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Low-Coherence Interferometric Fiber Sensor
Array by Use of a Loop Topology
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Abstract—A novel technique for enhancing the multiplexing path differences (OPDs) are matched to that of the remote
capability of low-coherence interferometric sensor array is sensing interferometers.

proposed. The technique uses a fiber loop topology and allows g gpjective of this paper is to demonstrate a technique that
for twice as many sensors as the conventional low-coherence,

reflectometry system to be multiplexed. Power budget and signal is capable of enhancing the multiplexing capability [11] of the
ana|yses for different sizes of sensor array are performed. A |0W—COherence |nterfer0metr|c sensor al’ray through the use Of
ten-sensor system was experimentally demonstrated and applied a fiberloop topology. The use of loop topology allows bidirec-
for quasi-distributed temperature measurement. An additional tjonal interrogation of each of the sensors in the array from op-
advantage of the technique is that it provides an extra degree of ,qijte directions and thus ensures the normal operation of the

redundancy through the bidirectional interrogation of the sensor ¢ h fth in th is d d
array and thus improves the system reliability. system, even wnen one 0 € sensors In the array Is damaged.

Index Terms—Fiber-optic interferometer, loop topology, low-
coherence reflectometry, multiplexing techniques, optical fiber

sensors, redundancy, strain/temperature measurements. II. DESCRIPTION OF THEMULTIPLEXING TECHNIQUE

A. System Configuration

. INTRUDUCTION Fig. 1 shows a schematic of the proposed multiplexing setup.

PTICAL low-coherence reflectometry (OLCR) or optical-ight from a broad-band amplified spontaneous emission (ASE)
coherence domain reflectometry (OCDR) is based &®urce is launched, via a fiber-optic isolator, into a fiber loop
a Michelson interferometer with a broad-band source, i.éhrough the use of a 3-dB loop coupléf.segments of sensing
a source with a short coherence length. The OLCR concdi®ers(S1, Sz, ..., Sn) are connected in serial and further con-
was first introduced in 1987 [1], [2] as a high-resolutiofected to the arms of the loop coupler to form the sensing loop.
measurement technique to probe optical devices for opti¢a@ht returned from the sensing loop is coupled into a scanning
communication applications. The OLCR has been applied fgceiving interferometer within an OLCR. The receiving inte-
measure the reflection properties of optical waveguides [dgrometer is of Michelson type and is formed by using a 3-dB
fibers [4], [5], and biological structures [6]. The use of loweoupler with one arm (the lower arm) connected to a reference
coherence interferometry for sensor applications can be tradé@r with a mirrored end and the other arm (the upper arm) to a
back to an even earlier date [7]. The attraction of low-cohereneigtailed fiber collimator followed by a scanning mirror. Light
interferometry for sensing applications is its ability to multiplegignals reflected from both mirrors are combined at the 3-dB
in the coherence domain many sensor signals onto a singRspler and detected by a photodetector (PD).
fiber-optic data bus without requiring the use of relatively
complex time- or frequency-division-multiplexing technique8. Basic Principle

iypically use separate recening merterometers whose opigal 0" 82Ch SeTSINg Segmet (e.g, segriemy sensos, as
ypically P 9 Pi&own in Fig. 1), there are four reflected waves associated with

it, two returning from the clockwise (CW) direction and two
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Fig. 1. Schematic of the proposed multiplexing setup.

For theN-sensor loop shown in Fig. 1, there would Nen-  distance between the fiber collimator and the scanning mirror.
terference fringes when the OPD of the receiving interferometéhe definitions of other parameters used in (1) and (2) are la-
is scanned. The positions of the scanning mirror at the peakseled in Fig. 2. For the CCW light, the matched two paths are
the N fringes correspond to the optical path matches of the re-
ceiving interferometer to that of the sensors and can then be used
to recover the OPD of th&/ sensing segments. The lengths of
the sensing segments can be chosen arbitrarily as long as the dif-
ference between the longest and shortest is within the scanrif§!
range of the OLCR. To avoid crosstalk between signals from N
different sensors, the length of each segment should be chogeh g + 2n Z Ik k1 +nLcom
differently. The reflectivities at the joints between the adjacent k=i+1
segments should be made small to avoid depletion of the probe +2nlp +2nl; 541+ 2Xi 541 (4)
signal. A detailed analysis on optical paths, peak fringe intensi-

ties, and applications for strain and temperature measuremeht§ Value ofX; ., that corresponds the path matchsican
will be presented in the next section. be obtained by setting the optical paths given in (1) and (3) to

be equal to that of (2) and (4), respectively, and expressed as

]\T
2nLp + 2n Z lkk+1 +nLeom + 2nLE + 2nly  (3)
k=i+1

I1l. SIGNAL ANALYSIS Xiis1 =n(Lp — L)+l — lo) (5)

A. ical Path Analysi
Optical Pat aysis where Lp and Lg are constant lengths and can be made ap-

Fig. 2 shows the optical paths and the reflected waves aspgoximately equal. The variation in the OPD 6f can then

ciated with senso;. The 3-dB loop coupler splits input light he measured by tracing the change of the mirror displacement
into two, one travels along CW and the other in a CCW directioR x.

iit1, 1.€.,
toward the sensing segmesit The CW light travels through o
the coupler arni. 4 and passes through a series of sensing seg- AXiiv1 = A(nliiy1). (6)
ments(Sy, Ss, ..., S;—1) before reaching segmefit This light
signal is reflected at the two ends of the segntgnand the two g
reflected waves return through the same path to the loop cou- o ] ) )
pler and then go into the receiving interferometer. Similarly, the ASSume thatlight intensity from the source, just after the iso-
CCW light travels through the coupler arfi; and a serial of lator, is Ij. The_llght |nten§|ty r_eturn to the PD after traveling
segment€Sy, Sx_1, ..., Si+1) and is reflected at the ends c)fthrough the optical path given in (1) may be expressed as

the segmen$;. The return light goes into the same receiving in- j = i—1

terferometer. The interference fringe corresponding;tis due Iow (i) = % { H Tkﬂk} R; { H T]gﬂ/}Rf,

to a path match of the two groups (CW and CCW) of the afore- k=0 k=0

mentioned reflected waves. For the CW light, the paths that are 1=0,1,2,...,N. (7)
matched are

Intensity of Interference Fringe

The light intensity at the PD through the optical path given in
(2) is given by

i—1 i—1
. I
i Iow(i+1) = % { H Tkﬂk} R; { H T/iﬂ'} N(Xiit1) Rom,
2nL 4+2n Z lk7k+1+’l’LLcom+ 2nL p+ 2nli7i+1+ 2Xz',i+1 (2) k=0 k=0

pare i=0,1,2,...,Nr (8)

2nL 4+2n Z I, k+1+nLeomt2nLe+2nly Q)
k=0

wheren is the refractive index of the fibef, 4, and Lp are the where the excess insertion losses of the couplers are neglected.
coupler arm lengths that connects the first and the last sensiygrepresents the excess loss associated with segfem-
segments; ;41 is the gauge length &f;, andX; ;1 is the gap cluding the connection loss between the sensing segniEnts.
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i Clockwise

Counter-clockwise

Fig. 2. lllustration of the optical paths associated with sensing segfient

Similarly, light intensity at the PD after traveling through the
two CCW paths, as given in (3) and (4), can be written as

(N 2
1 N =2 T :
cow (7) 16{}1 kﬂk} R;Ry,
i=0,1,2,....N (12)
N+1 2
Icow(i+1) = { 11 Tkﬂk} Rivin(Xiit1) R

=i+1
Fig. 3. Reflection, transmission, and excess insertion loss occur at a fiber joint. t=0,1,2,...,N. (13)

The light signal that is used to perform measurement is the
and R; are the transmission and reflection coefficients of theoherent mixing terms of the reflected light signals from the
joint betweens;_; andS;, respectivelyl; is, in general, smaller sensors’ matching paths; the peak fringe intensity may be
thanl — R; because of the loss fact@f. (X; ;11) is the loss expressed as
associated with the scanning mirror and fiber-optic collimator
system and is a function of; ;4. Ry andR,, are the reflec- Ip(i) =2v/Icw(i)Iew(i + 1) + 2v/Tcow (i) Icow (i + 1)
tivities of the mirrored reference fiber end and scanning mirror, —\/R R ORI X
respectivelys!, T/, and R’ represent the loss, the transmission, # B Rii (X 1)

and the reflection coefficients from the CCW direction , respec- 2 N+1 2
tively, as shown in Fig. 3. x< 1 3; HTkﬂk +TZ+1ﬂZ+1[ H Ty Pr
To simplify the expression, we assume that k=i+1
(14)
R, =R,
1, =1 9) . . .
Bi =P C. Applications for Strain and Temperature Sensing
1) Quasi-Distributed Strain Measuremenfissume a
Equations (7) and (8) can then be simplified as distributed strain field is applied to the sensor array and the
sensor gauge length; 41 (¢ = 0,1,2,...,N) is changed to
2 l; i+1 + Al; ;4+1. The variation in the scanning mirror position
Icw(i) = {H Tkﬂk} R;Ry, (AX; ;+1) can then be related to the strain field by

1=0,1,2,...,N (10) AXjiy1 =nAliip1(eiiv1) + liiv1An(eiiv1),

I [+ 2 i=0,1,2,...,N. (15)
Iew(i+1)= — H TiBrp Rixin(Xiit1)Rm,
The first termnAl; ;41 (e;.541) in (15) represents a change in
1=0,1,2,..., N. (11) the physical length and can be related to the applied axial strain
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ei:41 through the expressioAl; ;y1(eiit1) = liit1€iit1-
The second term is the change in optical path due to a chang&

the refractive index of the fiber, which is given by [15] O Total Number=40

~—{ili— Total Number=20

1 .
An(€i71‘+1) = —57’1,3 [(1 - /L)plz - Mpn] €q,i+1 (16) —&— Total Number=10
whereyp is Poisson’s ratio of the fiber material;; is the ele-
ments of the strain-optic tensor of the fiber material. For silic
fiber at wavelengthh = 1300 nm, the parameters ., p11, and : :
p12 are equal to 1.46, 0.25, 0.12, and 0.27, respectively [15]. 0 5 10 15 20 25 30 35 40

Normalized signal inten:

From (16) and (15), a direct relationship between the stre... Sensor number
appliedto Se.nsogi and the displacement of the scanning mlrroIl—:ig. 4. Normalized signal intensity distribution within an array of 10, 20, and
can be obtained as 40 sensors.

€iiv1 =n(n) I S (17) 17
i+l
é‘ 08 —<O—Loop open atend A
wheren(n) = n{l — (1/2)n?[(1 — pu)p12 — pp11]} ~ 1.19 § ' —@— Loop closed
[12]. If the value ofAX; ;41(: = 0,1,2,...,N) can be mea- —é 06 |} Loop open at end B
sured, the strains applied to all the sensors can be recovere(g
using (17). g 04
2) Quasi-Distributed Temperature MonitoringAssume "é
i 1 s 0.2
that the temperature applied to segméitis changed from 2
Ty to T ;+1, the optical path of the segment will vary due tc o

the thermal expansion of the fiber and the change in refracti
index of the fiber. The relationship between the scannir
mirror displacementAX;;,; and the temperature variation

T;,i+1 — To may be obtained by using (6) as Fig.5. Comparison of signal intensity distribution for a ten-sensor array when

the loop is on a closed or an open state.
AX; i+1 = n(To)li 41 (To)[er + Cr)(Tiit1 — To).  (18)

1 2 3 4 5 6 7 8 9 10

Fiber optic sensor number

. .. the scanning mirror/collimator systemis 6 dB, it€.X; ;1) =
The temperature applied to sensbrcan then be calculated if 1/4. We then calculated the normalized signal intensity distribu-
AXii+1 can be measured tion Ip(i)/ _Max {Ip(j)}(i = 0,1,2,...N) for various

j=

AX; i o sizes of sensor array. The results are shown in Fig. 4. For com-
n(To)li.i+1(To)[er + Cr] o parison, the normalized signal intensity distributions for both
i=0,1,2,...,N (19) the closed- and the open-loop cases for sensor/éize 10 are
shown in Fig. 5. The results for the open-loop cases were also
where n(Tp) is the refractive index of fiber at temperatureobtained from (14) with one of the terms in the bracket being
To, and ar and Cr are the thermal expansion coefficientdropped. Obviously, the signal intensities for the closed-loop
and the temperature coefficient of the fiber refractive indegase are, in general, higher than that for the open-loop cases.
respectively. For the standard single-mode fiber at wavelengtht can be seen that the signal intensity for individual sensors

A = 1300 and 1550 nm, the parameters are= 1.4681 (at in the array are different. To ensure normal operation of the

Tiiv1 =

25°C), ar = 5.5 x 1077/°C, Cr = 0.762 x 10-°/°C, sensor array, the signal intensity of all the sensors within the
andn = 14675 (at 25C), ar = 5.5 x 1077/°C, array should be well above the noise floor of the photoreceiver.
Cr = 0.811 x 1075 /°C [16], respectively. Assume that the minimum light intensity required for the system
to function normally isl,,,;,,; the maximum sensor number can
IV. MULTIPLEXING CAPACITY EVALUATION then be evaluated by using the condition
The peak fringe intensity or signal intensity of individual Ip(i) > Lnin. (20)

sensors within the array can be calculated using (14). Assume

that the insertion loss coefficient associated with serfsds The typical detecting capability of the photodiode is about 1 nW.
B; = 0.9(i = 0,1,2,...,N). Under the condition of perpen- Taking into account the noise floor and other stray signals in the
dicular incidence, the reflectivity at the fiber end surface is givesystem, a reasonable detect limit maylhg, = 10 nW. For a

by Fresnel formuld = (n—1)?/(n+1)2. The typical value of light source powerd, = 50 xW, the maximum sensor number
fiber core index isy = 1.46, corresponding to 4% reflectivity. that satisfies condition (20) can be obtained using (14) to be
For good butt-connected fiber ends, the air gap is smaller thaiva,., = 17 for the closed-loop case and,,., = 7 for the
wavelength. In this cas& is smaller and may be approximatelyopen-loop case. For light source powgr= 3 mW, we have
regarded as 1%. The transmission coefficiEntan then be cal- Ny.x = 35 andN,.x = 16, respectively, for the closed- and
culated asl; = 0.89. Assume that the average attenuation dhe open-loop cases. The relationship between maximum sensor
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Fig. 6.
. b
It should be mentioned that the number of sensors that can be _ () .
multiplexed also depend on other factors, such as the maximgﬁh %(3]' Output signal from a ten-sensor array with source power level of
. . | . A7 dBm
displacement range of the scanning mirror. The receiver noise

floor, which depends on the receiver bandwidth and is affected i -
e due to the fact that reflectivities at the joints between the

by the speed of the scanning mirror, is another limiting factor. . o ;
y P g g ments, which was difficult to control exactly, are different

The maximum sensor number may then be less than tgg that used in the theoretical calculations
predicted by (20). Fig. 7 shows the calculated and measu ?{tncan be seen that the results shown in Fig. 8(a) and (b) es-

minimum source power required as functions of the number iall e th Cin fion in t
of sensors connected in the array. The experimental measu? qq'a y provide the same measurement nformation in terms
the positions of the peaks. This means that the system would

[~ .
predictions. The experimental procedures used to obtain ifj'h ction the same, even when one end of the loop is opened.

measured data in Fig. 7 will be reported in the next section, e signal level for the closed-loop case IS, howgver, higher
than that for the open-loop case. For the particular light level of

0.47 dBm, the signal level for sens®yris obviously small when

the loop was open at edl[Fig. 8(b)]. Similarly, the signal level
Experiments were conducted using the setup shown in Figof sensoiS;o would be small if the loop were opened at eid

The power level of the erbiium-doped fiber ASE is adjustabl&he signal level was significantly enhanced for the closed-loop

in the range of O~ 10 mW. Ten fiber segments were butt-case [Fig. 8(a)]. Obviously, for the same source power level and

connected in serial to form the sensing array. The gauge lengtbeseiver noise floor, the maximum sensor number can be in-

of the sensing segments are approximately 1 m with a lengtteased with the closed-loop configuration.

difference between the adjacent segments of about 7 mm. Fig. §he minimum required source power level as a function of

shows the typical outputs of the scanning interferometer fortlae connected sensor number was investigated by connecting

source power of 0.47 dBm. Fig. 8(a) and (b) corresponds to ttee sensor segments one by one from segment 1 to 10 and ad-

cases when the loop was closed and open, respectively, at pisting the light source power until the last sensor’s signal can

A. These results agree qualitatively with the theoretical resulie recognized (5 dB above the noise floor). The results are

shown in Fig. 5. The discrepancy in the signal amplitudes mafiown in Fig. 7, together with the theoretical prediction from

values are considerably larger than that of the theoreti

V. EXPERIMENTS AND RESULTS
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—L00— 9th sensor start from 51.7 Fig. 11. Output signal of the ten-sensor array with a source power level of

40 T °oC 0.47 dBm. An 8-dB reduction in the noise floor is achieved by adjusting the
pL polarization state.
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O e ——— shows the variation of the output signals when the polarization
10 1 controller within the loop (see Fig. 1) was adjusted. An 8-dB re-
Room temperature 18 . . . . .
0 ‘ : : : : duction in the noise floor was achieved by adjusting the polar-
0 20 40 60 80 100 120 140 ization state of light within the loop. The variation of the noise

floor with polarization state is because that light signals that
are not reflected at joints between the segments would travel
Fig. 10. Results of the temperature distribution measurement. through the fiber loop and combine at the loop coupler. As the
counterpropagating signals travel through the same fiber loop

Section IV. The experimentally measured power level is consi'(ﬁ]—mjpos'te directions, the OPD between them is approximately

erably bigger than that predicated by the theoretical calculatiaﬁro'.Wh.en the counterpropagating light signals are of the same
because of the simplification made in the theoretical model. polarization states, the light signal at the output port of the loop

The sensor array shown in Fig. 1 was used for quasi-d} ould approach zero due to destructive interference [17]. When
tributed temperature measurements. The temperature ?_counterpropagating signals are of different polarization, the

ibration experiment was firstly carried out by emerging grthogonal_polanz.atlon components wquld ad(.j up In intensity
nd result in a noise floor. As the applied strain, temperature,

500-mme-long fiber segment into a hot water bath and med d oth . tal disturb Id affect the state of
suring the shift in the fringe peak and at the same time (A Other environmental cisturbances would afiect Ihe state o

water temperature by using a thermal couple located near R%grization, the output polarization states .Of the cqunterpropa-
sensing fiber. The linear relationship between the peak shift%filtlng wavdes atﬂthetIO(;_p coufptlﬁr cou_ld bﬂe tlmeT\r/]arymgl;thd 'Fhus
the white-light interference fringe and the temperature giv use random fluctuation of the noise floor. The mulliplexing

by the thermocouple over a range fronf@5to 85C is plotted capability would then be reduced if no countermeasures were
in Fig. 9. The calibration coefficient can be calculated as 10_1@}ken to control the polarization states. This problem can be

(um/m -° C). We then put fifth, seventh, and ninth fiber_Oloticminimized or overcome by introducing a depolarizer between

sensors in separate water baths with different starting temptg\ﬁ- ASE light source, using a sensing loop made from polariza-

atures and then cool them down. The remaining seven Senég)rg-mamtammg fiber.

were kept at room temperature ¢I8. The measured results

using the looped fiber sensor array are plotted in Fig. 10. It VII. CONCLUSION
can be seen that the sensor array can map the variation in
the temperature distribution. The seven sensors that were d%‘
emerged in the water baths showed no shift in the interferen@%e
fringe positions.

Time (minute)

technique for improving the multiplexing capability has
n proposed. The technique is based on the bidirectional in-
terrogation of a loop topology sensor array. A practical imple-
mentation using an OLCR and standard single-mode fiber was
demonstrated. The sensing loop topology is completely passive,
and absolute length measurements can be obtained for each one
Although the measurement results for the cases where tféhe sensing segments. Although experiments were conducted
loop is open at either end or endB is polarization-indepen- using ten sensing segments ofi-m length. Theoretical cal-
dent (in the strict sense, the effect of polarization is negligiblejulation shows that up to 40 sensors could be multiplexed if
the results obtained from the closed-loop measurements areaabroad-band source when 10-mW power is used. The gauge
fected by the polarization states of light within the loop. Fig. 1length of the sensing segments can be much longer, as long as a

VI. DISCUSSION
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