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Fig. 1 Numerical simulation results of phase variation sensitivity. (a) Numerical simulation results of phase variations under different

external RI; (b) numerical simulation results of phase variation sensitivity in different diameters of taper waist when external RI

changes
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Fig. 4 Schematic of relative phase in the sensing area before and after changes in external RI. (a) Phase of reference signal; (b) phase of

measurement signal; (c) distance domain signal in the sensing region of tapered fiber; (d) relative phase between reference and

measurement signals before external RI change; (e) relative phase between reference and measurement signals after external RI
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Relative phase unwrapping curves before and after radius denoising. (a) Relative phase unwrapping curves without radius

denoising; (b) relative phase unwrapping curves with radius denoising, and the inset shows local phase noise in the phase

unwrapping curve after denoising

AR 6 X AP IR 5 M B Agp (=) BEAT HH AL A 2 4%
Ab B S RN S (b) Prs o n AT i s A 2, 20 2
e,y PR P S %0 7 M 2 8 D 2 45 B T AR L A 4
AN TRL T S 23 0 AR A 7 7 A % DX Il 5 B e 89 20 oy A

o ML SCh) B4 AT LA B, 00 i 235 SR ATS SR A7 AR 3K
REGARL BB, PRI 5 247 1 b B

RRT X IR 6 )5 Ag (2 ) WA AL A 9 58 45 SR AT
SR U AR B R R AR S SR A R s T B H

0806002-5



a4 % E 8 HI/2024 £ 4 B/HHEER

AR R B L TR BOBONE T H A RO AP Y
fE DA S B L W o SR, O 20 O R R S AR
OFDR & 25 [ 43 HE % . OFDR R 45 (14 4% Jgk 2= ] 43
PR AX W] LIFRIR K

AX=H-AZ, (12)
X :AZ=¢/(2n+AF )} OFDR & 45 b & A $0ds o5
XF R A a5 B) 4 BE 3R 5 0 O R DU G EF 0 T S R
AF b #0638 0 HUW0E B . R S8 56 19 43 08 3 [
1510 GHz, K I iX B AZ=68 pm. & 6(a) /R T
340 pm & 823 8] 43 HE R (H=5) hi HE N £ 4% 5% X 3
FA AT BB B 1 AR Ak o T DU RO S8 o 7 Y
HEAT BIE U8 % , 340 pum 15 8% 25 8] 73 B 38T 1% S8 X sl A7
S A A il 5 | S AR AL AR ABATY SR TC 1 X4y o 3k o Al 22
U5 T 15 () 4 Pl e i A 7 B S L DR, T R D
R 7V 290 4 (B AT E— 20 T T AL 3

(a) 12 F
—0-1.334761 O 1.334798 /- 1.334835
1334872 —O—1.334909 < 1.334946
1.0 | —>— 1334983
B H=5
§ 0.8 AX=340 pm
o
‘=
2 06
s |
S 04
- i
Q
Q: 0.2 ‘ ‘ "\. >I
> | ': | i ‘ I‘Ii |
i ‘u‘ﬁj"'ﬁf"!‘,‘“ %2‘ thif I
ol b
2.08 2.13 2.19 2.24 2.29
Distance /m
© —0—1.334761 —O—1.334798 -~ 1.334835
04 }——1334872 —0—1.334909 —i— 1.334946

—>—1.334983

------ | H=5

=
w

Phase variation /rad
I=}
[\V]

0.1}

2.08 2.13 2.19 2.24 2.29
Distance /m

AR XA BR T B 28 S AT /N T W R I R AT
Tl Ak L, 45 B A1 S 5 23R A A sk A A7 B 7 0 £F 47
B, T REZEAEY AT RN H T
TEOK 9 HE 22 gl oK 9, A I 52 30 30K 918 29 A =K 3T 5
AT R R R S B BOK G o3 A =X AR W AT R L
fifi Fil Daubechies /N % 25 B8 7 5 249 0% B I A9 508
PEATHE— 2 W AL B, SEH IS B9 AR X A AL Ag (=)
28 3o 43 Ak PR S RD AT A5 FIR 47 Bl AR D O £F RS 1Y AR
fb o E6(b) R T AU /NI 25 e, B 68 pm 1% 2%
25 [A) 4 HE 2R (H=1) & $LHE I 45 1% J8% X 3ek A A0 o 1 5
M2 AL . AT LA B, e /N 2585 | 68 pm f% 82 [A] 4y
R AR X S AT 5 R AR AL 5| S i AH A AR fE B L BRI
X 43 AH 2 i F 1 5 () 4 & v 04 40 o7 2 75 1 K, A% Jak
DX 38k 1) 1 R A5 S AE B R I B . 4 - 38 K
(H=5) H#t 47 /M KW J5 |, 7F 340 pm 1% & %3 8] 70 B

®) 0.6

—0-1.334761 —0—1.334798 —/— 1.334835
——1.334872 —0—1.334909 —<— 1.334946
0.5 | —>1.334983

o
'S
T

Relative variation /rad
1=}
w

0.2
0.1
0
2.08
Distance /m
d
@ @ test data 3
0.3 + —— linear fitting
o
£
o
S 02
>
g
é 0.1
y=1328.62-1773.3
R?=0.997
0 AX=340 ym
[ 1 1 1 1
1.334761 1.334835 1.334909 1.334983

Refractive index

P 6 fir ok D't 2T e SR DX IR 7 5 B 88 ) 78 1 o () (ST 3 25 W, L A% U2 i) 4 90 42 340 pom I, AR [l 47 59 53 R 37 Bl B 8 1) 722 Ak 5
(O A/ 26 W, B A% I3 1) 2 42 g 68 o IR S ] 3 S5 3 T AR B B 28 9 A8 4 5 (o) P2 2 IF 285 /Nl M5 £ g s (]
53 2y 340 o AN [R] T AR 56T AR 7 BE T 15 1 78 A, H o 20 68, 5 HE R i S DG 2F P AR R R, 4B O 45 mm, HEREE 1 AR

6 pmi; (d) 34 M IE 2 /NG LR 340 pom A2 IS (8] 23 B AT A 728 16 5 0 S 4T B3 25 2 Al i e e 0L 4 28
Fig. 6 Variations in phase with distance in the tapered fiber sensing region. (a) Phase as a function of distance at different RI only with
average denoisng when AX=340 pum; (b) phase as a function of distance at different RI only with wavelet denoisng when AX=

68 pm; (c) phase as a function of distance at different RT with both average denoising and wavelet denoisng when AX=340 pm,

and the red dashed box corresponds to central sensing region of tapered fiber, with length of 45 mm and taper waist diameter of

6 pum; (d) after average denoising and wavelet denoising, linear fitting curve between phase and RI when AX=340 pm
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Abstract

Objective  Optical fiber refractive index (RI) sensors have caught widespread attention from researchers in biochemical
sensing and environmental monitoring due to their high precision, high sensitivity, resistance to electromagnetic
interference, corrosion resistance, low cost, and easy preparation. The commonly employed optical fiber RI sensors
currently include surface plasmon resonance, local surface plasmon resonance, fiber Bragg gratings, long-period fiber
Bragg gratings, fiber-optic whispering gallery mode, fiber Fabry-Perot sensors, photonic crystal fibers, D-type fibers, and
tapered fibers. However, most fiber optic RI sensors are currently single-point sensors and cannot achieve multi-point
detection or even distributed sensing. Based on the detection of Rayleigh backscattering spectra (RBS) in optical fiber,
optical frequency domain reflectometry (OFDR) features high measurement accuracy, high sensing spatial resolution, and
long measurement distance, which makes it very suitable for distributed RI sensing. Distributed RI sensing can not only
obtain the RI magnitude in the solution but also locally detect the diffusion processing of the solution and test the

distribution of fluids. These are all that single-point sensors or even quasi-distributed sensors cannot achieve.

Methods Traditional distributed RI sensing based on OFDR adopts a cross-correlation demodulation algorithm, which
has sound noise suppression ability and stability. However, it is difficult to achieve distributed RI measurements with a
micron-level spatial resolution. Therefore, this type of distributed RI sensing based on cross-correlation demodulation is
not enough to be applied to distributed biological analysis, drug design, and other fields. Unlike cross-correlation
demodulation methods, OFDR based on differential relative phase demodulation realizes sensing by the relative phase
change of RBS. Since the differential phase demodulation method directly measures the relative phase change caused by
external RI changes, this method is more sensitive than traditional cross-correlation demodulation methods. Therefore, the
differential relative phase demodulation method is expected to achieve distributed RI sensing with a micron-level spatial

resolution.

Results and Discussions We first theoretically analyze the principle of differential relative phase demodulation and the RI
sensitivity characteristics. To characterize the theoretical sensitivity of the differential phase demodulation method and
compare it with experimental results, we simulate the relationship between phase variation and external RI change at a
taper waist of 6 pm. The simulation results are shown in Fig. 1(a), and the slope of 1483.7 rad/RIU is the theoretical

sensitivity. Meanwhile, in Eq. (11), Af is related to taper waist radius r. Therefore, the relationship between theoretical
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sensitivity and the diameter of the taper waist can be simulated, with the results shown in Fig. 1(b). In the experiment, the

phase variations along distance in the sensing area of tapered fiber are compared when only average denoising and wavelet
denoising are adopted. This reveals that only average denoising cannot achieve distributed RI sensing at the micron level.
Meanwhile, with only wavelet denoising, the phase variations caused by the RI changes in the sensing region with a spatial
resolution of 68 pm can be distinguished. However, due to the excessive phase noise in the subfigure of Fig. 5(b), there are
still significant fluctuations in the demodulation signal of the sensing region. After average denoising (H=5) and wavelet
denoising, phase fluctuation noise can be well suppressed with a sensing spatial resolution of 340 pm. The phase variations
along the fiber distance under different RI can be clearly distinguished. The results are shown in Fig. 6(c). A linear fitting
curve between phase variations and the external RI change at the effective sensing region is shown in Fig. 6(d) with a linear
fit of 0.997. The maximum standard deviation at each RI is 0.0067 rad, and the smoothed measurement sensitivity is
1328.6 rad/RIU, which is close to the simulation results in Fig. 1(b). To compare the difference between the proposed
differential phase demodulation method and the traditional cross-correlation demodulation method, we utilize cross-
correlation demodulation to the data in Fig. 6. The linear fitting curve of the proposed differential phase demodulation
method is better than that of the cross-correlation algorithm. Meanwhile, the standard error of the smoothed differential
phase demodulation method is lower than that of the cross-correlation demodulation algorithm. More importantly,
compared to the cross-correlation demodulation method, the differential phase demodulation method increases the sensing

spatial resolution by 10 times, reaching the level of hundreds of micrometers.

Conclusions We present distributed RI sensing by tapered fiber based on differential relative phase OFDR. The principle
of the proposed method is theoretically analyzed and the sensitivity of phase variations with external RI changes are
simulated. In the experiment, we achieve distributed RI sensing with a spatial resolution of 340 pm after average denoising
and wavelet smoothing. The effective sensing area is 45 mm. The linear fitting between phase variations and external
RI change is 0.997 and the maximum standard deviation at each RI is 0.0067 rad. The experimental RI sensitivity is
1328.6 rad/RIU, close to the simulation result of 1483.7 rad/RIU. The linear fitting and standard deviation of the
differential phase method are better than those of the cross-correlation algorithm. More importantly, the sensing spatial
resolution is improved by 10 times. The proposed differential relative phase method based on OFDR provides a foundation

for achieving micrometer-level distributed biosensing.

Key words fiber optics; distributed optical f{iber sensing; refractive index sensing; optical frequency domain reflectometry;

differential phase demodulation; tapered fiber
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