Frequency domain detection of coherence
multiplexed sensor signals by using an optical
loop with a frequency shifter
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Frequency Domain Detection of Coherence
Multiplexed Sensor Signals by Using an
Optical Loop with a Frequency Shifter

Koichi liyama, Member, IEEE,and Ken-ichi HayashiMember, IEEE

Abstract— We describe a frequency domain detection scheme

of coherence multiplexed sensor signals by using an optical loop ~ Light Clze?er Si IOLPI_)Z

with a frequency shifter. The optical path differences of the Source P ==

sensors are adjusted to integer-multiple of the loop length of the o N p— | opPD
optical loop, and then the the sensor signals are multiplexed in S B S L,=2
the frequency domain, appearing at the integer-multiple of the .

working frequency of the frequency shifter. In the experiment, | opD
four Michelson-type sensors are successfully multiplexed with | L,=nx{

the sensitivities of about 2 mradi/Hz. The sensitivities are also
theoretically calculated which are in good agreement with the
experimental results. The optimum design of the optical loop is
also discussed.

il b= i
Analyzer

Index Terms—Erbium-doped fiber amplifier, multiplexing, op-

tical fiber sensors, interferometers. loop length = £

Fig. 1. Configuration of the proposed coherence multiplexed sensorsystem.

I. INTRODUCTION

shifter [9], [10]. In the system, the OPD'’s of sensing interfer-

ULTIPLEXING fiber-optic sensors is an attractive techt, orerq are adjusted to integer-multiple of the loop length of

nology because it will save cost due to reduction in ﬂ}%e optical loop. The sensor signals are multiplexed in the

number of light sources, photodetectors and fiber transmiss ; - - ) ;
lines. Three different types of the multiplexing scheme ha\‘?@quency domain, appearing at the integer-multiple of the

b . tiaated. which the ti divisi il _Yﬁorking frequency of the frequency shifter in the optical loop.
een nvestigated, which are the tme division MUltipleXing,, qnitivities of the sensors and the number of sensors to
[11-{2], the freql_Jency division multiplexing [3]-{5], aqd the e multiplexed are determined by loop loss of the optical loop,
coherence multiplexing [6]{8]. The coherence mUItIpIexegnd the loop loss must be reduced to enhance the sensitivities

sensor system is composed of a light source, a set of SENYY9he sensors and to increase the number of sensors to be
interferometers whose optical path differences (OPD’s) a][r?ultiplexed

different each other, and a correspor_ld_ing set of receiving N1 this paper, we demonstrate the experimental results and
terferometers. The OPD of eac.h receving interferometer mlfﬁ& theoretical study of this system. In Section Il, we describe
match to that_ofong of the sensing mterferometer_s. The Senst principle of this sensor system, and the crosstalk between
and the receiving interferometers are arranged in tandem sors is also considered. In Section lll, the experimental

are illuminated by a CW light source whose coherence len sults are shown. In the experiment, an erbium-doped optical

is much _shorltgr th_ar: gny OtED If)fhih_e mterferfo:r;]eters. Tl?ﬁjer amplifier was introduced into the optical loop to reduce
sensor signal imprinted on the fight in oné of the sensing, loop loss and to enhance the sensitivities of the sensors.

mterfe.rom'eters can be retrieved by only the correspondlqgle theoretical consideration of the sensitivity is discussed in
receiving interferometer due to the low coherence nature 8kction IV

the light source. In this systern interferometers+{ sensing
and n receiving interferometers) and photodetectors are
required for multiplexingn sensors, and consequently the
optical system becomes considerably large. o
: . Principle

We have proposed a detection scheme of coherence multi- _ _ . _

plexed sensor signals by using an optical loop with a frequencyThe configuration of the proposed system is shown in
Fig. 1, in whichn Michelson-type interferometric sensors are
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as L; = k x ¢ and the loop lengtlf is chosen to be much —t
longer than the coherence length of the light source. e
The principle of this system is as follows. If we consider 28 o ]

the interferometelS; and the optical loop together, the bean%__o__%_o__ e
passing through a long path 6f and recirculating-times in | g A
the loop can interfere with the beam passing through a short ]
path of S; and recirculatingz + 1)-times in the loop. Since pBL . Ly=8im|
the latter beam is more frequency-shifted lfys Hz than

the former, the interference signal, that is, the sensor signal H_ SA%‘Z?;?;
appears around’rs Hz. Similarly the sensor signal of; 85 Mz
appears aroundk x frs) Hz. Therefore, all sensor signals o= o1 ]
of the sensor array are multiplexed in the frequency domain
and can be detected separately by using electric bandp@gs?2- Experimental setup.

filters. In this method;n sensing interferometers and only

a set of the optical loop and a photodetector are required . EXPERIMENTS
for the n-sensor array. The numbers of the interferometers

and the photodetectors are considerably reduced as compared'® €xperimental setup is shown in Fig. 2, in which four
with the conventional coherence multiplexed system where Michelson-type sensing interferometers are multiplexed in par-

interferometers ana photodetectors are required. allel. In our experiments, the light source used was a DFB laser
emitting at 1.53m (Hitachi HL-1541), whose coherence
B. Crosstalk length was about 15 m. In this paper, the coherence length

o ) is defined as the OPD of a two-beam interferometer where
In our sensor system shown in Fig. 1, if the beam passifidiqnificant interference occurs. An acousto-optic modulator

through a long path of, interferes with the beam passingAqm: HOYA AF-150) was used as the frequency shifter,
through a short path &, and recirculating:-times in the loop, which was driven at 85 MHz. The insertion loss of the

the interference signal appears aroyfdx frs) Hz in the AOM was 8 dB, and the total loop loss including losses at

frequency domain, which is the same frequency of the SN hnectors and fusion splices was 8.7 dB. The excess loss

signal of S;. This interference is undesirable and is callegmd the coupling coefficient of the fiber coupler (FC4) in the
crosstalk. The crosstalk degrades performance of the sen Strical loop were 1 dB and 50%, respectively. The detected
system and must be avoided. In order to avoid the crosst H(gnal was analyzed by a spectrL,Jm analyzer
}/;/en;nsfertvd;alay Ir:nie;s \?\:::hrflepgr;[]ﬂ)tk r(kTh: L 2r7 ! I;l”) '2 An erbium doped optical fiber amplifier (EDFA) was intro-
ont of every sensing Interierometer. they are long € Ou%jfjced into the optical loop to reduce the loop loss. As is shown

to move any crosstalk toward the higher frequency range thﬁiﬁnthe next section, the sensitivity and the number of sensors

the intended signal frequency range. The length of the delfal be multiplexed are dominated by the loop loss. In fact

ine Dy, is determined as follows. The cr.osstalk appeared v%en the EDFA was not introduced into the optical loop, we
the lowest frequency is caused by the interference between

the beam passing through a long pathSaf , and the beam were able to multiplex only two sensorS;(and.S;), and their
passing through a short path 6. To avoild the crosstalk Sensitivities were about 0.8 mradHz. The EF* concentration

the OPD between the above two beams must be longer thozgnthe EDFA:jV\éaS S%OQppm, an(_j Al (\j/va? coldoped.Tr':'heEEIIZ:):A
(n + 1)¢ , wheren and ¢ are again the number of sensor as pumped by a 0.98m semiconductor laser. The

0 b ltinlexed and the | length. tively. This Nas 16 m long, and the resultant loop length of the optical
verittgnm:s plexed and the loop fength, Tespectively s i%op £ was ¢ = 21 m. The OPD’s ofSy, 53, S3, and S,

were adjusted ag; = 21 m, Ly, =42 m, Ly = 63 m and
(2Dy + Lés)) — (2Dg-1 + LECL_)l) >(n+1) (1) L,=s84m, respectively. The optical power at the input port
(k=2,3,---,n) of the optical loop was about 10W. In this condition, the
s) L optical loop lased around 1.58n when the pump power into
where L, is the length of the short path &, andL; ", IS the EDFA was above 1.5 mW, and therefore, the pump power
the length of the long path df._,. The factor of 2 |2d|cates was adjusted to below 1.5 mW throughout the experiment.
round-trip propagation. If we suppose the{”’ = L{”,, (1) Fig. 3 shows an example of the measured multiplexed

can be written as sensor signal spectrum. The pump power to the EDFA was
n+k i

Dy > 04 Dyy. 2) 1.5 mW, and 'Fhe resolution of the spectrum analyzer.was

2 100 kHz. Four independent peaks are clearly observed in the

Equation (2) is the condition for determining the length ospectrum. Their frequencies are 85 MHz, 170 MHz, 255 MHz
delay line to avoid the crosstalk. For examplenit= 4, the and 340 MHz, corresponding to the sensor signalsSof

length of the delay line®,, D3, and D, are determined as S2, S3, and S, respectively. The increases of noise level
around 0 Hz, 85, 170, 255, and 340 MHz are due to the

Dy > 34+ D . ) . .

7 3 interferometric conversion of the phase noise of the DFB
Dy = €+D2 . (3) laser into the intensity noise, and the spectrum around each
Dy > 40+ D3 frequency indicates the spectral profile of the DFB laser. If we
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60F T T T the loop, ¢, are writen as
Pump power = 1.5 mW 1/2 1/92 42
-70 co = (1= )M2(1 = k)t 2ei2m /ot (6)
s, en = enf—1ei20 —ikBE i2m(fotkfrs)t 7
-80 k= €n (7)

where~ andx are the excess loss and the coupling coefficient
of the fiber coupler (FC2), respectively(= =/2) is the
coupling phase shift of the fiber couplefy is the optical
frequency of the emitted light from the light sourég,is the
delay time of the optical loop, and,

-90

-100

Signal power (dBm)

-110

a0, PV
0 100 200 300 400 e=r(1-7)1-a) (8)

Frequency ( MHz) n=(1- ﬁ)1/2(1 _ 7)1/2(1 _ a)1/2 ©)

Fig. 3. An example of the measured multiplexed sensor signal spectrumgnd ¢¢ is the |OOp loss of the optical |00p.

use a low-coherence light source such as a superluminesé&nignal Power

diode or a multilongitudinal mode semiconductor laser insteadThe sensor signal of5;, is caused by the interference

of the DFB laser, a flat noise floor can be achieved. between the beam recirculatingtimes in the loop after
Fig. 4 shows the measured detailed signal spectrufy ef  passing through a long path &f. and the beam recirculating

S4. The pump power to the EDFA was 1.5 mW. The resolutiofi + k)-times in the loop after passing through a short path of

of the spectrum analyzer was 1 kHz. In the experiméht, S;. The sensor signal power &, Szig, is calculated as

S», S3, and S, were sinusoidally phase-modulated at 5, 5.5, 5

6, and 6.5 kHz, respectively. Good phase-modulated spectra i = .
are obtained. S’ = Z(EkSGiJrk)(EkLei)
Fig. 5 shows the sensitivities &; ~ S, against the pump ;20 5
power. The sensitivities are found to be enhanced by a factor = r0—64A2772(k_1) (10)
of four with increasing the pump power. 256m
where
IV. DiscussioN A= _ leol (12)
1-—n?

In this sention, we theoretically analyze the output spectrum o )
and the sensitivity of our sensor system. The configuration §1d * indicates complex conjugate.
Fig. 1is again used for our analysis. For simplicity, we assume _ _
the following conditions: B. Phase-Noise Induced Noise

1) the intensity fluctuation of the laser light is so small as Since there are a large number of optical path differences
to be neglected; which are longer than the coherence length of the light source
2) the phase fluctuation of the laser light is a Gaussiam this system, the source phase-noise induced intensity noise
propability distribution; is dominant in the noise spectrum and the shot noise and the
3) the spectral profile of the laser light is Lorentzian; thermal noise can be negligible. This can be confirmed by
4) the optical power from the laser is equally divided intéig. 4, which indicates that the noise spectrum consists of
all arms of the sensing interferometers. superposition of Lorentz distributions around s, 2frs,
The optical field amplitudes from the short and the long/rs Hz, and so on. Therefore we first calculate the noise
paths of the sensing interferometsy, (m = 1,2,---,n) at sp_ectrum around each frequency and then add the resultant
the input port of the optical loopg,,.s andE,,,,, respectively, NoIse spectrum.

are expressed as Let us first consider the noise spectrum around 0 Hz. This
noise is caused by the two beams recirculating the same times
B oo VP (@) in the optical loop, and its intensitfy and the autocorrelation
mS = function of Iy, Ro(r), are given as
Vo 8L S5\ 2 oo
ErnL = ——¢/7m (5) = ﬂ 12
47‘L IO - 4n Zz_% |GZ|
where P, is the incident optical power to the sensor system, P, 2
. . . . 2
n IS again the number of sensors to be multiplexgdis = W<|eo| + 1 _772) (12)
the propagation constant, ard,, is again the OPD of5,,. )
. . . . . . . Ro(7) = |Ip|2e~ 221! (13)
Supposing the optical field with unit amplitude enters the input 0 0

port of the fiber coupler (FC2). The amplitude of the beanvhereA f is the spectral linewidth of the light source. In (13),
passing directly through the loops, and the amplitude of the the termexp(—2rA f|7|) is caused by the phase fluctuation of
beam emerging from the loop after recirculatihgimes in the optical beam [8], [11], [12] with the assumptions described
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£ -100} . 2 -100h .
Q Q
(o o
% -110 : % -110 |+ -
@ 120} 4 @ 120 .
-130 kL . \ . . ! . ; . A 1 -130 b . . . . L . , : . 1
84.95 85 85.05 169.95 170 170.05
Frequency ( MHz) Frequency (MHz)
(@) (b)
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Fig. 4. Measured detailed signal spectrumSaf ~ S4. (a) SensorSy, (b) sensorS:, (¢) sensorSs, and (d) sensof..
T T T T T T T where F indicates the Fourier transform, add0, f) is the
— Lorentz distribution expressed as
£ st 4 7 L(0, f) = af (16)
g 6 | a i 7 Af2+ f2'
£ Q0 Next, we concern to the noise intensity @ x frs) Hz
2z 4L o | (1 £ k £ n). This noise is caused by the two beams whose
:% recirculation numbers in the loop are different hytimes.
S of 4 The intensity of the noise atk x frs) Hz, I, and the
w . . .
autocorrelation function ofy;, Ry (7), are given by
0 ] ) 1 L 1 1 1 17

\/ﬁ 2 oo
0 02 04 06 08 1 12 14 16 I = <—0> Zejei_i_k
Pump power ( mW ) 4n i=0

Fig. 5. Sensitivities of5; ~ 54 against the pump power. — Fo 677k—lcj27rkstt a leol (17)
16n2 1—n?
. . . _ 2 —2nAflr| j2rkfrsT
above. The number of pairs of two beams contributing to the Ry (1) = [l ["e ITlgizmkirsT, (18)
noise around 0 Hz is The number of pairs of two beams appearingiat frs) Hz is
2nC2 = n(2n = 1). (14) on P2 +2n = 4n? (29)

In this equation2n is the number of the optical paths in theand only a pair of the two beams contributes to the signal and
sensor array. Then the noise spectrum around 0GHZ,f), (4n? — 1) pairs of the two beams contribute to the noise. Then

is given as the noise spectrum arourtd x frs) Hz, Gx1(f), is given as
Go(f) = 71(271 - 1) .F[Ro(’/‘)] le(f) — (4712 _ 1)F[Rk1(7')]

=n(n—1) /_Oo Ro(r)e™ /7 = (4n* - 1) /00 Ryy(1)e ¥ dr
Pion—1( ., & \° a1,

=2 - _*o 2 2(k—1
g <Ieo| tIop L0, f) (15) = et ALk, P (k—1) (20)
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where L(k, f) is the Lorentz distribution expressed as

_ Af
Lk ) = A =k x fra

Finally, we calculate the noise intensity @t x frs) Hz

(21)

(k > n+1). The number of pairs of two beams appearing

at (k x frs) Hz is
2nP2 =+ 2n = 4712 (22)

and all the pairs contribute to noise. The noise intengityand

the autocorrelation function af,.2, Ri2(7), are calculated as

/—PO 2 oo .
Ik2:<m ;%%M

Po —1 527k €n
= e et (o)) (29)

Ryo(7) = | Ing|?e™ 2\l 2mkfrs, (24)

Then the noise spectrum aroufll x frs) Hz, Gia(f), is
given as

Gra(f) = 4n® F[Rya(r)]
= 4712/ Ryo(m)e™ 2™ dr
_ oA
7 64n?

Thus, the noise spectrud(f) is obtained as

L(k, f)n**=b, (25)

G(f)=Go(f)+Y_ GulH+ D, Gulf). (26)
h=1

k=n—+1
Hence, the output spectrusY f) is given by

n

S(f) =Y S+ BwG(f)

k=1
_ me
256nt

A2 Z 772(k_1)(5(f _ k'fFS)
k=1

BwP22n—1( ., & \°
L(0
25607 [0 T ) L)

BwP3?dn? —1 , (e
A L(k (k—1)
T ems ; (k. fm

.BVV.F)OQQf2 A2 Q(k—l)
T 64n2 k:zn;—l L(kv f)77

(27)

where By is the bandwidth of the detecting apparatus (fol|3W
example, the spectrum analyzer). In (27), the first term is tH&
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Fig. 6. Calculated sensor signal spectrum for four-sensdrs- (( ~ S4)
multiplexed system. (aAf = 10 MHz and (b)Af = 1 GHz.

wheregy, is the phase amplitude of the phase shift gpds the
frequency of the phase shift. The phase shift can be measured
from the magnitude of the first sideband arokd frs) Hz,
which is given as/i(¢x). If ¢ < 1, Ji(or) = ¢1/2, and

the squared sensor signal is

; Po \’ 1 Pr
sig _ 2 42, 2(k—1) %Yk
Sy <16n2> e“A®n 1 (29)
By using (29), the sensitivity 05k, ¢x min, IS given as
Ok min = 2 Szig (radA'Hz) (30)
k,min — ,—BVV G(I{} " fFS) .

Fig. 6 shows the calculated spectrum for four-sensgys<
S4) multiplexed system for (aAf = 10 MHz and (b)Af =1
GHz. In the calculationa = 0.5, ~ 0.2, K 0.5,
= 100 kHz were used, which are the same condition
ith the experiment of Fig. 3. The calculated result shown

signal intensity and the second to fourth terms are the noi8eFi9- 6(2) agrees well with the experimental result shown

profiles.
When a sinusoidal phase shift is applied4p, the sensor
signal P, can be expressed as

Py, o< cos{2rk frst + ¢p sin(2r fr.t) }

> Ji(¢k)cos{27r(kfps+ifk)t+%} (28)

1=—00

in Fig. 3. This result confirms that the noise spectrum in this
sensor system is mainly dominated by the source phase-noise
induced intensity noise. WheAAf = 1 GHz, the noise level
is found to be almost constant.

Fig. 7 shows the calculated sensitivities fr~ S, against
rfor(@)Af =10 MHz and (b)Af = 1 GHz. WhenA f = 10
MHz, the sensitivities foS; ~ S, are almost the same value
when« ranges from 0.2 to 0.6 because the noise level as well
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Fig. 7. Calculated sensitivities fof; ~ S againsts. (@) Af = 10 MHz  Fig. 8. Calculated sensitivities fd¥; ~ 54 againsta. (a) Af = 10 MHz
and (b)Af = 1 GHz. and (b)Af = 1 GHz.
as the signal power decreases with increasing the frequency as 1000 T a
shown in Figs. 3 and 6, and the sensitivities in this range of 3
x are minimum. The value of in this range is, therefore, the N
optimum value. On the other hand, the sensitivity for the larger == 100 -
sensor number decreases wiiefi = 1 GHz. This is because 3
the signal power decreases for the larger sensor number whileg
the noise level is almost constant as shown in Fig. 6(b). The: 10
optimum value ofx in this case is between 0.2 and 0.4. The = a- -8
sensitivities can be equalized by optimizing the power splitting 3 _ | v o ﬁﬁf 10M£§Z i
ratio of the tree coupler shown in Fig. 1. _ % s _ -~ Af=100 MHz
Fig. 8 shows the calculated sensitivities far~ S, against e Af=1GHz
afor@Af = 10 I\_/I_Hz and (b)Af = 1 GHz. WhenAf = 10 01 L
MHz, the sensitivities forS; ~ S, are almost same whem ' > 4 6 8 10

ranges from 0 to 0.4 because of the same reason for Fig. 7(a),

and the sensitivities in this range of are minimum. The

value of o in this range is, therefore, the optimum value. Ohig. 9. Calculated sensitivities against the sensor number for ten sensors

the other hand, the sensitivity for the larger sensor numpyltiplexed system.

decreases whea f = 1 GHz because of the same reason for

Fig. 7(b). The optimum value at in this case is about 0.2. broad spectral linewidth is preferable when a few sensors are
Fig. 9 shows the calculated sensitivities against the sensoultiplexed.

number for ten sensors multiplexed systemn= 10). When

the spectral linewidthAf is small, the sensitivities for all

sensors are almost same at the sacrifice of the sensitivities for

the sensors with small number. It is found from this figure that We have demonstrated a frequency domain detection

the light source with narrow spectral linewidth is preferablscheme of the coherence multiplexed sensor signals by using

when many sensors are multiplexed, and the light source wéh optical loop with a frequency shifter. In this method, by

Sensor number

V. CONCLUSION
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adjusting the optical path differences of the sensors to integer-
multiple of the loop length of the optical loop, the sensori®
signals are multiplexed in the frequency domain, appearing at
the integer-multiple of the working frequency of the frequencyi9]
shifter, and consequently, the numbers of the receiving
interferometers and the photodetectors can be reduced. In
the experiments, four sensors are successfully multiplexed B9
inserting an erbium-doped optical fiber amplifier in the optical
loop to reduce the loop loss, and the sensitivities of about 2
mradA/Hz are obtained. [11]

Next, we theoretically discuss the sensitivities by consid-
ering the source phase-noise induced intensity noise. The
calculated spectrum and the sensitivities are in good agreement
with the experimental results. The influence of the loop loss
«, the coupling coefficient of the fiber couplet, and the
spectral linewidth of the light sourca f, are also theoretically
investigated.

2075

11, pp. 616-617, 1986.

R. H. Wentworth, “Theoretical noise performance of coherence-
multiplexed interferometric sensors,J. Lightwave Technagl.vol. 7,

pp. 941-956, 1989.

K. liyama, M. Harano, K. Hayashi, Y. Ida, T. Kadoshima, and Y.
Kurasawa, “Detection scheme of coherence multiplexed sensor signals
by using optical loop incorporating frequency shifteElectron. Lett,

vol. 28, no. 2, pp. 169-170, 1992.

X. Zhou, K. liyama, and K. Hayashi, “Detection scheme of coherence
multiplexed sensor signals by using an optical loop with a frequency
shifter: Sensitivity enhancementEEE Photon. Technol. Lettvol. 6,

pp. 767-769, June 1994.

M. Tur, B. Moslehi, and J. W. Goodman, “Theory of laser phase noise
in recirculating fiber-optic delay lineJ. Lightwave Technglvol. LT-3,

pp. 20-31, Jan. 1985.

R. W. Tkach and A. R. Chraplyvy, “Phase noise and linewidth in an
InGaAsP DFB laser,J. Lightwave Technalvol. LT-4, pp. 1711-1716,
Nov. 1996.

Koichi liyama (M’95) was born in Fukui, Japan, on March 19, 1963. He

REFERENCES

received the B.E., M.E., and D.E. degrees in electronics all from Kanazawa

University, Japan, in 1985, 1987, and 1993, respectively.

[1] J. L. Brooks, M. Tur, B. Y. Kim, K. A. Fesler, and H. J. Shaw,
“Fiber-optic interferometric sensor arrays with freedom from sourc
phase-induced noise@pt. Lett, vol. 11, no. 7, pp. 473-475, 1986.

From 1987 to 1988, he worked at Yokogawa Hewlett-Packard, Ltd. Since
988, he has been working in the Department of Electrical and Computer
ngineering, Faculty of Engineering, Kanazawa University, and is now an

[2] A. D. Kersey, K. L. Dorsey, and A. Dandridge, “Demonstration ofAssociate Professor. He is currently working in research on optical reflec-

an eight-element time-division multiplexed interferometric fiber sens%?eTiig

I. Sakai, G. Parry, and R. C. Youngquist, “Multiplexing fiber-optic Dr- liyama is a member of the Institute of Electronics, Information and
Communication Engineers (IEICE) and the Japan Society of Applied Physics.

array,” Electron. Lett, vol. 24, no. 11, pp. 689-691, 1988.
[3]
sensors by frequency modulation: Cross-talk consideratiopf. Lett,
vol. 11, no. 3, pp. 183-185, 1986
D. T. Jong and K. Hotate, “Frequency division multiplexing of optical
fiber sensors using an optical delay loop with a frequency shifégpl.
Opt, vol. 28, no. 7, pp. 1289-1297, 1989.
[5] J. L. Santos, F. Farahi, T. Newson, A. P. Leite, and D. A. Jackson:

(4]

fiber-optic sensors, optical fiber amplifiers, and optical waveguide

“Frequency multiplexing of remote all-fiber Michelson interferometer&en-ichi Hayashi (M'88) was born in Kanazawa, Japan, on July 14, 1943.

with lead insensitivity,”J. Lightwave Techngl.vol. 10, no. 6, pp. He died of iliness in May 1996. He had received the B.E. degree in electronics

853-863, 1992. from Kanazawa University, Japan, in 1966, and the D.E. degrees from Nagoya
[6] J. L. Brooks., R. H. Wentworth, R. C. Youngquist, M. Tur, B. Y. Kim, University, Japan, in 1977.

and H. J. Shaw, “Coherence multiplexing of fiber-optic interferometric From 1966 to 1996, he had been with the Department of Electronics,

sensors,’J. Lightwave Technglvol. LT-3, pp. 1062-1072, 1985. Kanazawa University. He had been engaged in research on optical reflec-
[7] A. D. Kersey and A. Dandridge: “Phase-noise reduction in coherencemetry, fiber-optic sensors, optical fiber amplifiers, and optical waveguide

multiplexed interferometric fiber sensor&lectron. Lett, vol. 22, no. devices.



