the DTS systems applicability in more
environments. Due to the simple calculation algorithm, the
OTsDR approach is capable of providing the temperature
profile along the optical fibre in a time comparable to the
conventional methods.

For the purpose of obtaining the temperature profile
along the optical fibre using the OTsDR approach, the
Bose-Einstein probability distribution of phonons for the
anti-Stokes lines (pys) is calculated through the proposed
demodulation algorithms calculations in the time domain.
Having the Bose-Einstein probability distribution of
photons calculated at the length z of the optical fibre, the
temperature profile T(z) can be estimated, since [27]:

—AE
ekT(Z)
Pas(2) = ———zx (©)
1 — ekT(Z)
AE = hAv, (7

where Av is the Raman anti-Stokes frequency shift, h is the
Planck constant, and k is the Boltzmann constant. In order
to present the idea of the OTsDR approach, one may refer
to Fig. 1 which presents a hotspot of the length dz, at the
distance z along the optical fibre.

Fig. 1. Hotspot at the distance z of the optical fiber

Assuming that the power of the input laser is
P;, (t) = Py1(t), the power of the scattered light at the
point z can be obtained from (8), for z € (0, L).

P(z) = Pye™%, ®)
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where P, is the optical power of the laser diode,  is the
power attenuation of the optical fibre for the input laser
wavelength and z is the distance of the scattering point.

The power of the backscattered light, detected at the
beginning of the optical fibre, for z € (0, L), is expressed
by (9)

APoytas(2,T) = PoIyspas(T)e™*As%dz, 9)

where Is is the Raman anti-Stokes capture coefficient,
pas(T) is the Bose-Einstein probability distribution of
photons for the anti-Stokes lines at the temperature T and
ays 1s the anti-Stokes attenuation coefficient of the optical
fiber for a given wavelength. For any p,5(T):

z

Pouets(@T) = Polls f pas(T(D)e 857dz.  (10)
0

For sampled signal z = z;,i = 0,1, 2, 3,..., n:

n

Poueas(zn, Ty) = POFASZ PAS(T(Zi)) e “sfipz,  (11)

i=0

where n presents the number of samples. Applying the
trapezoidal rule for integration, one can rewrite:

n
Az _ Az
Pout,as(Zn, Tn) = Polys Z Pas (T (Zi + 7)) e aas(zig )AZa
i=0

(12)
where Az; = z; — z;_1 and z; = Az = i. Substituting
Az
g = e~ (@) (13)

the simplified form of (12) takes a form:

n
Az
Pout,AS(Zn' T,) = Polys Z Pas (T (Zi + 7)) Aypsidz. (14)
i=0

For any n the matrix A g is valid:
Poutas = PolysAps " Pas,

(15)

where Py, 451s the column vector of the measured
scattered Raman radiation. Finally, distribution of tempera-
ture along the optical fibre can be retrieved for p 45 column.

(16)

Pas = mt‘lisl *Poutas.

Ays is the triangular matrix, thus one may solve (16)
iteratively in order to speed up the calculations:

1 P(H)

= 17)
Paso A (
Polas -
, Az . Az
o P(LA2+7)—P((1—1)A2+7) s
Pasi POElS e—(iAz+%) .

3. Simulation model results

In order to verify the correctness of the proposed
OTsDR algorithm and its capabilities, a simulation model
was developed. The simulation model allows the proper
choice of the DTS system components’ parameters, as well
as the representation of the expected results from the DTS
system. The simulation model script was prepared in
Matlab. The parameters of the simulation model are
presented in Table 2. The optical power of the laser diode
(input power) was set to 20 mW, which turned out to be
enough to observe the backscattered Raman anti-Stokes
radiation and the temperature impact on its intensity. The
optical fibre attenuation coefficient, the fibre refractive
index and the Raman capture coefficient were chosen for a
single-mode optical fibre at the operating wavelength of the
laser diode of 1550 nm [17, 27]. The length of the optical
fibre was set to 3 km, while the length of the optical fibre
that is affected by the increased temperature was set to
1 km. The base temperature of the optical fibre is set to
20 °C, while the hotspot section of the optical fibre is set to
30 °C, 45 °C, and 60 °C.

Table 2.
The parameters of the simulated DTS system.

Optical power 20 mW
Laser diode
Wavelength 1550 nm
Type SMF 28
Optical fibre Length 3000 m
Hotspot length 1000 m
Wavelength 1660 nm
Raman Stokes | Power attenuation 0.22 dB/km
Capture coefficient 3.04 m’!
Wavelength 1450 nm
Raman .
anti-Stokes Power attenuation 0.25 dB/km
Capture coefficient 4 m’!

Figure 2(a) presents the simulation model results for the
power of the integrated backscattered Raman anti-Stokes
signals along the optical fibre, for different temperatures at
the hotspot section. One may notice that the power of the
backscattered Raman anti-Stokes rises along the optical
fibre length, which, as mentioned in the mathematical
simulation model (section?2), is summed for all the
measured points along the optical fibre length. Figure 2(b)
presents the simulation model results for the temperature
profile along the optical fibre obtained after applying the
OTsDR algorithm to the data obtained in Fig. 2(a). One
may notice that the temperature profile along the optical
fibre obtained from the simulation model presents an
accurate temperature difference between the base
temperature of the optical fibre and the temperature of the
hotspot sections of the optical fibre, thus provides a
validation of the novel analysis approach and the
demodulation algorithm presented in the mathematical
simulation model (section 2). The results obtained from the
simulation model of the OTsDR approach are promising
and present the potential of its implementation in DTS
systems.
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Fig. 2. The simulation model results for (a) the power of the
backscattered Raman anti-Stokes, (b) the temperature
profile along the optical fiber.

4. Materials and methods

The experimental set-up for the DTS system based on
the OTsDR approach is presented in Fig. 3. For this paper,
the distributed-feedback (DFB), low-power laser diode
(20 mW) is chosen as the light source, to verify the
capabilities of the proposed OTsDR approach in temperature
sensing using a low-power light source.

Fig. 3. The block diagram of the experimental set-up for the
DTS system based on the OTsDR approach.

The laser diode is in a coaxial package with bracket and
has a single-mode optical fibre pigtail. The operating
wavelength of the laser diode is 1550 nm which is the
preferred operation wavelength for remote temperature
measurements due to the low attenuation coefficient of the
optical fibres at this wavelength [27]. The laser diode is
driven by a control unit which was specially designed in
order to allow the setting of the laser pulse duration and

pulse period [47]. The optical circulator is chosen with the
same operating wavelength as the laser diode and has
single-mode optical fibre pigtails. The tested optical fibre
is a single-mode SMF-28e+. The tested optical fibre is
divided into three sections: the first and last section were
placed in the room temperature outside the heat chamber,
while the second section was placed inside the heat
chamber in order to change its temperature. Each of the
three sections of the optical fibre is wound up around a
spool. The heat chamber has a natural convection and has
internal dimensions of 510 mm % 530 mm x 425 mm. The
temperature inside the heat chamber was changed in the
range of 20 °C—60 °C. One must notice not to exceed the
temperature given in the optical fibre datasheet.

The backscattered light is divided by the wavelength
division multiplexing (WDM) module into Rayleigh back-
scattering band (1550 nm), Raman Stokes backscattering
band (1660 nm), and Raman anti-Stokes backscattering
band (1450 nm). One may register the Raman Stokes or
Rayleigh bands in order to implement the demodulation
algorithms which may help reduce the fibre link losses. In
this paper, only the Raman anti-Stokes backscattered
radiation is detected by a passively cooled avalanche
photodiode (APD) which operating range is 800—1900 nm.
The multiplication factor of APD is M =30 at min. 45 V
reverse voltage close to the breakdown limit. The APD also
has a pigtailed single-mode optical fibre. The APD module
is connected to a transimpedance amplifier (TIA) which
converts the current detected by the APD to voltage. The
voltage is then converted to a digital form by a 14-bit ADC.
The trigger for data registration of the backscattered Raman
anti-Stokes radiation starts alongside the laser radiation.

The registration process of the test results starts by
choosing the desired system parameters: the APD operating
voltage, the pulse duration of the laser diode operation, and
the number of the registered frames for averaging. One
must remember to set the operating voltage of the APD to
be lower than the breakdown voltage in order to achieve the
desired signal amplification whilst maintaining the
respectful SNR. When the registration of the desired
number of frames is finished, the saved results can be
averaged and analysed. The analysis script was prepared in
Matlab and it is based on the equations presented in the
mathematical simulation model (section 2). Time needed in
order to register, average and analyse the results depends
on the desired number of frames and does not exceed 5 min.
Figure 4 presents the experimental set-up.

Fig. 4. The experimental set-up for the DTS system based on the
OTsDR approach: (1) laser control unit, (2) PC (3), ADC
(4), optical circulator, (5) WDM filters, (6) APD/TIA, (7)
optical fiber in room temperature, (8) optical fibre in
higher temperature, (9) heating chamber.
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5. Results and discussion

Figures 5(a) and 5(b) present the primary results
obtained from the experimental set-up which was prepared
for testing the OTsDR approach ability to measure the
temperature profile along the optical fibre. For the purposes
of this paper, based on the length of the optical fibre (3 km),
the impulse duration is set to 25 us in order to guarantee
the filling of the whole length of the optical fibre with laser
light for each registered frame. The system registers
100000 frames for averaging. The 14-bit ADC has the
sample rate of 100 mega samples per second (Ms/s).
Moreover, after a series of experiments, the operating
voltage of the APD is set to 40 V because the obtained
signal amplification is sufficient and the noise is relatively
lower than the noise generated for other, higher operating
voltages.

The optical fibre under test is 3 km long, and consists
of three sections: 1 km, 1 km, and 1 km. A division into
three sections allows leading the optical fibre through the
openings of the heat chamber. The three sections of the
optical fibre have the same, identical optical properties, and
are fusion-spliced to each other in order to reduce losses
and reflections which can be high if optical fibre connectors
are used. The second optical fibre section, 1 km long, is
placed in a heat chamber, where its temperature is changed
and monitored. Initially, a constant temperature profile
along the whole optical fibre at 20 °C is measured and
defined as the reference measurements point. The
temperature inside the heat chamber is then set
consecutively to three values: 30, 45 and 60 °C, as shown
in Fig. 5(a) and 5(b). The temperature in the heat chamber

(@)

(b)

Fig.5. The experimental results for (a) the power of the
backscattered Raman anti-Stokes, (b) the temperature
profile along the 3 km optical fibre, with 1 km hotspot
section.

is monitored by the integrated temperature sensor and by
an additional thermocouple. The temperature inside the
heat chamber is maintained during the data registration for
each temperature setting.

The proposed OTsDR approach is implemented in the
analysis of the experimental results. Also, correction and
calibration algorithms, using a low-pass filter and Kalman
filter, are applied to enhance the quality of the results. The
obtained test results coordinate with the results obtained
from the mathematical model for the OTsDR approach.
One may notice the “noisy” character of the experimental
results in contrast to the simulation model results which
present an ideal form of a temperature profile. The
experimental results present an actual temperature profile
along the optical fibre, demonstrating the inhomogeneity of
temperature resulting from the optical fibre being wound
up around a spool. Moreover, the optical fibre sections,
which are placed outside the heat chamber, do not have a
stable temperature during the measurements. This is due to
the heat generated by the electronics of the system set-up
and room temperature that could change due to the
presence and movement of the system operators.

Another set of results is presented in Fig. 6, where a
2 km optical fibre, with around 200 m hotspot section is
tested. One may observe the capability of the proposed
algorithm to obtain the temperature profile along shorter
hotspot sections. Again, the experimental results have a
noisy character, resulting from the actual temperature
changes along the whole optical fibre.

Fig. 6. The temperature profile along the 2 km optical fibre,
with around 200 m hotspot section.

Based on the obtained simulation and experimental
results, it is safe to state that the aim of this paper is
achieved. The proposed OTsDR algorithm is capable of the
reconstruction of the temperature profile along the tested
optical fibre, using the simple differential analysis of the
integrated Raman anti-Stokes backscattered signals. The
proposed approach does not suffer from dead measurement
zones and phase noise. The construction of the DTS system
based on the OTsDR approach is simple, cost-effective,
and reliable. The presented DTS system has a temperature
resolution of 2 °C. As mentioned, the spatial resolution of
the presented system depends on the sampling rate of the
ADC, while the spatial range depends on the pulse duration
length. The current set-up allows the measurements for up
to 15 km, with a resolution of 20 m.

The results are promising and can be easily improved,
especially the spatial resolution of the system, by imple-
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menting an ADC with higher resolution and sampling rate.
One may also enhance the quality of the results by
improving the SNR of the registered Raman anti-Stokes
backscattered signals through the implementation of the
cooled APD module and a low-noise TIA.

6. Conclusions

This paper presents the OTsDR for remote temperature
sensing based on Raman anti-Stokes scattering. The system
is simulated in Matlab in order to explore the capabilities
and the potentials of this system to detect the temperature
profile along the optical fibre based on the low-cost and
simple set-up. The simulation model is prepared based on
the experimental set-up that is intended to be used for
measurements. The results obtained from the measure-
ments prove the capability of the OTsDR system to detect
the temperature profile along the optical fibre in accord-
ance with the simulation model.

The novel approach for data analysis in the DTS
systems presented in this paper allows the use of low
optical power laser diodes, while maintaining the respectful
spatial range and spatial resolution. This can be obtained
by the implementation of a more powerful ADC with a
higher sampling rate than the used ADC in this paper. The
results presented in this paper were obtained from a 14-bit,
100 MHz ADC. The implementation of a 1 GHz ADC will
allow the system to reach up to a 1 m spatial resolution. The
temperature resolution of the DTS system presented in this
paper is 2 °C.

In contrast to the OTDR method which is based on the
measurements of the backscattered light of the short (0.2—
10 ns) high-power (1-70 W) laser pulses, the OTsDR
approach relies on the measurements of the backscattered
light of the long (1-50 ps) low-power (less than 50 mW)
laser pulses. The high optical power laser is expensive and
might endanger the staff and reduce the possibilities of
implementing the DTS system in explosive environments.
Further research on implementing a lower optical power
laser diode is planned using a lower power laser diode
(<20 mW). The OTsDR approach also does not require
expensive complicated equipment such as the VNA and the
EOM required in the OFDR method. The time needed for
registering and averaging the measurements is comparable
to the time needed in the OTDR and OFDR methods.
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