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Abstract—Distributed fiber-optic sensors are widely used for
mining safety monitoring, civil engineering structural health mon-
itoring and environmental monitoring. The position accuracy of
measurements is of critical concern, as errors can lead to expensive
decisions at the wrong location. Accurate fiber length measurement
is key to calibrate distributed fiber-optic sensors. Existing methods
suffer from time resolution or component delay errors. Optical
time-domain reflectometry (OTDR) and its variants are widely used
but needs calibration for practical applications. We propose two
new methods that can self-calibrate, and can be used to calibrate
other methods such as those based on OTDR. One based on a
differential pulse loop using dual pulse statistical signal processing,
and another is based on a differential pulse loop with multi-pulse
sequence analysis, to enhance the timing accuracy. In addition,
it is possible to determine the effective index of a single-mode
fiber with known fiber length, which is important prerequisite
information for practical applications in the field with uncertain
laser wavelength and ambient temperature. When using a low-end
oscilloscope with a nominal 26 MS/s sampling rate, compared with
the measurement results of optical frequency domain reflectometer
(OFDR) (LunaOBR4600), the double pulse method has an error of
±6 cm. For the multi pulse method, the measurement error can be
as low as 1.75 mm for a fiber length of 2.049 km (relative error of
8.54 × 10−7).

Index Terms—Differential pulse loop, effective index
measurement, fiber length measurement, optical frequency
domain reflectometer (OFDR) calibration, optical time-domain
reflectometry (OTDR) calibration.

I. INTRODUCTION

D ISTRIBUTED fiber-optic sensors with their real-time
massive data gathering ability are paving the way for smart
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cities, mining and agriculture. Vibration, strain, temperature and
pressure data provide the backbone of the Internet of Things. To
ensure reliable measurements and informed decision making,
distributed sensors require precise calibration, notably absolute
positioning feedback of perturbations along the optical fiber. In
practical applications such as oil or gas hydrate extraction [1],
[2] where the underground position or layer of interest can be
less than a meter, measurements without calibration could result
in failed expensive undertakings.

Optical time domain reflectometry (OTDR) [3], [4], [5] is one
of the earliest distributed sensing technologies and widely con-
sidered to be the classic fiber length measurement technology.
An OTDR system operates by sending pulses of light through
an optical fiber, then by detecting the Rayleigh backscattered
light as a function of time, determine the distributed optical
losses as well as the fiber length. Existing commercial OTDRs
have a measurement range of tens of kilometers, but the spatial
resolution is relatively low, and there is a measurement dead
zone [6]. optical frequency domain reflectometer (OFDR) [7],
[8], [9] can achieve micrometer level measurement accuracy,
but the measurement range is only a few meters and the perfor-
mance requirements for devices limit their application scenarios.
Theoretically, phase-based measurement methods can achieve
high accuracy, but most of these methods are often subject to
environmental interference and pose significant challenges in
practical engineering applications. Relatively, technology based
on time-of-flight (TOF) [10], [11] typically has high stability.
The combination of TOF and the anti-interference ability of the
optical fiber is suitable for most scenarios, but its accuracy is
limited by the performance of devices such as optoelectronic
conversion. Andrea Zanobini presented using the recirculating
delay line to calibrate the distance scale. When the test fiber
length is 25 km, its uncertainty is 52.44 m. Results show that
the instrument can effectively perform distance scale evaluation
[12]. K. H. Yoon et al. measured the length of an optical fiber
from the modulation frequency changes required to induce
single-mode laser oscillations through an optical closed-loop
including the fiber and the laser diode. The maximum error of the
proposed technique is less than 0.24% for various fiber lengths
from 0.1 km to 75 km [13]. Y. L. Hu et al. used a mode-locked
fiber laser configuration to measurement optical fiber, achieved
a large measurement range, over hundreds of kilometers, and
a high spatial resolution, of the order of centimeters, as well
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Fig. 1. Basic experiment setup. LD: Laser diode; ISO: Optical isolator; AOM: Acousto-optic modulator; VOA: Variable optical attenuator; OC: Optical couple;
TDF: Time delay fiber; FUT: Fiber under test; PD: Photodetector; OSC: Oscilloscope; PC: Personal computer.

as no measurement dead zone [14]. X. Wang et al. proposed a
new method of sawtooth wave phase modulation, convert the
measurement of polarization maintaining fiber length into the
measurement of time delay, and the measurement accuracy of
optical fiber length is about 8 ppm, which is lower than 10 ppm
[15].

Generally, the fiber length of the fiber-under-test (FUT) can
be determined by the measured time-of-flight along with knowl-
edge of the effective index of the fiber core at the laser wave-
length and a certain ambient temperature. However, there is a
limitation to the timing accuracy when using a single pulse,
(optical reflectometry methods), due to a fixed time error relative
to the transit time of light set by electronic hardware, producing a
relatively large relative (percentage) error. Hence, some methods
rely on a recirculating pulse of light to increase the total transit
time of light through the same length of optical fiber. Still, inline
components induce time delays and contribute to the overall
time error, and the effective index of the optical fiber can be
uncertain under different laser wavelengths and environmental
conditions, leading to cumulative time errors that increase with
increasing fiber length. Therefore, to accurately calibrate the
fiber length of an OTDR or other systems on site, it is necessary
to first obtain the effective index of the fiber. If only the effective
index provided by the fiber manufacturer is used, there may be a
significant error, which is also a key point overlooked by many
papers and practical testing.

To solve this problem, we present two new methods, both
based on a differential pulse loop, such that the difference
between the experiment setup with and without the FUT is
taken into account to remove inline component contributions.
The first method (dual pulse, slow-time enhancement) uses two
successive pulses with statistical signal processing to reduce
sampling time errors. The second method (multi-pulse, fast-time
enhancement) uses a pulse sequence extrapolation to acquire a
curve function for predicting timing information. Both methods
provide highly accurate fiber length measurements, as well as
effect index measurement of single-mode fibers with a known
fiber length. The complete procedure for actual on-site calibra-
tion involves first using a high-precision ruler to measure a short

fiber of the same type as FUT, then using one of the proposed
methods to measure the effective index of the short fiber, and
finally using this effective index to measure any FUT length.
For the purpose of practical application, we deliberately used a
relatively low sampling rate (larger enhancement) representing
a low-end inexpensive oscilloscope rather than a high sampling
rate (smaller enhancement) representing a high-end expensive
oscilloscope, which produce comparable timing accuracy. The
usage of inexpensive components and a compact system allows
portability and deployment on oil rigs and other remote working
environments.

II. BASIC CONCEPT

A basic transit-time measurement system to obtain effective
index and fiber length is described as shown in the Fig. 1, a
1550 nm wavelength single-frequency continuous-wave laser
(high coherence is not necessary) with an acousto-optic modu-
lator to generate pulsed light. The light is looped using a ring-like
structure formed by a fiber loop and a 2×2 coupler, which results
in a sequence of optical pulses that are converted into electrical
signals by the photodetector (400 MHz electrical bandwidth).
Since each optical pulse launched into the fiber loop continues
to recirculate (with attenuation), the time between each received
pulse signal is the transit time of light in the fiber loop, including
any FUT attached. The analogue signal is sampled and digitized
by an oscilloscope for display, processing and storage.

To determine the transit time of the FUT, we first measure
the pulse interval of the optical pulse propagating through the
fiber loop, then splice the FUT to the middle of the fiber loop
and measure the pulse interval again. The total transit time
of light can be obtained by subtracting the first pulse signal
arrival time from the final arrival time. Through division by
the number of delayed pulses, the pulse interval is known. The
transit time through the FUT can be calculated by the difference
between the setup with and without the FUT, which removes the
contributions of inline optical components. The advantages of
this system include simple structure and high stability. However,
this system also shares the common problems of other reported
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Fig. 2. Illustration of two situations when sampling signals with an oscilloscope: (a) Time interval between two pulses is 8 sampling intervals, and (b) time
interval between two pulses is 9 sampling intervals.

systems based on time-of-flight methods. Its measurement error
is closely related to the sampling rate of the oscilloscope. The
propagation speed of light in optical fiber is approximately 2 ×
108 m/s, while the sampling frequency of a typical oscilloscope
is below 1 GHz. Therefore, the measurement error is usually
in the order of centimeters. In this work, we propose two
sub-methods to improve the measurement accuracy, sharing the
same experiment setup shown in Fig. 1.

III. DUAL-PULSE PRINCIPLES

In practice, an oscilloscope converts continuous analogue
signal into discrete digital signals. Therefore, the lower accuracy
limit of the measurement method based on the TOF method
is limited by the sampling frequency of the oscilloscope. We
used the system in Fig. 1 to take the time interval between
two pulses as the flight time of light in device A. We found
that under multiple measurements, two different results were
obtained. Below, this phenomenon was analyzed and statistical
methods based on it were proposed, which can be used to obtain
more accurate result for calculating fiber effective index or fiber
length.

As shown in the Fig. 2(a), an ideal pulse series with a peak
voltage of 1 V is sampled by the oscilloscope. A threshold
voltage of 0.5 V is nominated as the positioning point, and thus
the 0.5 V position of the rising edge of the first pulse is set as
t(0) = 0. The first sampled position after t(0) is t0. As shown
in Fig. 2(a) and (b), the time interval from t(0) to t0 varies with
each measurement. Therefore, over multiple measurements, the
value of t0 fluctuates within the range of the sampling interval
ts, which depends on the arrival time of the signal and the
initial time when the oscilloscope starts sampling. Over multiple
measurements, there is a randomness expressed by:

t0 − t (0) = t0 · rand (1)

where rand represents a random number between [0, 1]. The 0.5
V position of the rising edge of the second pulse is denoted as
t(1). The time difference between t(0) and t(1) is equal to the

roundtrip time of the optical pulse in the fiber loop.

t (1)− t (0) = t (1) =
L · neff

c
(2)

where L is the total length of the fiber loop, c is the speed of
light in vacuum, and neff is the effective index of the optical
fiber. The position of the first oscilloscope sampling point after
point t(1) is denoted as t1. It can be deduced that the value of
t1 is:

t1 = t1 − t (0) =

⌈
L · neff

c · ts − rand

⌉
· ts + ts · rand (3)

Let � � represent the round-up function. The transit time in
the fiber loop can be expressed by the time difference T between
the two pulses sampled by the oscilloscope:

T = t1 − t0 =

⌈
L · neff

c · ts − rand

⌉
· ts (4)

Set:

a =
L · neff

c · ts (5)

b = rand (6)

We obtain:

T = �a− b� · ts (7)

When we use the same oscilloscope to measure the same fiber
multiple times, a is a constant, while b is a random number
between [0, 1]. So over multiple measurements, any change in b
will directly affect the result of the round-up function. As shown
in Fig. 2(a) and (b), the same measurement method is used, but
due to the difference in b, the pulse interval measured in Fig. 2(a)
is 8 sampling intervals, while in Fig. 2(b) there are 9 sampling
intervals. Set:

a = aint + adec (8)

where aint is the integer part of a and adec is the fractional part
of a. In multiple measurements, the rounded-up results of T
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Fig. 3. (a) Width of the pulse measured by an oscilloscope varies with the amplitude of the pulse. (b) variation of pulse interval results measured by an oscilloscope
with pulse amplitude.

TABLE I
TEST RESULT OF 20 KM OPTICAL FIBER

will exhibit two values, aint · ts and (aint + 1) · ts. In theory,
we calculate the probability of these two values as follows:

P1 = Pr (�a− b� = aint) = Pr (b > adec) = 1− adec (9)

P2 = Pr (�a− b� = aint + 1) = Pr (b < adec) = adec (10)

So according to the probability, we can find the expected value
of T :

E (T ) = P1 · aint · ts + P2 · (aint + 1) · ts = a · ts (11)

Therefore, according to the law involving large numbers,
when one repeatedly measuresT , its arithmetic mean will almost
certainly converge to the expected value E(T ). Finally, the
average value is used to calculate the value of a, and deduce the
fiber length L through (5). Without considering any optical loss,
the fiber loop can output an infinite pulse sequence signal with
a single input optical pulse. In the dual pulse method, we only
consider the time interval between the first and the second pulses.
We set the sampling interval of the oscilloscope to 38.4 ns and
inserted a nominal length of 20 km optical fiber into the system
for 50000 measurements. The results are shown in Table I.
The experimental results are consistent with our inference, with
only two values that differ from 38.4 ns. We used an effective
index of 1.463 for fiber length calculation, and the results are
20151.95 m and 20159.82 m. Finally, based on the proposed
method, we can obtain more accurate results for 20152.31 m.

The dual-pulse measurement method is an improved method
on the TOF method, where the sampling rate of the oscilloscope
determines the lower limit of measurement accuracy of this
system. On this basis, we use half of the maximum amplitude of
the pulse signal collected by the oscilloscope as the positioning
point for the pulse, and combine our algorithm to obtain higher
accuracy results. Therefore, the accuracy of voltage measure-
ment by the oscilloscope determines the upper limit of our
method’s accuracy, which is mainly limited by the stability of
the laser source, the noise of electronic devices and the voltage
resolution of the oscilloscope.

IV. DUAL-PULSE EXPERIMENT RESULTS

The first optical pulse is the input optical pulse that does not
pass through the fiber loop, while the second optical pulse is the
same input optical pulse that experiences a delayed arrival due
to the fiber loop. After the FUT is inserted into the fiber loop
(cleave middle section then splice the fiber ends), the second
optical pulse will be further attenuated, and the amplitude of the
optical pulse is smaller than that without the FUT.

As shown in Fig. 3, four groups of pulses with different
amplitudes were measured with the oscilloscope. Each group
was measured 32 times to study the repeatability. When a
lunching optical pulses of the same width, a variable optical
attenuator (VOA) in the fiber loop serves to change the amplitude
of the second pulse. It was observed that through VOA-adjusted
increase in the amplitude of the second pulse, its pulse width
and the interval between the two pulses also increases. The
pulse width of the first pulse was measured as a reference in
Fig. 3(a), and that the pulse width measurement result is very
stable, due to no adjustment to the pulse amplitude. The change
in pulse parameters is caused by the different proportion of
the signal amplitude relative to the voltage range selected by
the oscilloscope, it is caused by the oscilloscope rather than
an actual physical change. Therefore, direct measurement will
lead to measurement errors, thus the amplitude of the second
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TABLE II
MEASUREMENT RESULTS FOR DIFFERENT LENGTHS OF OPTICAL FIBER, AND COMPARE WITH OFDR AND OTDR

pulse measured before and after two measurements must be
maintained at the same level. This was not reported in previous
work by others, and plays a crucial role in both the dual-pulse
and multi-pulse measurement methods.

To solve this problem, Fig. 1 shows that two VOAs in total are
employed in the experiment setup. The first attenuator is used
to adjust the overall optical pulse amplitude, while the second
is used to adjust the amplitude of the second optical pulse to
compensate for insertion loss of the FUT that will otherwise lead
to slight pulse distortion when measured by the oscilloscope.
Two VOAs allow simpler timing (one constant and another with
fixed period).

The sampling interval of the oscilloscope was set to
38.4 ns (26.041667 MS/s) for measuring different fiber lengths.
At the same time, OTDR (Anritsu MT9085B) and OFDR (Luna
OBR4600) are used to measure the same optical fiber for com-
parison, and an effective index of 1.463 is chosen. In the data
report, the accuracy of OTDR is ±1 + 3× L× 10−5 m, and
the accuracy of OFDR is ±0.1 mm. The experimental results
are shown in the Table II, where it is evident when the fiber
length is less than 20 m the results of our method is in excellent
agreement with that of OFDR. In the case of more than 20 km,
the fiber length measured by our method remains within the
accuracy range of OTDR. In general, our method produces

The effective index of the single-mode fiber used was mea-
sured as a demonstration using this method, using an os-
cilloscope with a sampling frequency of 1.25 GS/s. First, a
short fiber length of 1.090 m was accurately measured us-
ing a physical-visual method. Then, the pulse time inter-
vals before and after adding the fiber was compared and
subtracted, yielding a time difference of 5.3466 ns. Fi-
nally, according to (5) and (11), the effective index of the
fiber is calculated to be 1.4705 RIU @ 1550 nm. While
it shows a small discrepancy to the value (1.467 RIU @

1550 nm) provided by the fiber manufacturer, the RIU error
can be minimized by using a PD with lower noise-equivalent
power or narrow electrical bandwidth, signal generator (AOM)
with lower noise, laser source with lower intensity noise, higher
sampling rate of the oscilloscope, and more accurate fiber length
measuring tool.

V. MULTI-PULSE PRINCIPLES

In the second method, additional pulses (fast time) are ana-
lyzed in the optical recirculation rather than relying on repeated
measurements (slow time) to calculate the time of flight. This is
similar to ring-down spectroscopy, though the timing of pulses
is of interest rather than the peak intensity. Starting from theory,
it will be proved that the measurement results converge to the
true value as the number of pulse cycles increases. Finally, by
synthesizing the measurement data of all pulses, an accurate
measurement result for the fiber length can be obtained.

The derivation process is similar to the first method. On the
basis of the original method, the 0.5 V position of the rising
edge of the N + 1th pulse is set as t(N), and the time difference
between t(0) and t(N) is equal to the transit time of N cycles
of the optical pulse in the fiber loop.

t (N)− t (0) = t (N) =
N · L · neff

c
(12)

The position of the first oscilloscope sampling point after
point t(N) is denoted as tN , and the value of tN can be derived:

tN =

⌈
N · L · neff

c · ts − rand

⌉
· ts + ts · rand (13)

In this way, the transit time TN corresponding to the fiber
length in the ring device can be expressed by dividing the time
difference between the first pulse and the N + 1 pulse measured
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Fig. 4. Three different types of simulation results for (14). (a) Lower-bound convergence; (b) central convergence; (c) upper-bound convergence.

with the oscilloscope by the number of pulses N :

TN =
tN − t (0)

N
=

�N · a− b�
N

· ts (14)

TN meets the following conditions:

(N · a− b) · ts
N

≤ TN ≤ (N · a− b+ 1) · ts
N

Hence:

lim
N→∞

(N · a− b) · ts
N

= a · ts (15)

lim
N→∞

(N · a− b+ 1) · ts
N

= a · ts (16)

According to the Squeeze Theorem, when N tends to positive
infinity, TN will converge to a · ts. Thus, if sufficient recircula-
tion is achieved, the results become more accurate. MATLAB
was used to simulate a 1 km length of optical fiber, and the
relationship between the measured result TN and the number
of roundtrips varies depending on the parameter b. Overall,
there are 3 trends for convergence, as shown in Fig. 4. The
red line represents the length of optical fiber set by simulation,
and the blue line denotes TN measured by the oscilloscope.
The measurement results do not satisfy monotonic convergence,
instead approaches the true value through a series of damped
fluctuations. In the experiment, due to significant optical loss
along the optical path, the optical power of the pulse after many
roundtrips in the fiber loop becomes too weak for it to be detected
by the photodetector and oscilloscope. Therefore, an appropriate
data fitting method can be used to suit (14) and obtain the value
of parameter a, by collecting data of the finite recirculating
pulse sequence. Then, the length of the FUT can be calculated
according to (5). For the purpose of simplicity, a more convenient
method is used to obtain the value of parameter a. According to
(14), it is possible to comprehensively measure the maximum
and minimum values of TN , and yield the range of a:

Tmin

ts
− 1 ≤ a ≤ Tmax

ts
+ 1

The range of parameter b is given by the nature of random
number in (6):

0 ≤ b < 1

Uniformly select n points from the range of a and b to obtain:

ai =
Tmin

ts
− 1 +

(
Tmax − Tmin

ts
+ 2

)
· i− 1

n− 1
,

i = 1, 2, 3 . . . , n (17)

bj =
j − 1

n− 1
, j = 1, 2, 3, . . . , n. (18)

Bring ai and bi into (14):

TN (ai, bj) =
�N · ai − bj� · ts

N
(19)

Thus:

σ (ai, bj) =
1

N

N∑
k=1

[Tk (ai, bj)− Tk]
2 (20)

Finally, the group (ai, bi) with the smallest σ was selected as
the final measurement result, which is used to calculate the fiber
length according to (5). With this method, the more data points,
the more time it takes to calculate, and the higher the accuracy
of the results. In the experiment, the noise factor in the system
should be taken into account for the accuracy, and the number
of decimal points selected should be reasonable according to the
system hardware and target accuracy.

The multi-pulse measurement method also uses voltage to
determine the position of pulses, so it is subject to the same
limitations as the dual pulse method. However, as long as we
use a sufficiently large N in (20), this limitation will be greatly
reduced. In (20), the total number of σ(al̇, bj) required is N2,
therefore increasing N will increase the computation complexity,
and the number of summations for eachσ(al̇, bj) calculation will
also increase. Therefore, while satisfying the number of pulse
cycles, the computation complexity is the main limitation of the
measurement accuracy of this method.

VI. MULTI-PULSE EXPERIMENT RESULTS

In the multi-pulse measurement experiment, the power of
the laser pulse is continuously attenuated when recirculating
in the ring-down structure, resulting in a continuously damp-
ened pulse sequence. However, due to weak power, the signal
cannot be detected accurately by the oscilloscope. The pulse
signal generated after multiple cycles cannot be detected by the
oscilloscope due to two main limitations: first, the optical power
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Fig. 5. Three different types of measurement results tested at different times. (a) Lower-bound convergence; (b) central convergence; (c) upper-bound convergence.

TABLE III
TEST RESULT OF MULTI PULSE METHOD

is too weak, and PD cannot detect the optical signal; second,
the optical power is adequate to be detected by PD, but the
voltage range of the oscilloscope to be large enough to receive the
pulse signal at the front end of the pulse sequence, and the pulse
signal at the back end of the pulse sequence is relatively weak,
making it impossible to measure small signals correctly without
adjusting the voltage range of the oscilloscope. So not only do
we need to ensure that the laser power meets the requirements,
but there are also requirements for the dynamic range of the
oscilloscope. Hence, relying on current experimental conditions
cannot obtain enough pulses to improve accuracy. To address this
issue, there are two proposed solutions: (1) Place an AOM before
the PD to attenuate the optical power of pulses. The earlier the
pulse is received, the higher the set attenuation, and thus pulses
are kept at the same voltage level for oscilloscope acquisition.
Experiments were conducted based on this scheme and up to 15
pulses were collected. The main limitation is that the adjustable
attenuation range of AOM is limited and cannot cover sufficient
number pulses. (2) Amplify the optical pulse during each cycle to
counter the attenuation, which has not been verified yet due to the
lack of suitable devices. Therefore, we temporarily use a signal
generator to generate pulse signals of a fixed frequency to mimic
a multi-pulse sequence generated by optical recirculation, and
directly connect the output signal to the oscilloscope to verify
our scheme. The reciprocal value of the set pulse frequency
represents the difference between the transit time in the fiber
loop of adjacent optical pulses. The fiber length corresponding
to the pulse frequency can be expressed as:

L =
c

neff
·Δt =

c

neff · f (21)

The experimental results obtained from the multi pulse
scheme using a 26.041667 MS/s oscilloscope are shown in the
Fig. 5, where measurements taken at different time instances
lead to different times of convergence for the fiber length. The
measured curve shown in Fig. 5 is like to the simulated results
shown in Fig. 4. The detailed data is shown in Table III. In the
test of 5 MHz∼10 kHz, the absolute error obtained from the
measurement is similar. The error generated by 1 kHz may be
caused by the error of the signal generator itself.

VII. CONCLUSION

For accurate and portable fiber-length and effective-index
measurement, we proposed and demonstrated two new mea-
surement methods, dual-pulse and multi-pulse. Many published
works on fiber length measurement use the average of multiple
measurements as their results, but they do not provide a scientific
justification as to whether this approach is reasonable for their
system. We have derived the relationship between the time
interval of two successive pulses and the fiber in our system,
mathematically proved that the arithmetic mean of multiple
measurement results gives the true transit time of light in the
fiber, and provided experimentally verification. Prior work in
the literature only used the time interval between the first and
last pulses resulting from optical recirculation for calculating
the time of flight, while using the number of cycles to average
the measurement error Δ. In the proposed multi-pulse method,
the algorithm in (20) was used to utilize the information of
each pulse, not only the first and last pulses, to achieve higher
measurement accuracy. Both measurement systems are rela-
tively simple, stable and can provide highly accurate real-time
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results in comparison to commercial tools. With reference to the
measurement results of Luna OFDR, the error of the dual-pulse
method is within ±6 cm using an oscilloscope with a sampling
frequency of 26.041667 MS/s. Increasing the number of data
averages or the sampling frequency will reduce the error. The
multi-pulse method is limited in pulse round-trip times due
to system hardware limitations, thus the full potential of the
measurement method cannot be demonstrated. However, simu-
lations and experiments reveal that even when using a low-end
oscilloscope (∼26 MS/s), with a higher-output laser or more
sensitive photodetector, it is possible to realize a relative error
as low as 8.54 × 10−7 (1.75 mm error for a fiber length of
2.049 km). A single-mode fiber with a reported effective index
of 1.467 was characterized using the dual-pulse method, and
the measurement result of 1.4705 shows fair agreement with the
error attributed to low-spec hardware (demonstrates low-cost
approach). Therefore, our new methods combine the qualities
of both OTDR (long distance) and OFDR (high accuracy) to
provide precise fiber length calibration for distributed fiber-optic
sensors, and during the process it can also determine the effective
refractive index of the fiber-under-test using a short sample of
the optical fiber.
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