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Multiplexing of Fiber-Optic White Light
Interferometric Sensors Using a Ring Resonator

Libo Yuan, Limin Zhou, Wei JinMember, IEEEand M. S. DemokarSenior Member, IEEE

Abstract—A single-mode fiber-optic ring resonator is used as a expta)
multipath reference for multiplexing white light interferometric
sensors. The theory of applying the resonator for multiplexing He) E},(t)
Michelson-type interferometer sensor is presented. The capacity
of the technique in terms of maximum sensor number is evaluated
for both a linear array and a M x IN sensor matrix. Experimental (1-n
results for a three-sensor linear array and 2x 1 sensor matrix are
also presented.

Index Terms—Multiplexing, optical fiber sensors, ring res- Fig. 1. Fiber-optic ring resonator.
onator, white light interferometry.
to each other by varying the optical path difference of the scan-
I. INTRODUCTION ning interferometer over a reasonable distance. Scanning over
_ ~an excessive distance is often difficult and accompanied with
PTICAL FIBER ring resonators have been used in gigh cost and large power loss. A fiber ring resonator naturally
number of applications, including fiber ring lasers [1]generates light waves of multiple path lengths, and when it is
[2], sensors [3], fiber laser gyroscopes [4], optical spectruflaced in one arm of a scanning MI, the Ml will act as an in-
analyzers [5], [6], and optical delay lines [7]. In this paper, Wgyrferometer array. Each interferometer within the array is ap-
report the use of a fiber ring resonator for a different applic;oximately matched to a particular sensor without needing to
tion, i.e., to enhance the multiplexing capability of white lighgyiich between different reference fibers.
interferometric sensors. This paper is organized as follows. The theory of the ring res-
White light interferometry, as a technique employing low-Cognator as a multipath optical wave generator is presented in Sec-
herence broad-band light sources, has been a very active aregf|1. The multiplexing of a linear Ml sensor array based on
research within the past few decades [8]-[10]. The technidie ring resonator is discussed in Section Ill. Section IV dis-
uses a scanning interferometer, e.g., a Michelson interferomefggses the extension of the multiplexing principle to sensor ma-
(M), to match the optical path of signal light to that of referencgix .Section V discusses the multiplexing capacity in terms of
light through the observation of white light interference fringesnaximum sensor number as a function of system parameters.
The technique is capable of making absolute measurements vliperimental results for a three-sensor linear array ahe d
high resolution. The parameters that can be measured inclg@@sor matrix are reported in Section VI. Finally, a brief sum-
position, displacement, strain, and temperature. White light imary concludes the paper.
terferometers can be configured to performed quasidistributed
measurement by multiplexing a number of sensors on to a single II. RING RESONATOR AS A MULTIPATH
fiber. However, switching between reference fibers of different LIGHTWAVE GENERATOR

lengths is required to match the optical paths of the referenceFiber_Optic fing resonators, as shown in Fig. 1, are character-

signals to individual sensing signals [11]. The optical paths pf,q by three basic parameters, the cavity lerigtthe splitting
the reference fibers are chosen to be approximately equal to thaiy ot the loop couplen : (1 — 7), and the loss factar of the
of the respective sensing signals to ensure they can be matcfisg} loop, including the insertion loss of the loop coupler.

Assume that the input field of the ring resonator is of the form
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wheren is the refractive index of the fiber core anmdis the
number of circulations through the fiber ring. The output is
summation of replica of the input wave with optical path dela
vnlp(v = 0,1,2,...), representing a series of light waves.

I1l. M ULTIPLEXING OF M| SENSORARRAY

Fig. 2 shows a multiplexed Ml sensor array based on the illED
resonator. A number of fiber segments are connected in sems$ | I
to form a linear sensor array, which is further connected to m Lo S
lead in/out fiber of lengttL;. The ring resonator is inserted intod —@-C:J |]
the reference arm of the MI with a fiber length bf (notin- PD 9| X|<—
cluding the resonator). The optical path length of the referen
arm can be varied through the use of a gradient index (GRI
lens—scanning mirror. The scanning mirror is used to adjust t
optical path of the reference arm to match and trace the cha
of the fiber length in each sensing segment. When the opti
path difference (OPD) between a sensing signal and a refere
signal falls within the coherence length of the source, a whi
light fringe pattern is produced. The central fringe, which is Ic
cated in the center of the fringe pattern and has the highest am-, Multiplexing MI array by a ring resonator
plitude, corresponds to the exact path match of the two optic '
signals.

For a typical light-emitting diode (LED), its intensity distri-
bution may be regarded to be of a Gaussian function [10]

Transmitted light signal

4._3 Reflective light signal <€

connector andnth partial reflector, respectively; is gener-
ally smaller thanl — R; because of the loss facter. v, and
T! represent the loss and the transmission coefficient from the
opposite direction, respectively.
L 120k — ko) Light signals from the reference branch are generated from
—< _exp [_M] the ring resonator and are illustrated in Fig. 3(b). The reference
V2r¢ 26 signal as a function of wavenumber can be expressed as in (5),
L, L2(k — ko)? shown at the bottom of the page, whdkg is the reflectivity
V2ré exp [_ 2¢2 } of the moving mirror andf(X,) is the loss associated with the
scanning mirror-GRIN lens systems and is a functionXgf
wherek is the wavenumbetl.. is the coherent length of the The output light intensity with wavenumbkmay be calculated
light signal, anct is a constant related to the spectral width ofs
the light source.
For the multiplexed system as shown in Fig. 2, light froda(k, Xo) =[Eas(k, 1)+ Ear(k,1)] - [Ea, (k, 1) + Ear(k, t)]"

I(k) =BE(k) - E*(k)
—Eo(k) - B3 (k)

=1

3

the source is split equally into two branches by a 3-dB coupler. :E(k)E*(k)

The light signal from the sensing branch consistsvo- 1 re- 4

flected waves, corresponding to reflections atMe- 1 joints NN

of the N-segment sensing array, as shown in Fig. 3(a). The light Xy [Bm + Oy + 2V B Cy COS(kx)] (6)
field from the sensing branch as a function of wavenumber may m=0v=0

be written as in (4), shown at the bottom of the page, wheyghere
Bi = 1—;,v; represents the excess loss associated with sensor
1 due to connection loss between the sensing segniEngmd

o . > , m=0,1,2,....N @
R,, are the transmission and reflection coefficient of ilte

=R, ﬁmiT;ﬁé
=0

m

[ 7178

=1

Eas(k,t) = i{\/R_

m=0

exp [—jk (ct —2nL; — ZnXm:ll)] } 4)
=1

E (K, t) (2k i {\/TIRO]‘ ) exp [ (g + 1) a] n(l— 77)"/2 exp [—jk (ct —2nLgy — vnly — 2X,U)]} (5)

v=0
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z=2X, —2n

v=0 v=1 eoe 1% eoe N and
|
|
i
|

(Ll — Lo) + (ili — U%)] ,
=1

v=0,1,2,...,N. 9)

A

(@
The total output light intensity can be obtained by integrating

(6) fromk = —oo to k = +00 and can be expressed as in (10),

B : — - shown at the bottom of the pagk, (X, ) would take nonzero
v=0 < L] : value when and only when the following conditions are satisfied
u Moving simultaneously:
Ring resonator mirror m=v (12)

; Q , |z <Le. (12)
< 14(X,) can then be rewritten as

V=l > Ia(X,) = i
4 ) N +oo

X z_:o / (k) [B,U +C, +2B,C, cos(ka;)} dk. (13)

4 Substituting (3), (7), and (8) into (13) and lettikg= k — kg,
we may rewrite (13) as in (14), shown at the bottom of the next

< page. There ar&/ + 1 terms in the right-hand side (RHS) of
(14), corresponding taV + 1 sets of interferometric signals.
From (14), it can be seen that + 1 white light interference
patterns can be generatedXf, is varied through the use of the
scanning mirror, corresponding toin (14) [defined by (9)],
which equals zero for = 0,1,2,...,N.

This multiplexed sensor array can be used to perform qua-
sidistributed strain or temperature measurements [12]. Since the
) centers of theV + 1 white light fringe patterns, where the am-
& < @ plitudes are maximized, are corresponding:te- 0, the value

of X, at the central maximum may be obtained by settirg 0
in (9) and can be expressed as

(Ll—LO)—i—Z(li—%O)] ,v=0,1,2,...,N.
=1

y= e o o o o o (15)
If |n(l; —1;)|,(@ # j), and|n(l; — ly/2)| are further chosen
(b) to be larger than the coherence length of the light source, the
value ofX,, for a differentv would change, corresponding to the
Fig. 3. (a) Reflected signals from the sensing arm. (b) Reflected signals fréff€rferograms produced by the various sensing and referencing

it

v=2< - 8
. a

A\

X'z):n

the reference arm containing the ring resonator. wave pairs not overlapping. The differentg = X, — X, _1
can be calculated from (15) and expressed as
Cy =(v+ 1) Rof*(X,) exp[—(v + 2)aln*(1 — )", A oy _lo 16
v=0,1,2,....N (8) v Ty (16)
+o0
14(X,) = / La(k, X,)dk

| NN oo

=33 / I(k) [Bm +Cy +2VBnC, cos(kx)] dk (10)
m=0v=0_"_
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Fig. 4. Configuration of multiplexed MI matrix.

Assume that, is changed té, + Al, due to a strain applied to of sensorS,,, is ly,(v = 1,2,3,...,M;v = 0,1,2,...,N).
sensow, the measured changei (i.e.,AA,) may be related The sensor interrogation is still accomplished by the use of the

to the applied strain by scanning mirror.
As shown in Fig. 4, the optical path of the reflected signal
ANy = nAl, = nlye, (17)  from the joint between sensofs,,_; andS,,, is
wheree, = Al,/l, is the strain applied to senser If the v w=1.23 M
variations inX, (v =0,1,..., N) are measured and recorded, 2nL, + 2”211”‘7 { v — 0’1’2’ o 7N . (18)
the strains applied to all the sensors can be recovered by using i=1 R
7). The light field reflected from the sensor array at the photo-
diode can be expressed as in (19), shown at the bottom of the
IV. MULTIPLEXING OF MI SENSORMATRIX page, whereR,,,, represents the reflectivity at the joint between

The ring-resonator technique can be further extended to the—1 @ndS... The optical paths of the reference signals gen-
multiplex fiber-optic MI matrix through the use of ax M  €rated from the ring resonator are
star coupler. The schematic of such a system is shown in Fig. 4. w=1.23 . M
The system is basically the same as in Fig. 2 but with the linear  2nLo + vnly + 2 Xy, {v _ 0.7 1’2’ 7N .
sensor array replaced by ah x N sensor matrix. Each branch T
of thel x M star coupler is & x N sensor array, formed by The reference light field at the photodetector is shown in (21),
connectingV sensing fiber segments in serial. The gauge lengéppearing at the bottom of the page.

(20)

Sy

oo

La( li p|-Lek” { By +Cy+2VB,Cy cos|(K + ko)a] b dk’
4 e 252 v v vy COS 0)T
N
I toe L2k ) ‘ o /
= Ugﬂ /OO { 27r£ [—W} } {B’u + Cy + 24/ B, C, [cos(k'x) cos(kox) — sin(k'x) sm(koat)]} dk
N
é Z B, + C, +2+/B,C, exp —ixz cos(kox) (14)
4 UZO v v v v 2Lg

ﬁ TwiBuiT,; B

k M N R"’”
Baae( ) = 2 ZZ{VM

exp [—jk (ct —2nL, —2n 2”: lm->] } (29)

i=1

u=1v=0

En(k,t) E(Qk ZZ {\/ v+ 1)Rof(Xu.)exp [— (5 + 1)&} n(l — n)“/2 exp [—jk (¢t —2nLg — vnly — ZXM)]}

u=1v=0
(21)
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By following a similar process to the derivation of (14), we V. EVALUATION OF MULTIPLEXING CAPABILITY
obtain the output light intensity of thil x IV sensor matrix as

shown in (22) at the bottom of the page, where Assume that the light power launched into the fibedjs

and the minimum power variation that can be detected by the

R v 2 photodiode isl,,,;,,. The maximum sensor number that can be
By = J\;; H TwiBui T B multiplexed can be evaluated by using
i=1
w=1,2,3,....M - ID(u7v)zImin,{“:é’f’;’“”’% (29)
v=0,1,2,...,N (23) UES S
Cuw =(v + 1) Ro f2(Xu) expl—(v + 2)a]n2(1 — 7)° wherelp (u, v) is the power variation at the photodetector due to
“ 193 “ iy ’ sensorS,, . For the linear sensor array, the magnitude of power
{ Y B 0’ 1’2’ T ’N (24) variation of sensov(v = 0,1,2,..., N) can be obtained from
UT TS (14) as
v lo
' =2X,, — L O, I
T 2Xuv + 271(L0 Lu) + 2n Zl < D) luz) s IAD(X'U)|w:0 :EO B,UC,U
u=1,2,3,....M v 2
_ T ’ . (25) _IO .l gl
{v_071,2,...,N =5 R E]TL/LTZ-@ (v+1)
From (22), it can be seen thaf x (N + 1) interference ) 3
peaks can be obtained by varying the OPD of the Ml through the X Ro f*(Xy) exp[=(v + 2)a]
use of the scanning mirror. The difference in the peak positions xn?(1 — 77)”}1/2 . (30)

Ao = Xuw — Xy p—1 €an be obtained from (25) by setting o ) _
+ = 0as ’ The peak power variation for the sensor matrix can be obtained

from (22) as

lo
A1m = luw -5 ]- 26 I
) " ( 2) ( ) []MD(Xuv)Lr/:Q :EO V Buvcuv

2

The matrix system can be used to measure the strain or tem- I | Ry [
perature distribution over a grid of points. We take temperature =5\ 2 H TuiBuiTyiPu;| (v +1)
measurement as an example. Assume that at tempefBture i=1
the optical path length of sens@,, is n(7y)l..(1p). Due to X Ro f2(Xouw) exp|—(v + 2)a]
thermal expansion and the change of the fiber index with tem- 9 w1 1/2
perature, the optical path length will be different7at,. The xn(L=n) } ’ (31)
variation ofA,,,, due to variation of temperature froify to 7, To estimate the number of sensors that can be multiplexed
can be derived from (26) as using the ring-resonator technique, we conducted a computer

simulation using (30) and (31). During simulation, we assumed
that the average attenuation between the moving mirror and the
where n(Tp) is the refractive index of fiber at temperaturéGRIN lens collimator is 6 dB, i.e.f(X,) = f(Xu,) = 1/4.

Ty. ar and Cr are the thermal expansion coefficient and th&he excess loss of the 3-dB coupler was neglected while the
thermal-optic coefficient of the optical fiber, respectively. Sincexcess loss of the loop coupler forming the ring resonator was
AA,, can be obtained from the measurement of the positiotesen asy = 0.06 dB. Other parameters used in the simulation
of the scanning mirror that corresponds to the maxima of thee 3, = By, = 08, = 0, = 09, T, = Ty, = T, =

AAUU = R(To)luv(To) [QT + CT] (Tuv — To) (27)

interferometric fringes, the temperature distributidp, can 7., = 0.89; andR, = Ry, = 1% (u = 1,2,...,M;v =
then be calculated as 0,1,2,...,N)andRy = 91%.

AA,, w=1.23_. M Fig. 5 shows the output signal intensity (normalized) for each
Ty = DTl (To)for & O] +To, {U _ 0:1:2:. N :N - of the sensors within an array of ten sensorsifee 0.3. The

(28) typical detecting capability of the photodiode is about 1 nW.
Taking into account the possible system noise, a reasonable de-
For standard commercial communication single-mode fiber tatct limit may be assumed to bg,;, = 5 nW. For a source
wavelengthA = 1300 and 1550 nm, the parameters are= power level ofl, = 50 yW, the maximum sensor number sat-
1.4681 (atT = 25°C), ap = 5.5 x 1077/°C, Cp = 0.762 x isfying (29) iS Nmax = 3, corresponding to three fiber-optic
107°/°C, andn = 1.4675 (atT = 25°C), ar = 5.5 x sensors connected in serial. Hgr= 3 mW, the sensor number

1077/°C,Cr = 0.811 x 107°/°C [13], respectively. can be increased ., = 15.
M N ¢2
_ 10 / 2 /
IIW<Xuv) - Z ;;} {Buv + Cuv +2 Bquuv €xp <_2Lg$ ) COS(I{;OQ7 )} (22)
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e 1
=
‘@ BMatrix total row number M=1
5 2 0.8
B ® ) OMatrix total row number M=2
- j=
— S - EMatrix total row number M=3
R ® o 0.6
& & o o BMatrix total row number M=4
B o S 20,4
- A el N M Matrix total row number
o = <
N £
= 5 0.2
' 2
8
S 0 s
b2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Interferometers array number Interferometers matrixcolumm number N

Fig. 5. Intensity distribution (normalized bj,) of the sensors within a Fig 7. Intensity distribution of the sensors within the first branch ofitke\/

ten-sensor line array;(= 0.3). coupler when the matrix size is varied frdmx 10 to 5 x 10.
40 FOr X, max = 20 cmandnax;—1 2 n—1{li+1 —1;} =5 mm,
= 35 the maximum sensor number is 40.
< 730
= § 25 VI. EXPERIMENTS AND RESULTS
=
§ = 20 Experiments were conducted with a three-sensor linear array
- E 15 and a2 x 1 sensor matrix. The light source used in the ex-
'S b= 10 periments was an LED source with a power of B0/ and a
Bt center wavelength of 1310 nm. The insertion loss of the scan-

Tl : : p  Nning mirror—GRIN lens combination varied from a 4-dB to an
0 1 2 3 4 5 6 17 8 9 10 8-dBchange as the gap distance between the fiber-optic col-
Interferometers array number limator and the scanning mirror was varied from 3 to 150 mm.
The reflectivity of the scanning mirroris 91%. The insertion loss
Fig. 6. Intensity distribution of sensors within a line array for a varyingy and the coupling ratiq : (1 —n) of the loop coupler forming
coupling rate fromy = 0.1to 7 = 0.9 (lo = S0 1¥"). the resonator are approximately 0.06 dB and 3:7, respectively.
The gauge lengths of the sensors were chosen to be slightly dif-
It should be mentioned that the maximum sensor number,fasent from each other but approximately equal to 100 mm. The
discussed previously, is affected by the coupling ratig1 —») cavity lengthl, of the ring resonator was chosen to be approx-
of the loop coupler. Fig. 6 shows the signal intensity of indimately twice that of the sensor gauge lengths. The different
vidual sensors in the ten-sensor array whesivaried from 0.1 gauge lengths ensure that the interferogram for each sensor is
to 0.9 for an input power level af, = 50 xW. The optimal re- unique and not overlapping with other sensors. For the linear
sult is approximately) = 0.3. Forn = 0.9, the sensor number array, the reference arthy was chosen to be slightly shorter
with the previously set detection limif,(;, = 5 nW)isreduced than the sensing arm; (approximately 2 mm), allowing for
to two. the path match of the two arms by varyidg,. For the2 x 1
The normalized output intensities of sensors within the firghatrix system, & x 2 star coupler is used to split the sensing
branches of a/ x 10 matrix for M = 1,2,...,5 were cal- signalinto two arms. The lengths of the two armhg (u = 1, 2)
culated by using (31) fo, = 0.3. The results are shown in are chosen to be slightly longer than the referencelagnThe
Fig. 7. During calculation, the star coupler was assumed to sgdhiotodetector output for the x 3 and2 x 1 sensor array are
power equally into theV/ branches, and the insertion loss ofhown in Figs. 8 and 9, respectively.
the star coupler is negligible. As expected, the intensity levelIn Fig. 8, the fringe identified as = 0 is due to the re-
decreases when the numbers of branches are increased. Fofl¢lsdon occuring at the joint between the first sensor and the
input power level ofl, = 50 uW andl, = 3 mW, the max- lead in/out fiber. The fringes identified as= 1, 2, and 3 are
imum sensor number was calculated todex N| .. =2x2 due to the reflections at the joints between the second and the
(four sensors) and/ x N| . = 3 x 3 (ninesensors)of x 2 first, the third and the second, and the far end of the third sen-
(eight sensors), respectively. sors, respectively. The distances between the peak posftions
It should be mentioned that the maximum sensor numbgg, andSs, as shown in Fig. 8, are proportional to the gauge
is also limited by the scanning distance of the scannidgngths of sensor 1, 2, and 3, respectively. Fig. 9(a) shows one
mirror. Consider a linear array with sensor gauge lengtfthe two branches of thx 1 sensor matrix; the peaks of ap-
satisfyingly < lo < --- < Iy over the entire measurementproximately 550 and 1550 mm are due to the reflection at the
range. The maximum sensor number will be determined fpyint between the sensor and the lead in/out fiber and the reflec-
Xomax/ max;=12, . N—1{liv1—1;}, whereX, ,... isthe max- tion at the far end of the sensing fiber, respectively. Foetké
imum scanning distance amabx;—1 2. nv—1{li+1 — {;} iSthe sensor matrix, the differenceés; andS,2, shown in Fig. 9(b),
maximum difference in the gauge lengths of adjacent sensase measures of the sensor gauge lengths.
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4 plexing technique, the capability of maximum sensor number
3 S was evaluated. It was found that, in the condition of 3-mW light
S v=0 source power, it is possible to multiplex 15 sensors in a linear
~ 2 ) array or 9 sensors in all x N matrix configuration. Experi-
%; 1 l v=3 mental results with a three-sensor linear & 1 sensor ma-
EN 4 Jr - :_Jr oty ' “ros trix support the_ th_eoretlcal p_red|ct|ons. The technique can be
5 used for quasidistributed strain or temperature measurement for
% =1 v=2 smart structures applications.
A N /
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Fig. 9. Photodetector output of 22 x 1 interferometer matrix when the
mirror was scanned from 3 to 18 mm. (a) Only one sensor in the first branch
is connected (mirror scanning speed is 1 mm/s). (b) Sensors in both branches
are connected (mirror scanning speed is 10 mm/s).
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VII. CONCLUSION lication.

We have investigated the use of a ring resonator for multi-
plexing fiber-optic Michelson-type white light interferometers.
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