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SOA: semiconductor optical amplifier;

EDFA: erbium doped fiber amplifier;

PS: polarization scrambler;

RF-IF: radio frequency-intermediated frequency;

trigger

FUT: fiber under test;
e E23 o

FBG: fiber Bragg grating;

PD: photodetector;
DAQ: data acquisition card & 3
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Fig. 4 Device diagram of BOTDR system based on STFT

F4) I S A5 5 e ok v Jo] 30 07 8 45 23 S W 07, #B £ AT FET
Ab B I H A 12800 W, 4 3 £8 45 R O P4 A AR 9 I
b6y A AT LR 2 1 5 LU, RS R AT LR R S R A

circulator 1
1 2

ZZAUA LR B O (E, O X (5) R 15 &5 A i AL
{5 B s BRm , A Hs 35 A TR AR 15 8 1 I A 5 R AT 45 0

Ab BB 72 A5 0 D' £ A2 I S I R B 7 B L

= e o oy

50 C

!

3

1665 m

205 m

K5 S BeT 1

Fig. 5

(& 6 (a) i 7 Sk % ik v 8] 91 9 0~1250 m Al 1250~
2500 m BB (E S 3T FFT A 3045 3 iy 4535 , o] LB
R I G 2R 32 K T S I A B 467 7E 1250~2500 m
Bl N o &L 6 (b) i 7 o X7 I 5% 25 1563~1719 m Al
1719~1875 m WY B (5 5 2647 FET b 345 2] (19 451 33
PR 5% 1 2 T #0  AT AZ 3R AR R A %) 0 A% U, T LA Y R
WS EF 32 K W 5 B 7 B YL BBl R 1563~1875 m, &K
JE Ry de R AT RO 2F K 2500 m 9 1/8, 18 R AL 5 ik
T STFT % BOTDR % 4t £ M 12800 41 %k #i& + 19
130 m YG£F iR A8 B8, & Ge i is Bk ] o8 482 s FI
FF % FET 9 30 R AR 130 m B2 E B,
Z G s A Ny 68 s, B[] 45 48 2 Ok 1Y 1/8.

Bl 6 (c) Br 7n i X FF U O 2F 1641~1680 m Al
1680~1719 m B B3 A5 5 247 FET Ab 3845 21 5 4 5
Al LA #,1641~1680 m Bt BE A & # iRA5 B AL &
TR 78S B, 1680~1719 m Bt B4 & 1R 728 {5 B, [
BE 1 DU S £F 52 K i 5 I JF IR 4 B 7E 1641~
1680 m o [ 6(d) fr 7 A Xt R M DE£F 1719~1758 m
1 1758~1797 m MY B3R5 5 16 17 FET 4b 15 2] 1Y 45

Optical fiber to be tested in experiment 1

T, A LLE F L, 1719~1758 m Bt H 4u & 48 15 B ik
1758~1797 m B WL & & A5 8 0 A& iR A2 (5 2
WA, DRI AR D D' 32 K s i I A B 485 TR E 1758~
1797 m N .
3.3 FTESPEREEF LIS

J T AR F STET (1) T8 KA 2% 0T 52 80 25 (1] 4
PR ISR T T R 7 s P SEERFEIN R 2, £
940 m &b , B 5 I G A 98 28 Y 4 4, B — 8 10 K 43 )
3 10.5.1.0.5 m, H 4148 P & Ot £F Z 8] i B 5 0
30 m, F 7K VA B8 63X 4 8 G 2F BEAT I . ZE i bk o
Fo BEVUEE A 100 ns, WK B R 40 kHz, 18 8(a)~(c)
JIF 7 43 5 Sk B G £F 19 925~1065 m BE % i hn #4 5)
40 CHUINAAE] 50 CHE A7 BLIH3E 25 3% 04 o 16 9(a) |
(b) 1 7% 43 ) Ayl 2ok 4% 58 508 503k UEL 8 (b) () TR
B AT BEL K G 25 335 40 A b B IR A R ) A B IR AR RS oy
fie ME9C(a) T LLE B, 5 T 5% FIE/ LM STET
Bk HREAS I B 10 m K BE Y IR EE AR Ak, HO7E 10 m Bt
T 25 8] 23 9 R0 AL  R EE B A R 12. 8 m. 50 “CHY
A LYK B 25 0% 06 EE 5 T 40 “CHO A B UK 3 25 1% g (Y,

1406004-5



£ 435 F 14 H9/2023 £ 7 A/ FZH

@ " ~0-1250m
- fa — 1250-2500m

<&
-16 f\

= £f /1\‘»‘
7\ \
-t &
£ 20 7 b
o
(=W

-22

-24

3.2 3436 38 4042 44 46 485.05.2
Frequency /(108 Hz)

© ~+1641-1680 m

6t =1680-1719m

Power /dBm

3234 3638 4.0 42 44 4648 5.0 5.2
Frequency /(10° Hz)

(®) +1563-1719 m
-10F -1719-18756m

|
—_
o]

-20

32 3436 38 40 42 4.4 46 48 5.05.2
Frequency /(10° Hz)

(@ ~1719-1758 m
_gl =1758-1797m

3.4 3.6 3.8 4.0 4.2 4.4 4.6 48 5.0 5.2
Frequency /(10% Hz)

B 6 %4 FET #8503 . (a) XF 0~1250 m H1 1250~2500 m B} 38 (5 5 3 45 FET &b #1458 5 (% 5 3% 5 (b) %t 1563~1719 m Fl

1719~1875 m By 35 5 #E4T FFT 4k 345 2] A 453 5 (¢) X 1641~1680 m Fl 1680~1719 m Wi 8k {5 5 BEAT FFT &b 28 15 51 1y 43t
%5 (d)XF 1719~1758 m Ml 1758~1797 m B 4847 5 647 FFT b 345 51 1 4 3%
Fig. 6 Frequency spectra constructed by equal division FET. (a) Frequency spectra by FET processing of 0-1250 m and 1250-2500 m
time domain signals; (b) frequency spectra by FFT processing of 1563-1719 m and 1719-1875 m time domain signals;
(c) frequency spectra by FET processing of 1641-1680 m and 1680-1719 m time domain signals; (d) frequency spectra by FFT
processing of 1719-1758 m and 1758-1797 m time domain signals

940 m 0.5 m 30 m 1m 30 m 5m 30 m 10 m

K7 ScHfriter 2
Fig. 7 Optical fiber to be tested in experiment 2

D) T U ) e /N RS S i I . B 9 (D) TR L e
D2 5 m A BEF 10 m K BE 9 Tk B2 A8 £k, (EXT 7 19 45
KR 4. 6 mA12.2m. K 9(c) . (d)FrR Nl
FLF STFT 1 T4 K MH 56 A 2245 3] /9 A5 5L A3 8 43
Ao [FIREHL , B T 50 “CHY A LUK 3 25 0% 04 (H 220 T
40 “Cry A BN 1S 25 35 W, BE T STFT 1Y -8 R AA %
FEFRE DG £F B 3 BE A 40 “CRFAR IR £ 0. 5 m K B9 IR
JEAS AR, i 7E 50 “CHE AT LLKE I 2], H 3 F STFT i 3
R ARV A6 1 0 6 2F 14 3 BE R 50 “CR 5 225 1 1 K
BERF 40 CHREAG R BE . 1 9Cc) s I 21 /% 38 A48 B K
FEA 8 10. 6.5, 4.1, 2 m, 1 &1 9(d) H kG ) 21 () 35 A8
B K918 10.6.5.0.1.2.0. 6 m. $ 15 0 % £F 3%
A3 AR E] 40 “CHIK v 58 B 3 S 100 ns B, 5 F A& 50
S0 B v B STET-BOTDR & 4 25 18] 4> ¥ & K

12.8 m, flfi A SCHE T STFT ) T KL, R
Gi 1 23 (] 43 BER AR AL B 1.2 mo B3I % 25 35 43 i A 5]
50 “C A ik w9 BE B E R 100 ns B, 3 1L 48 56 5 ik
B STFT-BOTDR & 4t i %5 [8] 40 HF R 4 4. 6 m, 1M fifi
JHHET STET By il KA VL AL F BT, & 58 1Y 25 [H] 3 3¢
AL E] 0.6 mo

.

2 — BT B A T R A S B BOTDR A
W R PR 07 S 5 (8] 23 B AR SR B R o o IRIR 1R S
PEAT AN W 25, O R I 2E AT FET 40 3, R ] 5-0OR(H
T A B A A LN G A B E IR A Bl AR B A AR Y
FLE L, T R G ia o gesh, % i STET
PRI B0 = o A MR £ 0 R AT TR R (R AL B A A

1406004-6



2435 F 14 H1/2023 £ 7 B/RFZEH

Power /dBm Power /dBm
®) 46
45
= 44
%
T 43
% 4.2
?'; 4.1
= 4.0
3.9
: 3.8 7
925 945 965 985 1005 1025 1045 1065 925 965 985 1005 1025 1045 1065
Distance /m Distance /m
Power /dBm
925 965 985 1005 1025 1045 1065
Distance /m

8 I £ 7R A [ i 1 A9 A T M98 25 335 20 A1 o () TR S 27 P45 4 0 5 (D) A3 40 °C5 (o) Im#A# 50 °C
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Abstract

Objective In the past three decades, Brillouin optical time domain reflectometry (BOTDR) has attracted widespread
attention from researchers and has been applied to health and safety monitoring in various engineering structures. BOTDR
based on short-time Fourier transform (STFT) performs signal processing on the broadband signal of the Brillouin
scattering spectrum. The acquisition time of the broadband signal is shorter than that of the frequency sweep system, and
therefore system response is swifter. Spatial resolution and frequency resolution are two important performance parameters
of the STFT-BOTDR system. The former, spatial resolution, is proportional to optical pulse width and related to the
form and length of the window function. The latter is related to the signal-to-noise ratio of the electrical signal, step length
of frequency, center frequency of the Brillouin gain spectrum, and full width at half maximum. The two resolutions
correlate with each other. Meanwhile, the computing time of the STFT is related to the set parameters of frequency step
length and of the sliding window. As a result, improving the system frequency resolution will increase the system's
computing time. How can we optimize the photoelectric design and improve the efficiency of the demodulation algorithm
under the current system of typical BOTDR to obtain highly enhanced spatial resolution by using economic optical pulses of
common width (instead of using narrow pulses and other costly photoelectric modules)? The solution to the question is

essential to the extensive and large-scale application of BOTDR in the engineering field.

Methods We propose a maximum-seeking method based on the BOTDR system, which realizes the rapid positioning of
frequency shift and the enhancement of system spatial resolution based on fast Fourier transform (FFT) and STFT. The
maximum-seeking method based on the equal division FFT process first performs FFT processing on the time-domain
signal and linear fitting and then maximum-seeking processing on the spectrum within the frequency range of 100 MHz on
both sides of the Brillouin center frequency. Then, by using the judgment Eq. (5), it determines whether there is
temperature variation or strain information and then continuously divides the time-domain signal. Finally, it selects the
corresponding length of the time-domain signal to determine the temperature variation or strain frequency shift range, thus
realizing the rapid positioning of frequency shift and reducing the system’s operation time. The maximum-seeking method
based on STFET first processes the time-domain signal with STFT to construct a three-dimensional Brillouin gain spectrum
and then builds a Brillouin frequency shift distribution through the maximum-seeking method. The Brillouin frequency shift
curve is corrected by using the judgment Eq. (7) in different situations, determining the length of the short-distance

temperature variation or strain segment, thereby improving the system's spatial resolution.

Results and Discussions In the experiment, we design a BOTDR system based on STFT and quickly locate the heated
fiber in a section of 130 m the fiber of 2 km under test. We use the spectrum constructed with equal division FFT (Fig. 6)
to determine the position of temperature occurrence based on whether the frequency shift peaks appear in each segment of
the spectrum. The traditional STEFT-BOTDR system detects fiber temperature variation data of 130 m in 12800 groups of
data, with a system operation time of 482 s. By using the maximum-seeking method based on equal division FFT, the
system operation time for detecting the temperature variation information of 130 m is reduced to 68 s, which is 1/8 of the
original time. The calculation speed is much improved. At the same time, to verify the enhancement of spatial resolution

by using the maximum-seeking method based on STFT, we design test fiber 2 (Fig. 7) with heating section temperatures
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set at 40 °C and 50 °C. Under the condition of setting the probe light pulse width to 100 ns, we use the traditional peak

search algorithm and the maximum-seeking method to process the constructed Brillouin frequency shift distribution (Fig.
9). From the experimental data of Brillouin frequency shift distribution (Fig. 9), it can be seen that after using the STFT-
based maximum-seeking method, the system's spatial resolution is optimized from 12.8 m to 1.2 m under the heating

section at 40 °C and from 4. 6 m to 0. 6 m under the heating section at 50 °C.

Conclusions We propose a new method to achieve rapid frequency shift positioning and spatial resolution enhancement in
the BOTDR by using the maximum-seeking method. By continuously dividing the original signal and performing FFT
processing, the maximum-seeking method processes the two-dimensional Brillouin gain spectrum to determine the position
range of temperature variation or strain segments, reducing the system's computing time. At the same time, the three-
dimensional Brillouin gain spectrum obtained from STFT is processed by using the maximum-seeking method to construct
Brillouin frequency shift distribution, reducing the minimum detectable temperature variation or strain segment length and
enhancing the system's spatial resolution. In the experiment, an STFT-based BOTDR system is designed. By using the
maximum-seeking method based on equal division FFT, the heated fiber of 130 m in the test fiber of 2 km is quickly
located, reducing the system's operation time to 1/8 of the original and improving calculation speed. Simultaneously,
under the condition of setting the probe light pulse width to 100 ns, a spatial resolution of 0.6 m is achieved on the test
fiber of 2 km. The experimental results show that this method can further improve the performance of existing STFT-
BOTDR systems without sacrificing other sensing performance parameters. By using the maximum-seeking method based
on STFT, the sub-meter level spatial resolution is achieved. Compared with the traditional BOTDR system, the STFT-
BOTDR system based on the maximum-seeking method has faster detection speed and better spatial resolution in
engineering applications. Besides, this method helps to obtain higher system performance under limited system cost,
making it easier for low-cost and high-precision BOTDR systems to be used in larger quantities at construction sites,
bridges, and other occasions, thereby accelerating the engineering and large-scale application of distributed fiber optic

sensing technology.

Key words fiber optics; Brillouin optical time domain reflectometry; short-time Fourier transform; maximum-seeking

method; positioning; spatial resolution
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