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Enhanced Multiplexing Capacity of Low-Coherence
Reflectometric Sensors With a Loop Topology

Libo Yuan, Wei Jin, Limin Zhou, Y. L. Hoo, and M. S. Demokan

Abstract—A novel scheme for enhancing the multiplexing OLCR
capacity of low-coherence reflectometric sensors is demonstrated. ‘
The scheme is based on connecting the sensing elements in serie 7 Xx,,, LiD
in a loop configuration, allowing each of the sensors within the sCamifI S R 1.
array being interrogated twice from opposite directions. The 2nning 4 coupler PD i i
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bi-directional interrogation enhances the multiplexing capacity in =

terms of maximum sensor number. The bi-interrogation scheme Mirrored

i fiber end 3dB
would also allow normal operation of the sensor array even when coupler End A
one end or somewhere of the transmission fiber were broken, — el
improving the reliability of the sensing system for large-scale |e10>| e
structural monitoring. AS olat End B
solator

Index Terms—Fiber-optic sensors, low-coherence reflectometry, Polarization
quasidistributed sensors, strain sensors. controller
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Fig. 1. Schematic of the multiplexing scheme based on the loop topology.
I. INTRODUCTION

O PTICAL low-coherence reflectometry (OLCR) [1, [2] ventional reflectometry sensor array. The higher reliability is

has emerged as high-resolution measurement techni%%- dth hth f bi-directional int i f h
for optical device testing [3]—-[6]. OCLR is based on the use of 1eved through the Use ot bi-directiona’ Interrogation of eac

I h lioht d ! tical (Michel nsor in the array, which provides an extra degree of redun-
low coherence fight source and a scanning optica (Michelso ncy and is important for embedded applications in large-scale
interferometer to match the optical paths of the reflected way,

thart structures.
from the device under test. OCRL has been applied for quasid? -

tributed sensing [7]-[14] by intentionally introducing partial re-
flectors along an optical fiber. The gauge lengths of the sensors
(defined between two partial reflectors) are chosen to be longefThe proposed multiplexing scheme is shown in Fig. 1. Light
than the coherence length of the source so that the reflectesim alow coherence source (an Er-doped ASE source is shown
waves from the two end-faces of a sensing gauge would not nmx=ig. 1) is coupled into a fiber Sagnac loop through a 3 dB cou-
coherently before they reach the scanning interferometer. An pier. The fiber loop contains a serially connected sensor array
terferogram appears at the output of the scanning interferomefer S, . . ., S, with each one of thenS;,: = 1,2,...,N)
only when its optical path difference (OPD) is matched to theeing formed in-between two partial reflectarsand: + 1.
gauge length of a particular sensor. A series of interferometiitie gauge lengths of the sensors (denoteld as for S;) are
maximums or peaks are resulted when the OPD of the interfehosen to be approximately equal but slightly different from
ometer is scanned through all the possible gauge lengths of #aeh other. There are four reflected waves from the two ends
sensors. The positions of the peaks can then be used as measiird®e sensolS;, two reflected back toward end clockwise
of the gauge lengths of the sensors. (CW) and the other two toward ergicounterclockwise (CCW).
This letter reports a scheme that can enhance the multiplexifige four waves are guided back through the 3-dB coupler to a
capacity of low-coherence reflectometric sensors. The scheMihelson interferometer with its output monitored by a pho-
offers larger multiplexing gain, higher reliability over the contodetector (PD). The optical path difference (OPD) of the inter-
ferometer is set to be approximately equal to the sensor gauge
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mixing between the reflected waves from ftieand the:+1)th
reflectors, may be expressed as (See the equation at the bol
of the page.) Wher, represents the light intensity coupledintc 3 .
the input optical fiber from the ASE source. The insertion loss:
of the 3-dB coupler has been neglect8gdand3; represent, re-
spectively, the excess losses associated with sefsahich is
due to the connection loss between the sensing segments, fol
CW and the CCW propagating light wavds(1}) andR;(R})
are respectively the transmission and reflection coefficient
theith partial reflectorZ;(17) is in general smaller thah— R;

s (dB)

ignal

Qutput s
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Scanning distance (mm)

(a) loop closed
(1— R}) because of the loss factgy(3;). The values off;, R; 40
and/; could be different from that dI?/, R,, and.. n(X; ;1) 2 0|  Loopopenattheend AorB 5
is the loss associated with the scanning mirror and collimatii 2, | g
optics and is a function of the scanning mirror positi®y);1 ;. E 20| 9 @ ® @ @
Ry andR,, are the reflectivities of the mirrored fiber end anc 2 | @
the scanning mirror, respectively. g 'ig o)
-100 —_—
[ll. EXPERIMENTS AND RESULTS o4 ST € T & 91 107 17 1271 137

Experiments were conducted using a setup shown in Fig. Scanning distance (mm)

An Er-doped fiber amplified spontaneous emission (ASE, () loop open at end 4

source W'_th a central Wavelenth around 1/55 Was used n Fig. 2. Output from the ten fiber-optic sensor array with input power level
our experiment. The source emits unpolarized light with powet.63 dBm.

level adjustable from 0—10 mW. Ten segments of sensing fiber,
each with a length of approximately 1-m were cleaved and th~~ 4,

connected (butt-coupled) in serial to form the sensing arre o L T Applied strains gzz::z; ;
The gauge length differences between the adjacent sens<2 ®4A¢ Datagiven by A Sensor 3
were chosen to be about 10 mm. The output from the scann 2 200 I fiber sensors X Sensor 4
Michelson interferometer was displayed on the screen of t & 150 X Sensor 5
precision reflectometer instrument. A typical display is showz 14 ® Sensor 6
in Fig. 2 for a source power level 6f4.63 dBm (0.34 mW). = + Sensor 7
The results shown in Fig. 2(a) and (b) are respectively for tl & . ge““r 2
cases where the loop was closed and open atlefithe heights 20 . Szgzzi 10

of the peaks in Fig. 3(a) and (b) are irregular because that it -50
difficult to ensure the reflectivity of each of the fiber segmer 0 100 200 300 400 500 600 700 800 900
is the same. Optical Path Differential (micrometer)

It can be seen that the results shown in Fig. 2(a) and (b) es- o )
sentially provide the same measurement information in terfid 3 Distributed strain measurement resilts.
of the positions of the peaks. This means that the system would
function the same even one end of the loop is disconnected. Thén order to demonstrate the applicability of the system in real
signal level for the closed loop case is however higher than thistributed deformation or strain measurements. Strains are ap-
open loop case. For the particular light levele4.63 dBm, the plied on 6th, 8th, and 10th fiber-optic sensors, and let the other
signal level for sensor #1 may be too small for the accurate meaven sensors in free state. The testing results are plotted in
surement of the peak position when the loop is open at4&ndFig. 3, it is shown that the fiber optic sensors connected in the
[Fig. 2(b)], similarly, open at end® due to the symmetry of the fiber loop can mapping the applied strain conditions, while the
loop architecture. The signal level was significantly enhanc&dsensors did not perturbed and its interference pattern peak po-
when the loop was closed [Fig. 2(a)]. This means that, for tlsétions almost have not any shift. The resolution of the strain
same source power level, the maximum sensor number carsbasing system is &= for present 1-m fiber gauge length case,
increased with the closed loop configuration. and the measuring accuracy is €.
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-40 ® ® ® scheme is based on the bidirectional interrogation of the sensors
50 @ @ in the array using a loop topology. For the same source power
8 60 level, this scheme doubles the multiplexing gain in terms of
% 70 maximum sensor number. The scheme has the same accuracy in
= . . oy . .

2 %0 the determination of the positions of the interferometric peaks,
e but would allow normal operation the sensor array even when a
8 -90 I point in the sensing array is broken, offering additional redun-
B 5dB improvement L . Lo
-100 dancy, which is often required for the monitoring of large struc-
-110 : : : ' : ' ' ' ‘ tures. The sensor array is completely passive and can be used to
37 47 51 61 77 8 97 107 117 127 137 perform absolute, quasi-distributed deformation measurements,
Scanning distance (mm) or quasi-distributed strain or temperature measurements.
Fig. 4. A 5-dB reduction in the noise floor is achieved by adjusting the
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