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The spatial resolution of an optical-fiber-based Raman distributed temperature sensor is limited by the
pulse width of the laser used. We discuss a methodology of increasing spatial resolution by using a single-
fiber grid. Spatial resolution improvement of up to 10 times is demonstrated. © 2010 Optical Society of

America
OCIS codes: 060.2370, 060.2300, 120.6780.

The Raman distributed temperature sensor (RDTS)
was first demonstrated by Dakin et al. [1]. Thirty
years since, the RDTS has found wide applications
such as temperature monitoring of power cables, oil
and gas pipelines, and reactors [2]. The principle of
the RDTS is based on optical time domain reflectom-
etry and Raman scattering. A laser pulse is launched
into the sensor fiber. The laser pulses undergo scat-
tering. The ratio of the intensity of anti-Stokes to
Stokes scattering is a measure of temperature, while
the time of flight of the laser pulse gives the location
of the zone where the temperature is measured [1].

The temperature measured is an integral average
over the pulse width of the laser used. Thus, the laser
pulse width defines the spatial resolution of the
RDTS. In practice, the spatial resolution is deter-
mined by the convolution between the laser pulse
characteristic, detector/receiver response, and the fil-
ter characteristics [3]. A typical RDTS, using a 5 ns
pulse width laser, has a spatial resolution of 1 m. In
applications such as temperature monitoring of in-
dustrial boilers, furnaces, and thermal protection
systems of spacecraft, it is important that abrupt
temperature variation over a small region be moni-
tored.

Many groups have worked toward increasing the
spatial resolution of the RDTS. One of the ap-
proaches is to lay the fiber in spiral mode [4]. How-
ever, this has a limitation on the minimum radius the
fiber can be subjected to. Other methods are using
ultrashort pulse [5], correlation [6], single-photon
counting [7], and multiphoton counting techniques
[8]. These methods require that either the source (the
pulse width of the laser or frequency modulation of
probe and pump) and/or the detector be changed.

In this Letter, an attempt at improving the spatial
resolution of the RDTS is made by using a single-
fiber grid (SFG). SFGs are used in geotextiles for soil
monitoring [9]. The use of a SFG here is due to the
consequence of weaving to integrate the single fiber
in the geotextile for wider coverage rather than im-
proving the resolution. The fiber grid was also used
for physical field measurement using neural network
[10]. In above cases, the fiber grid employed was not
optimized for orthogonal projections. Whereas inde-
pendent orthogonal projection is the basis for the
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SFG proposed in our paper to improve the spatial
resolution.

Here, fiber is laid along two orthogonal projections,
forming a grid (Fig. 1). The advantage of this or-
thogonal configuration is that for a given hot spot,
the temperature spread in the apparent measure-
ment will always be along these two directions,
which are mutually exclusive except at the intersec-
tion point corresponding to the location of the hot
spot. The spatial resolution improvement is equal to
the size of the mesh of the grid. Here we demonstrate
spatial resolution improvement by 10 times.

Consider a fiber laid along two orthogonal projec-
tions as a SFG, as in Fig. 1. The size of the grid is
M X N, and size of the mesh is n. The arms of the grid
form measuring lines, similar to projection in tomog-
raphy. The bends and loops in the SFG do not partici-
pate in measurement. The fiber can be assumed to
consist of discrete sections each of length equal to
spatial resolution R [11]. Each section is assumed to
consist of m subsections, each of length n, the size of
the mesh. Thus each subsection of the grid along the
x axis is represented with two indices as S,(i,j). This
is interpreted as the jth subsection of the ith section
along the x axis. Similarly, the mth subsection of the

~
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Fig. 1. SFG, 21X 21, with mesh size 10 cm.
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[th section of the y direction is represented as
S,(l,m). Temperature measurement of a single sub-
section is represented as T[(i,j),(/,m)], which has to
be determined uniquely from the two orthogonal pro-
jections.

Since temperature measured in the RDTS is an in-
tegral average over the pulse width of the laser, when
a single subsection S,(i,j) is heated, all the subsec-
tions belonging to section i measure the same tem-
perature. This leads to spurious temperature points.
Thus, any temperature measurement, on an SFG, is
a set of true and spurious temperature measure-
ments. Because of the mutually exclusive character-
istics of the orthogonal projections of the SFG, the
apparent elevated temperature of a point in one pro-
jection will not be corroborated by the measurement
in other projection, except at the true measurement
point. Based upon this hypothesis, it can be shown
that, taking minimum of set of U;{S,(,/)} and
UAS,(l,m)} reduces the number of spurious numbers
considerably (Table 1).

When there is an isolated hot spot, the minimiza-
tion rule identifies the true hot spot uniquely. How-
ever, if more than one hot spot is present within the
same measurement zone, there still will be some spu-
rious points left at the intersection of their projec-
tions. For a 21 X 21 matrix, searching the true set of
measurement points involves 2%! combinations,
roughly around 10'°. Having taken the minimum
value for a set of two localized temperature points,
the search space is limited to 24=16, and for three
temperature points, a maximum of 2°=512.

Now the problem of spatial improvement is re-
duced to a search problem for identification of true
measurement points from a set of true and spurious
points. A genetic algorithm is used to identify the
true measurement points. A genetic algorithm has
been used to search for an optimal solution in a much
larger sample or search space. For example, for find-
ing the optimal conformational protein structure in a
protein folding problem the search space is 1070 [12].

Here, the set of true and spurious points {Npg} is
coded as a chromosome comprising 1’s and 0’s. The 1
represents a true point, and 0 represents a spurious
point. The length of this chromosome depends on the
number of hot spots, and consequently on the num-
ber of true and spurious points. Ten such chromo-
somes are initialized randomly. The set of chromo-
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somes constitutes a population. Each of these
chromosomes represents a possible combination of
{Nr}®{Ns}.

The objective is to find the right combination,
which corresponds to the actual distribution. To
achieve this, for every string a localized temperature
profile is reconstructed from the assumed true points
(the 1’s). The localized temperature 77y recon-
structed is compared with the temperature profile
measured by RDTS, Tsrg. The difference between the
two is the error, given by

(1)

Error =|[(T'g = T'spg o) + (TR y — Tsrg )l

This has to be minimized to search for the correct
chromosome.

The above proposition is tested using a 21X21
SFG, 2 m X 2 m in size, with mesh size of 10 cm (Fig.
1). Acrylate-coated MM fiber, 50 um/125 um, was
used. It was also ensured that the fiber looped be-
tween adjacent measurement lines had a radius of
curvature more than the minimum bending radius,
10 cm, allowed for the fiber.

The fiber was heated to 55°C in a localized zone by
using a 10 cm X 10 cm heating pad. The region corre-
sponding to points in the grid are (10,11) and (11,12).
The apparent temperature measured by the RDTS
projected on the grid (Fig. 2) shows that the tempera-
ture has been underestimated. Also, this measure-
ment has a number of spurious temperature points.
By taking the minimum along the projections, the
number of spurious points is brought down to two
(Fig. 3). Using the methodology described in the Let-
ter, the locations of the true temperature points, i.e.,
heating pads, were identified, and the temperature
on the grid was reconstructed (Fig. 4). The localized
heat zones can be seen more distinctively after the
reconstruction. Also, the temperature reconstructed
is close to the actual temperature of the heating pad.

In this Letter, we have demonstrated the improve-
ment of spatial resolution of temperature measure-
ment by using an SFG without modifying the opto-
electronic hardware of the RDTS. The methodology
was demonstrated by using multimode fiber and a
RDTS. However, the methodology is also valid for
single-mode fiber and other distributed fiber optic
sensors such as a Brillouin optical time domain re-
flectometer. For ultrashort pulses, polarization-

Table 1. True and Spurious Points, before and after the Minimum is Taken along the
Two Orthogonal Projections

No. of Hot Spots  No. of True Points

No. of Spurious Points®

No. of Spurious points
after Taking Minimum

1 1 19=(2x10-1) 0

2 2 Independent hot spots 38=(2X[2X10-1]) 0

2 2 Sections of hot spots overlapping at one subsection 1
37=(2X[2%X10-1]-1)

2 2 Sections of hot spots intersecting at two subsections 2

36=(2X[2%10-1]-2)

“Number of hot spotsX[number of projections X (number of subsections in a section)—number of subsections that
overlap the same hot spot] — number of subsections that overlap the different hot spot.
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Fig. 2. (Color online) Temperature measured by RDTS

projected over SFG. Note that the temperature measured
by the RDTS is low compared with actual temperature.

maintaining single-mode fiber can also be used. A
patent application has been submitted [13].
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help in laying the SFG. Thanks are also due to the
reviewers and to Dr. Chester C. T. Shu, Topical Edi-
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paper.
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Fig. 3. (Color online) Temperature profile over SFG, after
taking minimum along the two orthogonal projections.
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Fig. 4. (Color online) Temperature reconstructed over
SFG, with improved spatial resolution. Note that the tem-
perature reconstructed is closer to the actual temperature.
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