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ABSTRACT Owing to their high sensitivity with respect to external measurands, Rayleigh-based distributed
optical fiber sensors (DOFS) find their way into applications in many industrial and academic sectors. To fur-
ther transcend the limit of these sensors in terms of sensing range, low spatial resolution, speed and accuracy
of the measurement, improving the signal-to-noise ratio (SNR) of the system plays a pivotal role. Out of the
several existing techniques for enhancing the SNR, one such method, solely dedicated to the Rayleigh-based
sensors, is through intrinsically increasing the backreflected signal of the fibers. The enhanced backreflected
signal provided by such fibers, generally known as reflection-enhanced fibers (REF), is rigorously analyzed
in the present work. It is inferred from the analysis that the enhanced signal is essentially accompanied
by enhanced signal-dependent noises, which can adversely affect their performance. For instance, when a
performance comparison is carried out between the REF and a standard single-mode fiber (SMF) under
identical experimental conditions, due to their different intrinsic backreflected signal levels, the two fibers
experience dissimilar noise regimes leading to an erroneous estimation of the performance of the former.
This necessitates the optimization of the interrogation system and the experimental parameters while
employing such fibers for specific sensing applications. Additionally, a distributed temperature measurement
is presented by taking advantage of the enhanced SNR of a 100m long REF exhibiting a sub-mK temperature
uncertainty of 0.5 mK at metric spatial resolution yielding a sixfold improvement compared to the 3 mK
uncertainty of an SMF.

INDEX TERMS Distributed optical fiber sensors, temperature sensors, Rayleigh scattering, enhanced
reflection, signal-dependent noises, optical time-domain reflectometry.

I. INTRODUCTION
Distributed optical fiber sensors (DOFS) are at the core of
numerous fields, especially the ones in which spatial tem-
perature profile measurements are required to be performed
for long lengths, for example like in applications that include
structural health monitoring. In such fields, highly stable
and accurate distributed temperature sensors are invariably
required to anticipate any possible faults that could lead
to hazardous damages. Indeed, vast research has been car-
ried out in that regard with the goal of reaching the best
performances of such sensors in terms of accuracy. The
signal-to-noise ratio (SNR) of the back-scattered light of any
DOFS plays a crucial role when it comes to sensing for long
distances yet aiming at achieving highly reliable and fast
measurements. The proven inverse relationship of the SNR
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and the measurement uncertainty in the case of Brillouin-
based [1] as well as Rayleigh-based DOFS [2] oriented the
highly demanding and purely fundamental research towards
improving the SNR of the systems with the ultimate goal of
reaching the highest measurement accuracy [3]–[5].

One of the most common techniques adopted to achieve
SNR enhancement in Rayleigh-based sensors relies on the
core manipulation of the sensing fiber, thereby inducing sup-
plementary density fluctuations in the fiber core which in turn
results in higher Rayleigh scattering. Therefore, several stud-
ies in the literature proposed different approaches to increase
the scattering centers along the fiber, for instance with the
use of nano-particle doping achieving a back-scatter enhance-
ment of 36.5 dB, yet a round-trip loss of 25.5 dB/m [6],
or using UV exposure reaching 50 dB of signal enhancement
with a 0.15 dB/m induced loss [7], [8], along with others.

An inevitable repercussion of improving the Rayleigh
back-scattering through the enhanced isotropic scattering by
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inducing more scattering centers is the increased total loss in
the fiber; ergo, only short distance sensing would be possible.
For instance, let us assume a scenario in which a 30 dB
enhancement in the backreflected signal is achieved at the
expense of a fiber loss of around 0.2 dB/cm. In such case,
the accordingly enhanced backreflected signal will result in a
higher/equivalent back-scattered power only up to a distance
of∼74 cmwhen comparedwith a standard SMF (0.2 dB/km).
Thus, considering the total cost of manipulated fibers along
with the added fiber losses, the real essence of the higher
SNR obtained by increasing the number of scattering cen-
ters is quite skeptical. However, such fibers can still find
a panoply of applications which don’t demand long range
distributed sensing yet require high accurate measurements
of the measurand, such as in biomass reactors, nuclear reac-
tors, and others. Thus far, the lowest achieved temperature
uncertainty is 0.85 mK using a 10 mm gauge and a loss
of 0.08 dB/m [9].

As a consequence of the high loss induced by the scattering
centers, the spotlight has been turned on the inscription of
faint Bragg gratings along the sensing fiber to benefit from
an enhanced directional backreflected signal with a fairly
low fiber loss [10], [11]. In [12], [13], Westbrook et al.
presented a reflection-enhanced fiber (REF) using a stan-
dard single-mode fiber (SMF) which has overlapped chirped
Bragg gratings inscribed in its core. Accordingly, a ∼ 10 dB
directional enhancement over a bandwidth of ∼ 12 nm from
1544 nm to 1556 nm was achieved, whereas the optical
losses were measured to be below 0.7 dB/km [14]. Whilst
such reflection-enhanced fibers are extensively employed in
several experiments based on ϕ-OTDR [15], the effect of the
experimental conditions on the performance of these fibers
has not been examined so far and is yet to be discovered
further. For instance, in our own previous work making use of
such an REF [16], having a∼10 dB back reflection enhance-
ment, the observed temperature resolution enhancement is
just three times even though the inverse relationship exists
between the SNR and the uncertainty of the measurement [2].
This observed discrepancy in the inverse relationship between
the SNR and the uncertainty of the measurement led us to
thorough analysis of the signal from such backreflection-
enhanced fiber. The work presented here is, therefore, utterly
significant to the optical fiber sensing researchers who deal
with such reflection-enhanced fibers for various distributed
measurements.

In this paper, we analyze how the performance of such
REF would be impacted by a highly-sensitive interroga-
tion system like the commonly-utilized ϕ-OTDR. From our
studies, we found out that the intrinsic backreflected signal
enhancement of the REF makes the fiber essentially highly
susceptible to the signal-dependent noises and environmental
fluctuations in ϕ-OTDR systems. Consequently, we carefully
analyzed the signal-dependent noises to maximize the benefit
of the fiber’s signal enhancement. To that effect, we yielded
an improved measurement accuracy with a fairly low temper-
ature uncertainty of 0.5 mK for a 1 m spatial resolution, as a

pure consequence of the increased SNR, when comparedwith
the SMF.

II. ABSOLUTE REFLECTIVITY OF THE FIBERS
The backreflection coefficient (αbs) which is a measure of
the back-scattering coefficient and the back-scatter re-capture
fraction of the fibers under consideration, is measured using
a standard incoherent OTDR setup. The REF used in our
experiments is the AcoustiSens GS82628 fiber from OFS
company [14]. It demonstrated a backreflection coefficient
of∼-64.1 dB/m which is roughly 8.7 dB higher than that of a
standard SMFwhich has a value of∼-72.8 dB/m. This 8.7 dB
is considered as the absolute value of the optical backreflected
intensity enhancement provided by the REF as illustrated in
Fig. 1, when interrogated using an OTDR system.

FIGURE 1. Backreflected signal from the REF and the SMF measured
using an incoherent OTDR. Note: The blue traces before and after the
fibers represent the noise floor. The spike before the noise floor is the
reflection at the fiber end.

When compared with a typical incoherent OTDR,
ϕ-OTDR is a highly sensitive interrogation technique for
Rayleigh-based DOFS [17], which makes the measurements
highly susceptible to environmental fluctuations. The intrin-
sic backreflected signal enhancement in the REF makes it
even more prone to environmental fluctuations and other
signal-dependent noises in the system. Hence, the mitigation
of such signal-dependent noises is highly essential to fully
exploit the signal enhancement provided by the REF into
an effective SNR enhancement. In this context, we observed
that conventional methods used to further improve the SNR
of the system, for instance through trace time-averaging or
straightforwardly by increasing the input optical power to
the fiber (below the onset of nonlinear effects) would not
necessarily yield the expected results. The investigation on
this phenomenon is presented in great detail in the following
section.

III. NOISES IN A ϕ-OTDRSYSTEM
A. THEORETICAL ANALYSIS
In the direct-detection ϕ-OTDR setup illustrated in Fig. 2,
the possible noises in the system responsible for the variation
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FIGURE 2. Experimental setup of a frequency-scanned ϕ-OTDR using
direct detection.

of the photocurrent of the photo-detector are the thermal and
the shot noises of the PD along with the signal-ASE beating
noises originating from the pre-amplifier used before the
PD. It ought to be remarked that the effect of the ASE-ASE
beating noise is insignificant in our system due to the use of
an optical filter after the optical amplifier, and is accordingly
not considered in the overall system noise. As a result, the
standard deviation of several consecutive time-domain traces,
σn, which is a measure of the total detected noises in the PD
can be expressed as [17], [18]:

σn =

√
σ 2
th + σ

2
sh + σ

2
signal−ASE (1)

where σ 2
th, σ

2
sh, and σ 2

signal−ASE are the variances of the
thermal noise, shot noise, and signal-ASE beating noise,
respectively. σth is independent of the optical power of the
back-scattered light (Pbs) to the PD, whereas the σsh and σASE
are dependent on Pbs through a square-root relationship [18].
The SNR of the system which is estimated directly from
the time-domain trace following an exponentially-decaying
probability density function is given by:

SNR =
µPbs

σn
(2)

Here, µPbs is the mean of the backreflected signal and σn
is the standard deviation of the electrical amplitude of the
reflected optical signal along the fiber, for 20 consecutive
measurements. It should be mentioned that the electrical
amplitude of the signal is equivalent to the optical power
through the conversion gain of the photo-detector. Besides,
Pbs can be calculated theoretically from the equation given
below:

Pbs = Pin αbs Rsp exp(−2αz) (3)

where Pin is the input peak power to the fibers under consid-
eration, αbs is the backreflection coefficient, Rsp is the spatial
resolution of the system and α is the attenuation coefficient of
the fiber, and the factor 2 accounts for the round-trip distance
traveled by the light to reach the receiver at the input of the
fiber.

The impact of the variable attenuation utilized before the
PD in the ϕ-OTDR setup (Fig. 2) should, of course, be taken
into consideration when calculating the effective gain pro-
vided by the pre-amplifier [18]. In the present work, the

average power to the PD is maintained well below saturation
by means of a variable attenuator.

B. EXPERIMENTAL SECTION
The most commonly-used experimental setup of a direct-
detection frequency-scanned ϕ-OTDR is implemented for the
present study as shown in Fig. 2. It utilizes a distributed
feedback (DFB) laser, at 1550 nm having a linewidth around
5 MHz, as the coherent probing light source followed by
a high extinction ratio (ER) semiconductor optical ampli-
fier (SOA) connected to a pulse-generator for the generation
of optical pulses with a pulse width (τ ) of 10 ns. An Erbium-
doped fiber amplifier (EDFA) boosts the pulse powerwhich is
then reduced using a variable attenuator (VA) before the pulse
enters the fibers to prevent the occurrence of nonlinear optical
effects. The light pulse passes through the circulator, then
enters into the fibers under test which are immersed in a water
bath to reduce the influence of the environmental fluctuations.
The pulses travel through the backreflection-enhanced fiber
followed by a single-mode fiber, each of around 100 m long.
The splice loss at the junction between the two fibers is
negligibly small to ensure the same exact conditions for both
fibers. It is worth noting that the order of the positioning of the
two fibers as first or second will not cause the signal to reach
the second fiber with lower intensity and therefore worse
SNR conditions. This is mainly because of two reasons:
firstly, the total attenuation coefficient of the kind of REF that
we opted for in the present scenario is very negligible (when
considering such a short fiber length), and secondly, the splice
loss at the junction is ensured to be as small as possible,
thereby guaranteeing that the two fibers are experiencing the
same experimental and detection conditions. A 5 m long hot
spot is chosen at the end of each fiber spool, and kept in
a temperature-controlled water bath to perform the temper-
ature measurement. To perform the frequency scan over a
13 GHz range with a step of 17 MHz, the injection current of
the laser driver is remotely swept. The backreflected signal
directed through port 3 of the circulator gets amplified again
bymeans of a second EDFA, and enters a 1 nm optical tunable
filter (TF) which minimizes the ASE-ASE beating noise
generated by the EDFAs. The back-scattered light intensity
from the fibers is received by a 1 GHz photo-detector (PD).
The photocurrent generated in the PD is then acquired by a
data acquisition card (DAQ) at a sampling rate of 500 MS/s.

C. EXPERIMENTAL ANALYSIS
To understand the influence of the different noises (men-
tioned in section III-A) on the SNR improvement of the sys-
tem with respect to the backreflected signal, the input power
to the fibers under consideration is varied. The evolution of
the SNR as a function of the backreflected power (Pbs) from
the two sets of fibers is illustrated in Fig. 3. It can be clearly
seen that for a given input peak power (Pin) to the fibers
and considering their lengths of 100 m each, the SNR of
the REF is always higher than that of the SMF due to the
intrinsic increase in the backreflection coefficient (αbs) of the
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FIGURE 3. Log-log graph showing the SNR as a function of the
backreflected power for both fibers. The encircled numbers mark SNR
values at two different input peak powers for both fibers (black circles for
SMF, green circles for REF). The same number corresponds to the same
input power for the two fibers; 1© corresponds to an input power of
∼18.9 dBm and 2© corresponds to ∼25.4 dBm.

former. Additionally, the evolution of the SNR with respect
to the input power (or backreflected power) of the REF is
very similar to that of the SMF, but at a noticeably faster rate.
There are two distinct regimes of interest in terms of the SNR
improvement shown in Fig. 3. In the first region (Region A in
Fig. 3), the SNR of the system is improved linearly (slope
of ∼1 in the log-log graph of Fig. 3) with respect to the
input/backreflected power to/from the fiber. This is mainly
because σn in Eq. 2 is dominated by signal-independent noise,
namely σth. In the second region (Region B), the SNR of
the system is improved with a square-root dependency (slope
of ∼0.5 in the log-log graph of Fig. 3) with respect to the
backreflected power. At these powers, σn is dominated by the
signal-dependent noises. Under the given experimental con-
ditions (such as 1 m spatial resolution and length of the fibers
of 100 m each), a Pbs value of 0.002 mW (corresponding to
an SNR of∼33.9 or 15.3 dB in the dB-scale) is the threshold
below which the SNR of the fibers increases linearly with
respect to the input peak power/backreflected power.

As mentioned in the earlier paragraph and as can be seen
from Fig. 3, the SNR of the REF is always higher than that
of the SMF irrespective of the kind of noises affecting the
SNR. This implies that a better SNR is achieved with such
backreflection-enhanced fibers as long as the contribution of
the exponential term in Eq. 3 is lower than the enhanced
backreflection coefficient (αbs). In this particular kind of
REF, having an αbs of ∼-64.1 dB/m and α of ∼0.7 dB/km,
a higher Pbs is observed up until a fiber distance of ∼8.5 km
(Fig. 4). Beyond this length, because of the increased loss in
the REF, Pbs of the SMF will take over the performance of
the former.

It is interesting to further analyze the consequences of this
change of regime for different sensing configurations and
thus to determine under what conditions the SNR could be
impaired. In an optimized configuration for a sensor of given

FIGURE 4. Semi-log graph showing the backreflected power as a function
of the fiber length for both fibers calculated using Eq. 3 highlighting the
contribution of the loss term.

fiber length, the input peak pulse power to the fiber (Pin)
is set at its maximum possible value, which is the critical
power Pcrit allowed below the onset of nonlinear effects in
the fibers, mainly the effect of modulation instability [19].
Assuming a spatial resolution of 1 m and varying the sensing
fiber length, the threshold value of Pbs (0.002 mW, under the
present experimental conditions) is obtained when the total
length of the REF is around 300 m. Since αbs of the SMF
is lower than that of the REF, this value is reached when the
length is around 50 m. This implies that when using Pcrit as
the input power to the fibers under consideration, they will
be in the thermal noise regime (Region A in Fig. 3) when the
length of the fibers is greater than 300m and 50m for the REF
and the SMF, respectively. For any length of the fibers that is
shorter than these values, at the Pcrit , the noise regime of the
fibers can only be in Region B in Fig. 3. The noise regime
in Region B is therefore predominant only for short sensing
ranges and, regarding the negligible effect of attenuation over
such short distances, is observed at all positions over this
fiber length. As a corollary a change of spatial resolution
will modify the critical length of the fiber proportionally
(e.g. a 2 m spatial resolution will extend the limit lengths
shown in Fig. 5 by a factor 2).

These numbers are critically related to the noise level of
the optical amplifier and can certainly vary depending on the
devices used in the experimental setup. However, the noise
level is observed to stay in a given range in most commonly
used amplifiers and the numbers presented here can be safely
considered as a good representation of a general situation.

We further demonstrate a peculiar situation in which there
is dissimilarity in the noise regimes between the REF and the
SMF with the aid of Fig. 6 for a given input power. Fig. 6 (a)
shows the Rayleigh back-scattered optical intensity time-
domain traces and Fig. 6 (b) shows the standard deviation
traces of several consecutive time-domain traces of the REF
and the SMF for an input peak power of 25.4 dBm. It should
be mentioned that the two sets of fibers are adjoined such
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FIGURE 5. Semi-log graph showing the backreflected power as a function
of distance for both fibers calculated using Eq. 3 where the input peak
power is taken as Pcrit .

FIGURE 6. (a) Time-domain trace (optical power) along the distance of
the fiber; (b) The standard deviation of 20 time-domain traces
corresponding to input peak powers of around 25.4 dBm. Note: The blue
traces before and after the fibers represent the noise floor.

that the signals received at the PD from the fibers experience
the same experimental and detection conditions. Under these
conditions, the signal enhancement provided by the REF
(estimated from the mean of the time-domain trace) is nearly
7.4X (∼8.7 dB) higher than that of the SMF (Fig. 6 (a)). The
REF/SMF standard deviation ratio is around 1.2X (Fig. 6 (b)),
yielding an overall 7.9 dB higher SNR for the REF when
compared to the SMF, instead of a full SNR increase of
8.7 dB higher. That is because at the used input peak power of
25.4 dBm, signal-dependent noises are more prominent in the
case of the REF, whereas in the case of the SMF, the overall
noise is limited by the thermal noise of the detector. This
claim is evident from Fig. 6 (a) and (b), and can be further
substantiated by Fig. 7 which shows the cross-correlation
between the time-domain trace and the standard deviation
trace of Fig 6. A clear correlation peak is observed for
the REF, but as expected there is zero correlation for the
SMF. This rather simple correlation technique between the
time-domain trace and the standard deviation trace clearly
points out whether the noises are signal-dependent or not.

FIGURE 7. Cross-correlation between the time-domain traces and the
standard deviation traces of Fig. 6.

As can be seen on Fig. 6 (b), the mean of the standard
deviation of the SMFmatches well with the mean of the noise
floor of the system confirming that for the given input power
to the fibers, the SMF is thermal noise limited, whereas the
REF is not.

This is a crucial inference because the SNR improvement
provided by the REF is not always exactly matching with the
signal enhancement when put in comparison with the SMF
at a given input power. For this difference in the SNR to
be maintained between the REF and the SMF, both of them
should share similar standard deviation of the measurement.
Having different sets of noises in the two different fibers can
lead to an erroneous estimation in the physical parameters like
temperature uncertainty when a comparison is made. Hence,
the present analysis of the enhanced signal from the REF
highlights the need of regulation of the input power to such
fibers and the optimization of the interrogation setup to yield
the best performance.

We have also analyzed the SNR dependency on the num-
ber of time-averaged traces, and confirmed the square-root
dependence (slope of 0.5 in a log-log graph) in the case of
the SMF, but the dependence was slightly different for the
REF (slope of 0.2 in a log-log graph). The range of averages
between 1 and 2048 averages is applied to the traces, and
already at 8 averages the difference in the slope is observed.
This again implies a slower rate in the SNR increase for
the REF. Since this result is quite surprising, we speculate
that this discrepancy is possibly occurring because of other
sources of noises that take place when the duration of the
experiment is extended (e.g. signal distortions due to envi-
ronmental fluctuations). We further confirm our speculations
by nullifying this anomaly using a real-time data acquisition
card (DAQ), thereby yielding a square-root dependence of the
SNR with respect to the number of averages for both fibers.

To sum up, the management of the number of
time-averaged traces (if no real-time DAQ is available) as
well as the input power to such backreflection-enhanced
fiber is vital to benefit from its full potential. It should
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be considered that the higher intrinsic signal enhance-
ment, like in the REF, is always accompanied by higher
signal-dependent noises and any increment in the input power
(even though well below the onset of the nonlinear effects)
will not necessarily yield the expected SNR enhancement
as explained earlier. Hence, addressing the signal-dependent
noises is crucial to understand how to utilize the full potential
of such fibers.

IV. DISTRIBUTED TEMPERATURE SENSING
USING THE REF
Despite the fact that using such backreflection-enhanced
fibers can be quite tedious due to the continuously interfer-
ing system noises, they can be really beneficial in DOFS,
provided the experimental setup is fully optimized. One
interesting characteristic offered by backreflection-enhanced
fibers, as a pure consequence of the enhanced SNR, is a
fairly better spectral shift quality as can be in Fig. 8. This
quantity can be explained as the measure of the correla-
tion strength between two data sets, when interrogated using
a ϕ-OTDR setup. Commonly, when a frequency-scanned
ϕ-OTDR system is employed, the correlation strength can be
significantly improved (at a given SNR), and large correlation
errors can be mitigated when the frequency scan range of
the probe pulse is sufficiently large [20]. Yet, a large scan
range requires a longer measurement time. However, if the
SNR is high enough with the aid of a fiber like the REF, the
scan range can be significantly reduced leading tomuch faster
measurements.

FIGURE 8. Local correlation as a function of the frequency shift at an
arbitrary position in the two fibers.

Under the same amplification and detection conditions,
and by taking utmost advantage of the qualities exhibited
by the REF, a distributed temperature measurement with
the REF and the SMF is performed with the setup shown
in Fig. 2. In our own previous work [16], we observed an
unexpected disparity in the temperature resolution improve-
ment. The improvement in the temperature resolution was
not following the inverse relationship with the increase in
the SNR, when compared between the SMF and the REF.
As mentioned in the previous section, for the given input

power, the total noise of the REF was dominated by the
signal-dependent noise (thereby higher σn), whereas for the
SMF it was the signal-independent noise dominating. This
apparently reduced the SNR difference between the two sets
of fibers below the intrinsic value of 8.7 dB. Such an erro-
neous estimation can be made very commonly due to the lack
of the awareness of the different noises playing the role for the
same input power.

Thus, in the present case this is mitigated by controlling
the experimental conditions. The input peak power launched
into the fibers under test is 25.4 dBm and no averages were
applied to the traces, so as to avoid any environmental fluc-
tuation, such that a proper 8 dB difference between the two
fibers is attained. Since the frequency shift uncertainty of
the measurement, in a Rayleigh-based DOFS, is inversely
proportional to the optical SNR of the signal, it is expected
that the temperature uncertainty of the REF will be much
lower than that of the SMF, for a given set of experimental
conditions. The upper figure of Fig. 9 shows the frequency
shift of the Rayleigh back-scattered intensity of the REF and
SMF over a range of 10 K. The inset in the figure shows
the frequency shift of the temperature measurement as a
function of distance and highlights the position of the hot
spot in the two fibers under consideration. The linear fit of

FIGURE 9. Upper figure: Frequency shift as a function of temperature;
and the frequency shift versus the distance along the fiber (inset).; Lower
figure: Experimental frequency uncertainty as a function of an arbitrary
distance of 40 m in each fiber; theoretical values (red dashed line).
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the plot yielded a correlation coefficient of 0.99, and the
sensitivity obtained from the slope, for both REF and SMF,
is 1.29 GHz/K. This implies that, despite the modifications
of the fiber core due to the presence of continuous Bragg
gratings throughout the REF, the thermo-optic coefficient of
the original silica fiber is not altered, thereby showing the
same temperature sensitivity as that of the SMF.

The frequency uncertainty (σf ) of the temperature mea-
surement calculated from the traces for an arbitrary fiber
distance of 40 m (shown in the inset of the upper figure of
Fig. 9) as well as the theoretical uncertainty calculated using
the model presented in [2], [21] are illustrated in the lower
figure of Fig. 9. As can be seen, for the REF, the mean value
of the uncertainty is found to be 0.6 MHz, for a metric spatial
resolution, which is nearly 6.5X lower than that of the SMF.
This significantly low uncertainty value for the REF is a pure
consequence of its ∼6.5X (∼8 dB) higher SNR, and this can
be corroborated by our recently published work [2], in which
we found out that, for a Rayleigh-based sensing system using
a rectangular input pulse, σf is inversely-related to the SNR
as given by the following equation:

σf =

√
6

2πτ Mo
(4)

where τ is pulse width andMo is the system SNR for optical
power. The temperature uncertainty, σt , is in turn given as a
function of σf as follows:

σt =
σf

S
(5)

where S is the temperature sensitivity (1.29 GHz/K) of the
fibers under test. Using Eq. (5), which provides a direct rela-
tion between σt and σf , the temperature uncertainty obtained
when using the REF is as low as 0.5 mK, whereas that of the
SMF is 3 mKwhich is the generally known value for standard
single-mode fibers for metric spatial resolution.

V. CONCLUSION
In this paper, we present a thorough study on the use of
a backreflection-enhanced fiber in a ϕ-OTDR system. The
backreflection coefficient of this fiber (∼-64.1 dB/m) is
found to be about 8.7 dB higher than that of a standard
SMF. However, from our experiments, we realized that the
experimental conditions of commonly-used highly sensitive
systems (e.g. ϕ-OTDR) have a vital impact on the perfor-
mance of such fibers due to the inevitable signal-dependent
noises associated with the REF intrinsic signal enhancement.
This necessitates the need for optimizing the experimental
conditions when such fibers are interrogated. Hence, with
careful handling of these noises, we were able to exploit
the REF to maximum effect in a distributed temperature
measurement reaching a sub-mK temperature uncertainty of
0.5 mK with metric spatial resolution, zero trace averaging
and small scan range of the laser probe pulse.
(Malak Galal and Suneetha Sebastian contributed equally

to this work.)
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