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Fig. 1. (color online) Schematic diagram of distributed

fiber optic Sagnac interferometer.
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Fig. 2. Waveform of the phase difference signal for a

knock at 40.498 km away from the far end of sensing

cable.
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Fig. 3. (color online) Localization results for (a) self-
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correlation algorithm and (b) null frequencies algo-
rithm. Red lines are the respective localization curves,

and the dark boxes are the localization values.
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Table 1. Localization results of intrusion occurring at 40.498 km by null frequency algorithm.

k
1 2 3 4 6 7 8 9 10 11
2k —1 1 3 5 7 11 13 15 17 19 21

Soun/Hz 1289 3789 6367 8906 11445

fv/Hz 1289.1 1263.0 1273.4 1272.3 1271.7

13945 16523 19023 21601 24102 26680

1267.8 1271.0 1268.2 1270.7 1268.5 1270.5

Ly /km 39.851 40.672 40.340 40.375 40.395 40.520 40.416 40.505 40.427 40.496 40.434
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Fig. 4. Cepstrum coefficient for the phase difference

signals with decimating factors of 40. The peaks cor-
respond to the time interval, in which light propagates

to the position of the intrusion twice.
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Table 2. Localizations of the 1st, 2nd, 3rd, 4th harmonic peaks for decimating factors from 30 to 50 by the

cepstrum algorithm.

BERBET — Wi /km B km S km DB km BERAEE T B /km B /km B /km PURTIE km

30 40.068 40.454 40.411 40.518
31 40.608 40.608 40.351 40.614
32 40.274 40.274 40.274 40.479
33 40.685 40.685 40.462 40.518
34 40.171 40.608 40.360 40.531
35 40.454 40.454 40.539 40.518
36 40.685 40.685 40.719 40.479
37 40.865 40.390 40.265 40.653
38 40.993 40.505 40.428 40.569
39 41.070 40.569 40.257 40.460
40 40.068 40.582 40.411 40.582
R ENE

41 40.017 40.544 40.214 40.428
42 39.914 40.454 40.360 40.518
43 40.865 40.313 40.505 40.595
44 40.685 40.685 40.274 40.377
45 40.454 40.454 40.411 40.422
46 40.171 40.171 40.548 40.454
47 41.045 40.441 40.283 40.473
48 40.685 40.685 40.822 40.788
49 40.274 40.274 40.120 40.473
50 41.096 40.454 40.668 40.454
Mean 40.531 40.490 40.413 40.519
40.489 km

e UE BRI A Rk, L A — AL B
BT IR, 25 X5 1E 50.131 km &b PL J
100.016 km Ak & li& IR AN A=, = PoE A B x)
KNI EMESRES TR, MNE3WTLE
B, ASCHE BRI e AR ZE RS E AE 40 m BAF,
Fel (11) HEI 7 UOE MR ZE PR HEZE 2 12 m.

\2
o Z<N> .
T E AH 9% 75 3 B B I A5 7 7 B bR HE 22 43 3l 35 3]
695 m A1 118 m. BT EL, T A SCHRE Y AR
VLB RORAR T 53 A Fh 5 .
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Table 3. Localization results comparison for the three algorithm to same intrusions.

ER B VRES Fea it o5 J5 1k 3tk v
Fe SlALE /km
ERLE /km 2% /m SERLE /km %% /m FERLE /km %% /m
1 40.498 39.786 712 40.403 95 40.489 9
2 40.498 41.712 1214 40.845 347 40.515 17
3 40.498 40.196 301 40.551 53 40.487 11
4 50.131 51.190 1059 50.186 55 50.116 15
5 50.131 52.397 2266 50.440 309 50.096 35
6 100.016 99.914 102 99.975 41 100.014 2
7 100.016 100.300 284 100.172 156 100.052 36
FIRAREAZ 168 LU 25 Sk, FEAMT R 32 B0 S8 07 ) 2 or
4 % -

AR T 5340 KOG 4F Sagnac T AXfE RN
RIEALTTVEIA L, FF6E T — Mo 2. A
IR AR AL 2245 5 BTSSR AL B T %
TIEHR TR T 2 B8R 7 F 2 Hr 3115 06, 5 A
— N2 A5 2] — RFENAE, nI NAR AT HER 1)
SENL. A RAAE 40 km fIT AR, K =F
1453 M AL, 25 5 BRI 2 43 PR30 2
R J72A49 B ) 58 AL E BoRs i, 8 T 52380 B B A U
SIS A T HARAL B NRAE SR e AL R
RN R 2518, BuE 1% 7 VAR AT 1, 1k B
Z 7V RN R 20 A OB 2F Sagnac 1952 FH M AT E AL
FaoE .

{HI2, I IEIRAFAE— LR IR, £ BRI
JIHL 5, A ATl R R RS T R B
), A3 0E SR, KREZHANR
E5ReT 2 X — %A, B RA R e s s
B ARG D ENARAT 5 B R PR AE L E 22 5
(IS N N C N IREN CE VAR
B FEBIE RN KR I BE ALKV, s i) 5] 0 i
IR T — BN BERAE R, SORHSE 315 1 7
Pk TR, HEFAARRA — M E A, B
FVEAROESL. 5, fESLbr N A, REE R
TGS ERE TR FER /N T 1, XMEL T HT
M FE (T, PN R D, HEANHRA,
SIS 15 B AR, B R NS 35 b B
M BRI IE R E A 45 . 5 SRR AR
PLTVEAERR SR 26 B9 TAER B, ani A8 A5 5
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Abstract

Distributed fiber optic sensors are studied extensively, for monitoring abnormal events in continuous space, due
to the advantages of immunity to electrical interference, non-conductivity and light weight. Moreover, the position of
abnormal events, such as intrusions, could be determined directly without additional measurements. Among the various
techniques, Sagnac interferometers prove to be promising for providing high sensitivity and large dynamic range in
detecting intrusions. Two interference light beams are used which are naturally of equal optical path length in static
status. When an intrusion occurs along the sensing fiber, the two light beams arrive at the intrusion position in different
time and thus cause different phase changes induced by the intrusion. Analysis of the phase difference signal can predict
the intrusion position, as well as the existence of the intrusion. As a Faraday rotator mirror (FRM) connected in the far-
end of sensing fiber, both beams travel twice to the intrusion position after being reflected by the FRM. The propagation
time interval T" between the two interactions corresponds to the distance between the intrusion position and the far-end
of sensing fiber L, which is further extracted as the localization of intrusion. Previously, the auto-correlation algorithm
deals with the phase difference signal in the time domain and the null-frequency algorithm is used in frequency domain to
calculate the distance. However the poor localization performance usually can not meet the requirement in high-quality
monitoring applications. To determine the position of an intrusion effectively and accurately, the localization algorithm
which deals with the phase difference signal in cepstrum domain is proposed in this article. Inspired by the research on
the pitch examination we first introduce the algorithm for intrusion localization. Through theoretical analysis, the phase
difference signal can be regarded as the convolution of the original waveform of intrusion and the T-related transform
function. By applying the fast Fourier transform to the logarithmic spectrum, the phase difference signal is changed
into the cepstrum domain, where the original waveform of intrusion and the transform function behave differently and
are separated. The propagation time interval T', as well as the distance L., can be directly acquired from the peak
produced by the transform function. In addition, to overcome the roughness in localization resolution brought by down-
sampling of the phase difference signal, the decimator factor is scanned from 30 to 50 for multi-resolution localization

at an original sampling rate 4 million/s™".

Besides the basic peak, high order peaks also emerge in the cepstrum in
high signal-noise-ratio condition, which can also be used for localization. Since the localizations from different decimator
factor and different peaks spread around the actual distance, an average of all reasonable localizations is calculated as
the ultimate localization result for the intrusion. Firstly in experiments, intrusions occurring at a position 40.498 km
are produced for the verification of the algorithm. The localizations are 40.489, 40.515 and 40.487 km, with localization
errors as small as 9, 17 and 11 m respectively. Intrusions at different positions are tested and also correctly localized.
For comparison, the standard deviations of localization error are respectively 695 m and 118 m for the auto-correlation
algorithm and the null frequency algorithm, which are 58 times and 10 times of the result 12 m, which is obtained by the

proposed cepstrum algorithm. The performance suggests promise to achieve better localization in practical applications.

Keywords: Sagnac interferometers, cepstrum, localization algorithm, multi-resolution
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