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Interferometric Sensor

Wuu-Wen Lin, Shih-Chu Huang, Jiunn-Song Tsay, and Shorn-Chien Hung

Abstract—In this paper, we investigate the optically ampli- sensor output occurs easily because of polarization-induced
;?ﬁd tirr:_e-?\/il\_/i?:oln-mu_lti?lefxed ('{DM) pO't’ﬂ‘?é?éing:A-ilgs)enSittive signal fading. To reduce the fading effect, polarization-insensi-
iber-optic Michelson interferometric sensor system oo s M ; ;
using F:arbium-doped fiber amplifier (EDFA). The EDFAywas Flvef|beropt|c Mlchelsonmterferometerwas propgsed [4]. This
named preamplifier, in-line amplifier or postamplifier, by the 'nterferomete,r ',ncmdes tV\_IO FafadaY rotator mirrors (_FRM)
position it was located. We find that the preamplifier EDFA Which can eliminate polarization fading by compensation of
has limited usefulness because of its unstable amplification of birefringence effect in a retraced fiber path [5]. Recently, we
the optical pulse trains. Both post- and in-line cases can work reported a TDM polarization-insensitive fiber optic Michelson
successfully in the TDM-PIFOMIS system. The amplitudes of ;,+arferometric sensor (TDM-PIFOMIS) system to overcome

the optical pulse trains are stable after amplified by the in-line R . L .
EDFA, this is a significantly advantage of the optically amplified the polarization-induced fading by combining FRM with

TDM-PIFOMIS system. The MPDS of the unamplified TDM-PI-  unbalanced Michelson interferometers and generating the
FOMIS system with an extinction ratio (ER) of 33 dB of the interference signals by an optical path-matching compensation
output pulse of the flJE)ztiCiﬂ guide wave (OGW) modulator was interferometer (CI) [6], [7]. The TDM-PIFOMIS system with
?H:nx;f y ri‘g/_(';'zr)a " (litz)ll'/‘yzét':i’rQ_'az',”tﬁl'g'”;hgﬂw';%i bv'f‘,gfsrt the optical path-matching Cl also shows that it can significantly
ER for the post— and in-line amplified system are 20 and 17.8 reduce the phgse-mduced mtens@y noise (PIIN) [8]. The
dB, respectively, and the corresponding input signal peak power Crosstalk analysis and system design of the TDM-PIFOMIS
should be larger than —20 and —25 dBm. While employing such system were reported [7], [9].

two post- and two in-line EDFA's in the TDM-PIFOMIS system, For most fiber-optic sensor multiplexing schemes, the optical
the allowable loss of the sensor array is 47 dB. We analyze the ,,yer hydget limits both the length of lead fiber and the number

phase-induced intensity noise (PIIN) of the optically amplified
TDM-PIFOMIS system in detail and propose methods to reduce of sensors. The UK Defence Research Agency has modeled the

the PIIN. The output optical pulse of an intensity modulator with ~ €ffect of placing EDFA's as a postamplifier and as a preampli-
high ER is a key issue to minimize the PIIN and sensor crosstalk fier within an optical hydrophone system [10]. Their conclu-
in tf:e system. In ?fder tOtr_educe th? S)|/|Stem PII'IfN’dC?/(/nSll\iXity and sions showed that the number of sensors can be increased to
cost, we suggest an optimum optically amplifie wave- iy i i ;
Iength-divisigr? multiplex‘i)ng)—TDMphybri)(/j PIFF())MIS system(wi{:‘lhe siX _tlmes (.)f the unamplified system for the. booster with 30 dB
four wavelengths and four eight-sensor subarrays. optical gain. Recently, an optically a.mp.hﬂed TD[\/!-PIFOMIS
_ ] B system using EDFA's as post- and in-line amplifiers was re-
Index Terms—erbium-doped fiber amplifier (EDFA), Faraday 41164 [11]. The influence of EDFA on the ER of amplified light
rotator mirror (FRM), Michelson interferometric sensor, phase- . . e
induced intensity noise (PIIN), time-division multiplexed (TDM), pulse and the mlnlml,!m phase detgctlon Se”S'“Y'W (N_IPDS) of
wavelength-division multiplexing. the system was examined [11]. In this paper, we investigated the
influence of the ER of the optical pulse from the OGW output,
and the effect of the amplified spontaneous emission (ASE) of
|. INTRODUCTION the EDFA in the optically amplified TDM-PIFOMIS system.
INGLE-MODE fiber-optic interferometric sensors (FOIS)We find that the MPDS of the system is primarily limited by the
ave many advantages and have been developed for a wRdlN; therefore, it is important to theoretically analyze the PIIN
range of applications [1]. An important feature of FOIS is itsf the system.
multiplexing capability [2]. Among different interferometric  In the system design, we propose an optimum optically am-
sensor multiplexing techniques, time-division multiplexinglified WDM (wavelength-division-multiplexing)-TDM-PI-
(TDM) has been shown to have low crosstalk and high sen§5iOMIS hybrid system to improve the MPDS and to reduce the
tivity [3]. However, if sensors in the TDM configuration arecomplexity and the electrical power consumption.
constructed of regular single-mode fiber, fluctuation of the
Il. OPTICALLY AMPLIFIED TDM-PIFOMIS SYSTEM
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Fig. 1. The optically amplified TDM-PIFOMIS system.

ator, lead fiber subsystem, sensing array, and the TDM receigeprecision dc voltage supply, is used to generate the optical
[11]. The optical pulse generator generates a low-duty cygdelse with an optimum ER of about 33 dB (the optimum
optical pulse with high ER. This is due to the distributed-feedR is limited by the performance of the OGW). The pulse
back (DFB) laser diode source modulated by an OGW intensitgpetition rate and pulse width are 880 kHz and 80 ns, re-
modulator. An electrical pulse generator and a precision dpectively. An InGaAs PIN optical receiver of the New Focus
voltage supply are used to control the on—off modulation dmodel 1811) is used in the TDM receiver for converting
the OGW. The sensing array consistsdfsets of unbalanced the interfered pulse trains into electrical signals. The CW
sensing interferometer (§1Sl,, . . ., Sly). Each Sl consists of saturation power and the maximum pulse power at L.66
a fiber coupler (FC) and two FRM’s. The lead fiber subsystenf this receiver are about 60W and 5 mW, respectively.
includes the input—output lead fibers, a three-port opticlis conversion gain is about x 10* V/W. The sample/hold
circulator (3POC), a post-EDFA and an in-line EDFA. Theircuits include the AD9100 track/hold amplifier with a set-
TDM receiver includes a Cl, an optical receiver, time delatjing time of 20 ns for high-sampling rate and low-distortion
generator, sample/hold circuits and the phase-generated casignal processing. We find that in the preamplifier case, the
(PGC) demodulator [12]. EDFA has limited usefulness owing to the unstable ampli-
All path difference A L = 10 m) are equal for all unbalancedfication for the optical pulse trains with interference signals
sensing interferometers and the CI. In general, the output powee., the unstable optical gain of EDFA is induced by the
of each sensor is required to be equal. The power splitting faisctuated input light intensity). These amplitudes of the op-
tios among all fiber couplers (RCFGC;, ..., FCy) are 1:1in tical pulse trains that propagated in the output lead fiber
order to maximize the visibility of the output intensity for eaclof the TDM-PIFOMIS system are stable (there are not in-
sensor. The power splitting ratics,,, of series fiber couplers terference signal yet); therefore, they would be stable after

(Cwn, Cn_1, ..., Cs) are different in order to obtain equaledamplified by the in-line EDFA. Furthermore, the in-line am-
output power for every sensor. Thg,, (here,2 < m < N) has plifier with stable optical gain of the EDFA in this system,
been derived and calculated in [7]. located before the CI, is better to replace the preamplifier.

In the experiments, the EDFA is placed at three different pélence, we emphasize our investigation on the performance
sitions within the TDM-PIFOMIS system: 1) as a postamplifieof the post- and the in-line amplifier cases.
between the OGW and the sensing array (i.e., located at inpulNote that only the first sensor Skhnd the CI are used in
lead fiber), 2) as an in-line amplifier between the sensing arrall experiments for the feasibility study. Furthermore, during
and the CI (i.e., located at output lead fiber), and 3) as a preaowr experiments, the Sland Cl are placed inside a vibra-
plifier between the Cl and the optical receiver. tion-isolated, acoustic-shielded box to avoid any ambient per-

A high-power 10 mW) long wavelength~1.55 pm) turbations. An optical bandpass filter (OBPF) is connected
DFB laser is chosen as a CW light source with a 3-dBehind the EDFA to filter out the ASE noise from the EDFA.
linewidth of 1 MHz. A LiNbO; OGW intensity modulator The OBPF has a 0.5 dB bandwidth of 1 nm and an inser-
(insertion loss~6 dB), controlled by a pulse generator andion loss of about 1.5 dB.
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Fig. 2. The output spectrum of the demodulated signal at 200 Hz with the BRdB of the input optical pulse and without EDFA in the system.
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Fig. 3. The output spectrum of the demodulated signal at 200 Hz for a post-EDFA and an OBPF used in the system when the peak power and the ER of the input
optical pulse are-5 dBm and 33 dB.

B. Experiment Results are obtained in [11]. In this paper, the influence of the ER of the
In the experiments, the specific tested sensing signal of 28Bfical pulse from the OGW output and the effect of the ASE of

Hz, generated by a signal generator, is applied upon one of the EDFA in the system was investigated. The ER of an optical
sensor's fiber arm through a PZT phase modulator to provifi!Se can be calculated by

an effective phase signal 6f4 x 102 rad/(Hz)/2. A carrier

signal of 20 kHz, generated by another signal generator, is ap- ER =10 log(Py/Pr) = 10 log(Vy/VL) Q)
plied upon one of the CI’s fiber arm through a PZT phase modu-

lator to provide an optimum phase of 2.37 rad for PGC demodlereP and Py, are high-level and low-level light powers of the
lation. The interference pulse trains are detected by the receigptical pulse} i andV7, are the voltages of the optical pulse. In
and the sensing signal is demodulated by the PGC demodulater experiment, the maximum ER of the optical pulse from the
The detailed processes have been described in [11]. Some ex@&\W output is about 33 dB and can be automatically adjusted
imental results for EDFA used as a post- and an in-line amplifieo the optimum condition [13].
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Fig. 4. The output spectrum of the demodulated signal at 200 Hz for a post-EDFA (without OBPF) used in the system when the peak power and the ER of the
input optical pulse are-5 dBm and 33 dB.
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Fig. 5. The output spectrum of the demodulated signal at 200 Hz for a post-EDFA and an OBPF used in the system when the peak power and the ER of the input
optical pulse are-5 dBm and 30 dB.

The HP3562A dynamic signal analyzer is used to measure fhtease noise for the experimental system. The corresponding
spectrum of demodulated sensing signal to examine the systeBN is—63.2 dB. This RSN value is used as an index to eval-
relative system noise (RSN) at 1 kHz. Fig. 2 shows the outpusite the system performance. Fig. 3 shows the output spectrum
spectrum of the demodulated signal at 200 Hz when the ERfof the system with post-EDFA and OBPF when the peak power
the optical pulse from the OGW output is 33 dB without EDFAs —5 dBm and the ER of the optical pulse from the OGW output
in the TDM-PIFOMIS system. In Fig. 2 the noise contains this 33 dB (the ER of the amplified optical pulse is 28 dB), RSN
amplitude noise of the light source, PIIN, the acoustic and vibrs- —62 dB. Fig. 4 shows the output spectrum for the system
tion induced noises from the environment. Through some kindsth post-EDFA (without OBPF) when the peak power-i8s
of noise reduction process for light source, acoustic and vib@dBm and the ER of the optical pulse from the OGW output is
tion, we recognized PIIN as the major contributor among &3 dB (the ER of the amplified optical pulse is 15 dB), RSN is
noise sources. Thisis the optimum condition to obtain the lowesb8.4 dB. Fig. 5 shows the output spectrum for the system with
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Fig. 6. The output spectrum of the demodulated signal at 200 Hz for an in-line EDFA and an OBPF used in the system when the peak power and the ER of the
input optical pulse are-8.6 dBm and 33 dB.
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Fig. 7. The output spectrum of the demodulated signal at 200 Hz for an in-line EDFA (without OBPF) used in the system when the peak power and the ER of
the input optical pulse are 8.6 dBm and 33 dB.

post-EDFA and OBPF when the peak powersdBm and the EDFA and OBPF when the peak power-i8.6 dBm and the
ER of the optical pulse from the OGW output is 30 dB, RSER of the optical pulse from the OGW output is 30 dB, RSN is
is —50.8 dB. Fig. 6 shows the output spectrum for the systerd9.4 dB. In Figs. 3-8, the excess noise relative to that in Fig. 2,
with in-line EDFA and OBPF when the peak power8.6 dBm except a small amount induced by ASE from the EDFA needed
and the ER of the optical pulse from the OGW output is 33 ditirther study, are definite attributed to PIIN.

(the ER of the amplified optical pulse is 25.6 dB), RSN-82.4 The RSN shown in Fig. 2 for the unamplified TDM-PIFOMIS
dB. Fig. 7 shows the output spectrum for the system with in-lirsystem (i.e., with the ER of 33 dB) is63.2 dB. The MPDS can
EDFA (without OBPF) when the peak power4s$.6 dBm and be calculated from RSN by

the ER of the optical pulse from the OGW output is 33 dB (the

ER of the amplified optical pulse is 8.8 dB), its RSN-$1.2

dB. Fig. 8 shows the output spectrum for the system with in-line MPDS = 3.4 x 1072 x 10%5V/20 rad/(Hz)}/2.  (2)
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Fig. 8. The output spectrum of the demodulated signal at 200 Hz for an in-line EDFA and an OBPF used in the system when the peak power and the ER of the
input optical pulse are-8.6 dBm and 30 dB.

The MPDS of the unamplified TDM-PIFOMIS system (inln our experiments, th&w, of the DFB-LD source with a
this experimental system with one sensor) with ER of 33 diBewidth of 1 MHz (coherence length = 300 m) approxi-
is2.4 x 10~ rad/(Hz)/2 at about 1 kHz. To guarantee the optimates 3 kHz/(HZY? at 1 kHz [14].
cally amplified TDM-PIFOMIS system (with one sensor) oper- a _
ating with low-phase noise, it requires reasonably that the REN PIIN of the Unamplified TDM-PIFOMIS System with One
limitation should not be 3 dB worse than that of the unamplP€Nsor
fied system. Thus the allowable maximum RSN level is about The PIIN of the unamplified TDM-PIFOMIS system with
—60 dB for the amplified system. That means the MPDS mushe sensor comes from two parts as follows:
be better thas.4 x 107> rad/(Hz)}/2 at about 1 kHz. To satisfy 1) PIIN Due to Path Difference:The path differences be-
these requirements, the allowable worst ER for the post- and tgen two unbalanced arms of the above &id Cl areA Ls;
in-line amplifier system are 20 and 17.8 dB, respectively (froendA L, respectively. Ideally, the TDM-PIFOMIS system re-
[11, Fig. 14]). Thus, the minimum required peak power levejuires matched optical path between CI and, $k., AL =
of the input optical pulse for the post- and the in-line amplifieALg; = ALcg. In fact, the measured and cut processes for
cases are-20 and—25 dBm, respectively (from [11, Fig. 13]). optical fiber often cause the error betweA ¢; and ALcy,
The corresponding output power levels are 9.5 and 6.9 dBm, f&cLs; — ALcq| is denoted aé The effective phase noisk,,
spectively. In this condition, the optical gain for the post- angbmes from the PIIN, thé¢,, generated by the path difference
the in-line amplifier cases are 29.5 and 31.9 dB, respectively2] is given by

dp,, = 2mn(20) dv, /c. (4)
l1l. PIIN oF THE OPTICALLY AMPLIFIED TDM-PIFOMIS

SYSTEM Herecis light velocity andh is the index refraction of the optical

fiber core. In our process of the sensing system, by means of
In the experiments, a high-frequency carrier is used farmillimeter-resolution OTDR] could be controlled within 2
the PGC demodulation to prevent the demodulated sensigh. Assume thatis equal to 2 mm, then thép,, due to path
signal from the low-frequency intensity noise of the laser diod#ifference2! will be 3.6 x 10~7 rad/(Hz)/? for the DFB-LD
source. Therefore, the MPDS is mostly limited by the PliNource withdv,, = 3 kHz/(Hz)"/? at 1 kHz. In general, this is
of the system. In the TDM-PIFOMIS system, assume that th@rmal d¢,, of the TDM-PIFOMIS system and is denoted as
time difference between two optical pulses (they can overlagep,, ) ormal.
through different paths to generate the interference signal) fron) PIIN Due to Low-Level Light Powerin the unamplified
laser emission is equal ¢, and the laser diode source has &DM-PIFOMIS system with one sensor, the low-level light
frequency instabilitydv,. d¢,, is the effective phase noise ofpower P;, of an optical pulse and the high-level light power
the sensor of the system that comes from the PIIN that is give®, of the other optical pulse can interfere to induce the PIIN.
by [14] In Fig. 1, at the output of the coupler F®@f sensor S, the
high-level light powerPy of the optical pulse comes from one
dep, = 2w At(dvy,). (3) arm of sensor S| while P, comes from the other arm, at the
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same time. The time differencA¢; betweenP; and Py is coherence lengthl{= = 300 m) of the laser source is much
equal to2nAL/c. In this analysis, only the time difference oflarger tharRA L (20 m), the total intensity will be

the two optical pulses of an interference term is needed. Hence,

thetphage |tnform§1c}|on dol; thel COLIJp|eI‘SIIn 'th?l-SF]DX_PIFOI\Q:qStIT — 22 [E2, + B2 + E% cos(wt; + 26¢)

system isn’t considered for simply analysis . Assume tha EwE Aty 42 EvE At

the electric field reflected bffRM; and FRM;. of Sl; are + BBy cos(wAty, +2¢c) + BBy cos(whty)
denoted a¥y; andEy,, )y, andE},, respectively. Let=y + EnEp cos(wAtr) + EnEyp cos(wAtL + 2¢¢)

and E;, be the retraced electric field amplitudes® and Py, + E% cos(2wAtL, + 2¢¢)] ®)
at point A (between circulator 3POC and coupley), we can
obtain the relationEH/EL = (PL/PH)1/2 = 10(_ER/20). Wheretl = 2nl/c,l = |AL51 — ALCI|1 Atcr = Atsy =~ Aty,.

These retraced electric fields at point A are The last six terms in brackets of (8) are interference signals. The
first interference ternE?, cos(wt; + 2¢¢) includes amplitude
Ey1 = Ey(0) = Eg (5a) F%,, path differencel, and carrier phase sigrnzc. The effec-

tive phase noiség,, due to this term through the PGC demodu-
lation has been analyzed as (4) and denoted®s)(ormar- The
second and fifth interference terni&; £, cos(wlAty, + 2¢¢)
, . . include amplitudeZ; £, time delayAty, of the two-interfer-
Ey = En(0) expli(wAts1)] = Ep expli(wAts1)] (D)  ence optical pulses (included the different emitted time from
laser) and carrier phase sigidal.. Thed¢,, due to this interfer-
ence term through the PGC demodulation is given by

2rn(2AL)dv, E, AL Ey

ELl = EL(AtL) exp[i(wAtL)] = EL exp[i(ZwAtL)] (5C) dd)n = ¢ EH — T E (d(/)n)normal
AL
it T 10(_ER/20) (dd)n)normal- (9)
In this experimentAL = 10 m, ER = 33 dB,[! =~ 2 mm.
Ep =Er(—Aty) expliw(Atsy — Aty)] Thede,, of (9) can be calculated ak,, ~ 112(dy Jnormal =
= Ey, expliw(Ats; — 2At1)] (5d) 4x107° rad/(Hz)}/? at 1 kHz. The third and fourth interference

terms do not include the carrier phase sigd@}:, so that no

whereAts; = 2nALg: /e, w is the angular frequency of thePIIN induced [12]. The Iastinterferenc_:e tedii COS(2¢¢{AtL+
laser source. The values 0 &f(0), Aty, of Er(Atr) and 8(7)0) Cin t;e neglected because of its small amplitéie~
—Aty, of E,(—Atr) denote the different emitted time from® x 10 EH)_' i

laser. These electric fields propagate along the same path to_th-le-he effective pha_\se noisép, (that comes from_ the PIIN)
coupler FG: and then couple to CI. The interference signal dpduced from an mte.rferenc.e term Is propor.t|onal to the
Sl, is generated by Cl, in whick,,, andE;; are reflected by square rpot of th.e o_pt|cal noise power. In thg interferometer
FRM_. with the effective carrier phase sigrihc, while Eyy for sensing apphcatlon'wnh a small bandwidth (compared
and £}, are reflected by FRM, with the delay timeAtc; = to ¢/(nD), D is p_ath dlf_“ference) and th_e coherence Ienth
2nALcr/c. The2¢ is generated by the phase modulator BZTLC > _D' the opt|cal2n0|se power of an mt_erfer_ence term is
for the PGC demodulation. Finally, these fields simuItaneous’f&yoport'_Onal to1;D*/Le (I and I are light intensities
propagate to the output (in front of the receiver) of the couplgf two interference beams) [16]. Thé, induced from an

FCc with attenuation coefficierit (ideally, with the same atten_mterference term is proportiqnal to11,)!/2D, this resqlt
uation) and are expressed as follows: corresponds with (4) (proportional t®). The total PIIN is

proportional to the square root of total optical noise power
of all effective interference terms (with carrier phase signal

B = bEy expli(witcr)] (62) 2¢¢). Therefore, the totatlg,, induced from (8) can be cal-
Ei = bEy expli(wAts1 + 2¢6c)] (6b) culated agdp,) o ~ [2 % (112)2 + D]Y2(ddn)normar ~
Ep1 = bEL expli(2w0AtL, + 2¢¢)] (6¢) 158(d¢n)normal = 5.7 x 107° rad/(Hz)}/? for the DFB laser

i _ 1/2
Bl = bEy expliw(Ats, — 20ty + Ater)] ~ bEy (6d) source with thelv,, = 3 kHz/(Hz)'/“ at 1 kHz.

B. PIIN of the Unamplified TDM-PIFOMIS System with
whereAtcr = Atg; = Atr, thereforeAts; —2AtL+Atct =  Sensors

0. The total electric fielder is In the unamplified TDM-PIFOMIS system witlvV sensors,

the low-level light powerP;, of the optical pulse is unwanted
Er = Ey + Eyy + Ery + E7y. (7)  light power. The sensor crosstalk dugtphas been analyzed in
[7]. Pr, of an optical pulse of a sensor afg of an optical pulse
The output intensityr of the interference signal is proportionalof the other sensor can interfere also to induce the PIIN. There-
to (5. - Ex). Letly = n(E3. - Er), where asterisk denotes a fore, the PIIN of a sensor of the unamplified TDM-PIFOMIS
complex conjugation ang—! is called wave impedance. If thesystem withV sensors comes from 1) the self-PIIN of the sensor
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(i.e., the PIIN of the unamplified TDM-PIFOMIS system withtheory, the PIIN is primarily due to the interference terms of the
one sensor) and 2) the PIIN due to all{, F;) interferences effective intensityl.; given by
among sensors. Here, the 2) term will be analyzed. o 202

In Fig. 1, consider the PIIN of thi&h sensor comes from the Teq = 20" (B cos(wts + 2¢c)

interference of theith sensor, i.e., the PIIN due to the inter- + EnEr cos(2¢c + 2wkAty)

ference fromPy of the ith sensor and’;, of the jth sensor. + EgEp cos(2¢c — 2wkAty)

Let & = |7 - ¢| (the PIIN qnly dep(_ands qij — 4|, we can as- + EnEy cos(2¢c + w(2k + 1)Aty)

sumej > ¢ for the analysis), the time difference between the + EuEr cos(2pc —w(2k+ DAL (14)

ith sensor and thgth sensor is equal tonkAL/c = kAty,.
These PIIN's can be caused by two situations. The first one okhe effective phase nois&,, due to the first term of (14) has
curs when twaP’, reflected byl RM; andFRM;, of SI; and been analyzed as (4) and denotedd@s, )normal- The second
the Py reflected byFRM, of SI; propagate to coupler FC si-and third terms include time del&@k Aty of the two-interfer-
multaneously. The second situation is similar to the first, behce optical pulses (included the different emitted time from
FRM,; is replaced bywRM,, of S1;. In the first situation, we laser). Thed¢,, due to this interference term through the PGC
assume that’r; and £ ; are electric fields of’, reflected by demodulation is given by

FRM; andFRM; of S1I;, respectively, while&,; andE); are 2rn(4kAL)dv, Erp

electric fields of Py reflected byi'RM; andFRM;, of S1;, re- dp, =—1—"—""""7 o

spectively. These retraced electric fields at point A (between cir- 2 EAL ¢ i

culator 3POC and couplery) are — 10 ER29 (b, ) normal- (15)
En; = Fgi(0) = Ey (10a) In this experimentAL = 10 m, ER~ 33 dB, ! ~ 2 mm. The

Ely: = Ex(0) expli(wAts;)] = Ex expli(wAts;)] (10b)  dy, of (15)vvcan be cal/gulated as,, ~ 2k[112(dd, )normal] =

Erj = Ep(—kAty) = Ep, expli(—wkAty)] (10¢) 2k[4 x 1072 rad/(Hz)/?] at 1 kHz. Thed¢,, due to the fourth
" Lt DAR] = E il 4 DAL and fifth terms arg2k + 1)[112(ds, ) normal]- FOr the simply

By = Bel=(k+ DAt = Br expl-iw(k + DAt analysis, the last five interference terms of (14) can approach

(1Od) 2k[112(d¢n)n0rmal]

These electric fields propagate along the same path to the couThe d¢r of a sensor of the unamplified TDM-PIFOMIS

pler FC- and then couple to Cl. The interference signabgf /o with/\" sensors dependent on its position, the, of

i i R . the sensor located at middle position is less than that located at
is generated by Cl, in which’,, is reflected by FRM: with the both ends in the array. Assumé — 8. the do. of the sensor
effoctive carrer phase sigric, while B, Eir;, andb, are located at tlhe first og:t'on l; calc_ Ia:[ed as¢n

reflected by FRM- with the delay timeAtcr = 2rALg/c. Irst posiuon | u

Finally, these fields simultaneously propagate to the output (i(d¢,, )iotal

front of the receiver) of the coupler -Cwith attenuation co- - 1/2

efficient b (ideally, we can assume same attenuation) and are _ |2 44 x Z (2k)? | x (112)% +1 (dn ) normal

expressed as follows: 1
En: = bEy expli(wAter)] (11a)  =19x10 *rad/vHz (16)
Ey; = bEn expli(wAts; + 2¢c¢)] (11b) for AL = 10 m, ER~ 33 dB,! ~ 2 mm and the DFB laser
Er; = bEy, expliw(Atcr — 2kAt;)] (11c) source with thelv, = 3 kHz/(Hz)'/? at 1 kHz. Thed¢,, of

(11d) the sensor located at fourth positiaN (= 8) is (d¢y, )total =
1.1 x 102 rad/v/Hz.

In the second situation, we use similar analytic procedures and

E/Lj =bE exp[iw(AtCI — (2/% + 1)AtL)]

obtainEy,; = bE;, expliw(—(2k —1)At; +2¢¢)] andE] . C. PIIN of the Amplified TDM-PIFOMIS System with
bEy expliw(—2kAtr+2¢¢)]. Therefore, the complete eIectrlcSensors
fields Er; and 7 ; are The effective phase nois&,, (comes from the PIIN) of the

_ amplified TDM-PIFOMIS system withV sensors comes from
B _bEL expliw(Ater — 2kALL)] two parts: 1) due to the unamplified TDM-PIFOMIS system
+ bEL expliw(—(2k — 1)Atr, +2¢¢)] (128)  with N sensors and 2) due to post- and in-line EDFA. The post-

E}; =bEr, expliw(Ater — (2k + 1)Aty,)] and in-line EDFA in the amplified TDM-PIFOMIS system will
+ bEy, expliw(—2kAt L + 2¢¢)]. (12p) degrade the ER of the amplified optical pulse because of ASE
o . that adds noise to the optical pulse during its amplification. Most
The total electric fieldEr is ASE due to the EDFA can be filtered out by a narrow OBPF.
Er = Ei + Ey, + Epj + E/Lj' (13) It is found that the ER of the amplified optical pulse of the

post-EDFA will degrade at least 5 dB even the peak power of
The effective intensity.¢ includes the interference terms onlythe input optical pulse is large enough, but the system RSN al-
corresponding to these two conditions is following: 1) containedost not degrade. We can assume that the effective ER of the
the carrier phase sign&lp and 2) the product of the elec-amplified optical pulse of the EDFA will not degrade (i.e., the
tric field is E% or Ey E1,. According to the PGC demodulationER of the amplified optical pulse will not degrade in the narrow
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linewidth such as 1 MHz). In the above conditidpy, includes The ASE of the optically amplified TDM-PIFOMIS system
residual ASE with coherence length: « 2AL, ASE andPy  using post-EDFA degrade the RSN larger than that using an
cannot interfere in path differen@\L to increase the PIIN. in-line EDFA about 2.8 dB from the experimental results. The
When the peak power of the input optical pulse is small t®@ason is because the amplified optical pulse of the post-EDFA
degrade the effective ER of the amplified optical pulse of theropagates through the sensor array causes some additional
EDFA, the system RSN will obviously degrade. Therefore, tHelIN. Therefore, connected an OBPF to the output of the
PIIN of the amplified TDM-PIFOMIS system due to EDFA ispost-EDFA for reducing the PIIN is better than used an OBPF
dependent on the peak power of the input optical pulse. Aie-the in-line EDFA. In general, only two OBPF’s are needed:
cording to the experimental results, when the peak power of thee located at the output of the series post-EDFA's and the
input optical pulse is large enough and the ASE of the amplifiedher at the output of the series in-line EDFA's in the optically
optical pulse of the EDFA is filtered out by suitable OBPF, theamplified TDM-PIFOMIS system for reducing the PIIN.

PIIN of the amplified TDM-PIFOMIS system due to the EDFA The P, of an EDFA output increased when the input op-
can be neglected. In the optimum condition, g, of the op- tical pulse power decreased which was mostly of ASE. We ex-
tically amplified system approximates to the,, of the unam- pect that the experimental value @p,, is obviously less than
plified system. the theoretical value in the optically amplified TDM-PIFOMIS

The detailed theoretical analysis of the amplified TDM-Plsystem. For example, the ER of the amplified optical pulse is
FOMIS system is very complicated, because the ASE from tB6 dB for the post-EDFA, théé,, is 3.4 x 10~ rad/(Hz)/?
EDFA depends on the intensity, pulse width, duty cycle and Biich is less than its theoretical val@e&r x 104 rad/(Hz)}/2
of the input light pulse. The signal-spontaneous beatnoise n{&pm [11, Fig. 14]). When the peak power of the input op-
plays an important role in our system, especially for the pegikal pulse is large enough and the ASE of the amplified optical
power of the input optical pulse is small. We will study this furpulse of the EDFA is filtered out by a suitable OBPF, the PIIN
ther in the future; however, in this paper, because the key issuefighe amplified TDM-PIFOMIS system due to the EDFA can
system design of the sensor system, the effect of the ASE frdv@ neglected. According to the theoretical analysisthg of
the EDFA in the system is directly quoted from the experimenttde optically amplified TDM-PIFOMIS system is proportional
results. to ALdv, 10(-FR/20) |n the future, if we useAL, = 4 m, a

commercial fiber laser source with linewidth about 10 kHz and
the ER of an OGW about 33 dB, the MPDS of the amplified

IV. SYSTEM DESIGN AND DISCUSSIONS TDM-PIFOMIS system with eight sensors is expected to less
than8 x 10~ rad/(Hz)}/2.

According to the theoretical analysis, the effective phaseln this paper and [11], the experimental results have shown
noisedg,, (comes from the PIIN) of the experimental systerthe feasibility of using EDFA's in the PGC-demodulated TDM-
with ER = 33 dB is 5.7 x 10~ rad/(Hz)/? at 1 kHz and is PIFOMIS system as a post- and an in-line amplifier. The EDFA,
primarily due toPr. Thed¢, (or MPDS) of the experimental especially for the in-line case, does not degrade the interfer-
result is2.4 x 10~° rad/(Hz)/2, that is less than.7 x 10~> ence signal of the sensor system. However, the amplitudes of
rad/(Hz)/2. There is a portion of?;, of the light pulse comes the optical pulse trains are very stable after amplified by the
from the spontaneous emission light (SEL) of the laser diode;line EDFA amplifier. This is a significantly advantage of the
because of the broadband spectral character of the SEL, O@ically amplified TDM-PIFOMIS system. The excess power
cannot do effective on—off modulation to ¥, includes some budget can effectively increase the number of sensors and trans-
SEL of the laser with coherence length <« 2AL, SEL mission distance for field application. In practice, the TDM-PI-
and Py cannot interfere in path differenc\L to increase FOMIS array systems may have several tens of sensors and hun-
the PIIN, therefore, thd¢,, of the experimental result is lessdreds of kilometers long of lead-fiber.
than the theoretical result. When the ER of the output opticaln the optically amplified TDM-PIFOMIS system, the upper
pulse of the OGW is adjusted to decrease 3 dB (i.e.-EB0 limit of the allowable number of sensors is determined by the
dB) from the optimum condition and the peak power of theondition that a postamplifier and an in-line amplifier, are lo-
input signal is—5 dBm for the EDFA as a postamplifier, thecated at the input port 1 and the output port 3 of the 3POC in
output spectrum is shown in Fig. 5 and the MPD$ is 10~*  front of the sensing array, respectively. The present TDM-PI-
rad/(Hz)}/? at 1 kHz. In this condition, the increased lighFOMIS system requires thatthe MPDS be better thas 10~>
power of Py, is totally lasing with coherence lengfh = 300 rad/(Hz)/? at 1 kHz, the minimum required peak power level of
m, when ER= 30 dB, the effective coherent light aPy is the input pulse for the in-line amplifier is25 dBm. The peak
excess twice the value as that when ER33 dB. Therefore, power—5 dBm of the input pulse for the postamplifier is re-
the experimental value af¢,, is 1 x 10~* rad/(Hz)/? that quired to obtain the peak output power 22 dBm. Then the am-
approximates the theoretical val&€ x 10~ rad/(Hz)/2. The plified output peak powers of the post- and in-line amplifiers
same result is obtained in the system using the in-line EDFfor the aforesaid input peak powers are 22 and 7 dBm, respec-
It is found that the value of the MPDS increases rapidly whdively. Therefore, the allowable total loss of the sensing array
the ER of the output optical pulse of the OGW decreaseffhe one-way insertion loss of the optical circulator of 1 dB is
Therefore, to select an OGW with high ER (typical ER30 included) can reach 47 dB=(22 + 25 dB). Using [8, eq. (45)]
dB) and to control the output optical pulse of the OGW withwith this loss and the related parameter values, the upper limit of
optimum ER are very important in the TDM-PIFOMIS systenthe allowable number of sensors for the system with these am-
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Fig. 9. WDM (four wavelengths)-TDM hybrid PIFOMIS system with a 32-sensor array, while employing two post- and two in-line EDFA's.

plifiers is 32. In the calculations, the single-pass insertion loBy a high-isolationl x 4 DWDM. This arrangement can
of the FRM, 3POC, and 3 dB-couplerare 1, 1, and 3 dB, respesoid the effect of the back-reflected optical power of the
tively. The excess loss of the 3 dB coupleris 0.2 dB. Consideringx 4 DWDM. The output of the in-line EDFA(1) propagates
the settling time of the high-resolution sample/hold circuit, tthrough the output lead fiber and the in-line EDFA(2) is then
demodulate the pulse trains of a 32-sensor array successfdimultiplexed by a high-isolation x 4 DWDM as four
will be a challenge. Additionally, the PIIN of the optically am-outputs. These four outputs are filtered by four OBPF's to
plified TDM-PIFOMIS system with large number sensors wilfeduce the PIIN and the crosstalks among four optical sources,
obviously be enlarged. So, utilization of sensor subarrays cagspectively. Finally, these four outputs are coupled into four
simplify this problem. For an eight-sensor subarray system, tB&s to generate interference signals and are demodulated by
system loss is about 28 dB. Therefore, the 47-dB loss bud@etr TDM receivers, respectively. This WDM—-TDM hybrid
can realize a four-subarray (loss about 34 dB) TDM-PIFOMIBIFOMIS system not only saves three in-line EDFA's and three
system with eight sensors per subarray. Hentes &fiber cou- output lead fibers, but also simplifies the construction of the
pler with equal splitting ratio and four separate sets of 3PO€gnsor system and reduces the electrical power consumption.
in-line amplifier, output lead fiber, and TDM optical receiver The post-EDFA(1) is located at the output of the fitsk 4
are required for such a four-subarray system. This may incre&@3&/DM while the post-EDFA(2) is located at the input of
the system complexity and cost. In order to improve this systei, The input pulse peak powers for each wavelength of the
we suggest a WDM—-TDM hybrid PIFOMIS system as shown ipost-EDFA(1) and the post-EDFA(2) requireds and —10
Fig. 9 to replace the TDM-PIFOMIS system with subarray. dBm to obtain the output power 16 and 9 dBm, respectively.
In Fig. 9, the outputs of four optical pulse generator§hen the power budget of 26 dB=[L6 dB — (—10 dB)] can
with wavelengthsAy, A2, A3, and A, are multiplexed by a be used for a 104-km-long input lead fiber. The insertion loss
four-channel dense wavelength-division multiplexér X 4 of al x 4 DWDM approximates 2.5 dB, the system loss of
DWDM) into the post-EDFA(1), then propagate througlan eight-sensor subarray is about 28 dB; therefore, the input
the input lead fiber to the post-EDFA(2). The output of thpower for each wavelength of the in-line EDFA(1)-i24 dBm
post-EDFA(2) is demultiplexed by a high-isolation x 4 (from 9 dB —2.5 x 2 dB —28 dB), that matched the system
DWDM as four outputs with wavelengths , A2, A3, and\4, requirement. The output power for each wavelength of the
respectively. Four outputs of thex 4 DWDM are connected in-line EDFA(1) is 2 dBm (from 8 dB- 6 dB) while the input
with four OBPF'’s, respectively. Four outputs of the foupower of the in-line EDFA(2) required about25 dBm, then
OBPF's are used as input optical pulses of four eight-sengbe system power budget of 27 dB2 dB—(—25 dB)] can be
subarrays and are circulated by four high-directivity 3POC’sised for a 108 km long output lead fiber. Consequently, while
respectively, and then are multiplexed into the in-line EDFA(Bmploying such two postamplifiers and two in-line amplifiers,
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the 104-km-long input—output lead fiber can be realized for thise OGW output, and is proportional t Lduv,10(ER/20)
WDM-TDM hybrid PIFOMIS system with a 32-sensor array. (the ER of the OGW output pulse). To select an OGW with

For field applications, the lead fiber length of a sensor systemgh ER (typical ER> 30 dB) and to control the output optical
may require hundreds of km. If the required lead fiber lengthulse of the OGW with optimum ER in the TDM-PIFOMIS
is more than 104 km, this system must have some extra paststem are very important to minimize the PIIN and sensor
EDFA's and in-line EDFA's in the input and output lead fiberscrosstalk. The PIIN is increased rapidly when the number of
On the other hand, the transmitted power of a long single-motliee sensors is increased. If we udd. = 4 m, a fiber laser
fiber (SMF) will be limited by the stimulated Brillouin scat-with linewidth about 10 kHz and the ER of an OGW about 33
tering (SBS) effect [17]. This effect of an SMF can be evaluatatB, the MPDS of the amplified TDM-PIFOMIS system with
by two parameters such as the linewidth s and the effective eight sensors is expected to less tisar 106 rad/(Hz)/2.
interaction lengtH.. . These two parameters are 16 MHz and 220 reduce the system PIIN, complexity and cost, we suggest a
km at the 1.55.m, respectively [18]. For a-1.56m CW laser WDM (four wavelengths)—TDM hybrid PIFOMIS system with
source with linewidth less than 16 MHz, the estimated trana-32-sensor array, while employing two postamplifiers and two
mitted threshold power is about 3 dBm when the propagatadline amplifiers. The 104-km-link length of the input—output
fiber length is larger than 22 km. In the WDM-TDM hybrid Pl-lead fiber can be realized in the WDM—TDM hybrid PIFOMIS
FOMIS system, the duty cycle of the optical pulse propagatsgistem. To combine the aforesaid improvements, we can obtain
in the input lead fiber is only 1/17 for each wavelength; theren optimum optically amplified WDM-TDM hybrid PIFOMIS
fore, the threshold power of the SBS approximates 15 dBm feystem with four wavelengths and four eight-sensor subarrays.
each wavelength. This is the upper limit output power of thEhis system can use extra post-EDFA's and in-line EDFA's in
post-EDFA for efficiently propagated in the input lead fiber. Théhe input and output lead fiber, to extend the transmitted length
duty cycle of the optical pulse propagated in the output lead fibter more than 104 km.
approximates 1. The threshold power is no more than 3 dBm
for each wavelength; this is the upper limit output power of the
in-line EDFA for efficiently propagated in the output lead fiber.

For a practical implementation, the acceptable noise must be
determined by its application. In this paper, we proposed just[l] A. D. Kersey, “Recent progress in interferometric fiber sensor tech-
some theoretical and experimental schemes for the potential BO'Ogy'" in Proc. SPIE Fiber Optic and Laser Sensors VIR. P.

. epaula and E. Udd, Eds, 1990, pp. 2-12.

user. Therefore, after some acceptable noise level was reasoiy) —— “Multiplexed fiber optic sensors,” iDistributed and Multiplexed
ably defined, the user can arranged a sophistical system accord- Fiber Optic Sensors Il—Proc. SPIE 178K P. Dakin and A. D. Kersey,
ingly, with well-defined spectral linewidth of the laser source, Edf_'éigggpg_' oo %]?‘55_ Y. Kim. and H. 3. Shaw, “Time-domain ad-
ER of OGW and the operational constraints of the EDFA etc. dressing of remote fiber-optic interferometric sensor arrayslight-

wave Technol.vol. LT-5, pp. 1014-1023, 1987.
[4] A. D. Kersey, M. J. Marrone, and M. A. Davis, “Polarization-insensi-
V. CONCLUSION tive fiber optic Michelson interferometerElectron. Lett, vol. 27, pp.
518-520, 1991.
In conclusion, we have investigated the optically amplified [5] M. Martinelli, “A universal compensator for polarization change in-

. . : duced by birefri tracing bea@pt. C vol. 72,
TDM-PIFOMIS systems, with PGC demodulation technique, p;?§4l_y342?{§§§”ce on & retracing bealdpt. Commun.vo

using EDFA's in different positions. We find that the preampli- [6] S.C.Huang, W.W.Lin, and M. H. Chen, “Time-division multiplexing of

fier has limited usefulness owing to its unstable amplification polarization-insensitive fiber-optic Michelson interferometric sensors,”
of the optical pulse trains. Although the ASE noise generated,; <Py & vol- 20, pp. 1244 1246, 1995.
p p : g g [7] S. C. Huang, W. W. Lin, M. H. Chen, S. C. Hung, and H. L. Chao,

by an EDFA degrades the ER for small input signal, both post- ~ “Crosstalk analysis and system design of time-division multiplexing of

and in-line EDFA's configurations can still work successfully. polarization-insensitive fiber-optic Michelson interferometric sensors,”
Th litud f th ical pul . il bl J. Lightwave Technaqlvol. 14, pp. 1488-1500, 1996.
e amplitudes of the optical pulse trains are still very sta e[8] A. Dandridge and A. B. Tveten, “Phase noise of single mode diode laser

after amplified by the in-line EDFA. This is a significantly ad- in interferometer systemAppl. Phys. Lettvol. 39, pp. 530-532, 1981.
vantage ofthe optically amplified TDM-PIFOMIS system com- [9] S. C. Huang, W. W. Lin, and M. H. Chen, “Crosstalk analysis of time-

. . . . division multiplexing of polarization-insensitive fiber optic Michelson
parEd with other TDM sensor systems in which those optlcal interferometric sensors with 3 x 3 directional coupleppl. Opt, vol.

pulse trains propagate in the output lead fiber with interfer- 36, pp. 921-933, 1997.
ence Slgnalsl The MPDS for the unampllfled TDM-PIFOMIS [10] P. Nash, “Review of interferometric Optlcal fiber hydrophone tech-

. . = nology,” Inst. Elect. Eng. Proc.—Radar. Sonar Nayigol. 143, pp.
system at about 1 kHz is obtained2a$x 10~ rad/(Hz)/2. For 204 509, 1696, 9 Ve PP

maintaining the MPDS better th&m x 10~° rad/(HZ)l/Q, the  [11] Y.K.Chen, P.C. Law, and S. C. Huang, “Experimental investigation of

worst ER for the post- and in-line amplifier cases are 20 and 18  optically amplified time-division-multiplexed polarization-insensitive
dB ivel dth dinaii . | K fiber-optic Michelson interferometric sensor systemgpl. Opt, vol.
, respectively, and the corresponding input signal peak power 37" ,,"6615-6622, 1998.

should be larger thar-20 and—25 dBm, respectively. While [12] A. Dandridge, A. B. Tveten, and T. G. Giallorenzi, “Homodyne demod-
employing such two postamplifiers and two in-line amplifiers, ulation scheme for fiber optic sensors using phase generated carrier,”
he allowable | f the sensing array 47 dB can be realized f IEEE J. Quantum Electronvol. QE-18, pp. 1647-1653, 1982.

t e allowable l10ss 0 g y cHS] S. C. Huang, J. S. Tsay, and W. W. Lin, “A control method to maintain
this TDM-PIFOMIS system. the maximum extinction ratio of optical pulses from an intensity modu-

According to the theoretical analysis, the effective phasg, ft%}m%%gfgg' Submitted for Pl ckson. and . G. Gi.

noise d¢,, (or MPD_S) Qf the optically amp_lified TDM-PI- allorenzi, “Single-mode diode laser phase noigepl. Phys. Lett.vol.
FOMIS system is primarily due t#;, of the optical pulse from 38, pp. 77-79, 1981.
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