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Phase Demodulation Based on K-Space With High
Sensitivity for Interferometric Fiber Sensor

Ling Chen , Jiewen Li, Jiajun Tian , Yang Bang , Kedi Tang, and Yong Yao

Abstract—This study firstly proposes and experimentally
demonstrates a phase demodulation method with high sensitivity
for interferometric fiber sensors (IFSs) on the basis of the fast
Fourier transform of a wavenumber domain. The phase informa-
tion of IFSs triggered by changes in environmental parameters
is obtained by calculating the initial phase variation of a specific
Fourier-transformed spatial frequency. Theoretically, phase sensi-
tivity can be improved by n times when the optical path difference
(OPD) of a spatial frequency peak is increased by a multiple (n
times) of the OPD of other spatial frequency domain peaks. To
verify the method experimentally, this study designed a large lat-
erally offset spliced sensor formed by common single-mode fibers
on the basis of mode interference. The sensing characteristics of
temperature and strain in each set of two-beam interference are
analyzed simultaneously by calculating the phase sensitivities of
the frequency domain peaks. Furthermore, the highest reported
temperature and strain sensitivities of 0.0795 rad/°C and −0.0088
rad/με, respectively, with good repeatability are realized.

Index Terms—Fast Fourier transform, Interferometric fiber
sensor, K-Space, Optical path difference, Phase demodulation.

I. INTRODUCTION

INTERFEROMETRIC fiber sensors (IFSs) are widely used
for measuring external environmental parameters, including

gas refractive indices [1], temperature [2], [3], [4], strain [5], [6],
salinity [7], glucose [8], force [9] and respiration [10], because
of their many advantages, such as low cost, simple fabrication,
small size, anti-electromagnetic interference and high sensitiv-
ity/resolution. Generally, IFSs can simultaneously measure dual
parameters [11], [12]. More importantly, the dual-parameter
simultaneous measurement of temperature and strain occupies a
key position in structural health and environmental monitoring
[13]. The wavelength-tracking demodulation (WTD) method is
typically used in environmental parameter measurements (via
an optical spectrum analyzer [OSA]) to track the dip (peak)
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wavelength shift of IFSs caused by variations in physical pa-
rameters. However, spectral noise and wavelength sampling
rates may cause unpredictable errors, which could affect the
accuracy of experimental results [14]. Additionally, OSAs have
resolution limits, which unavoidably impacts the resolution of
optical sensors.

Compared with the traditional WTD method, phase demod-
ulation technology is extremely effective in preventing errors
caused by spectral noise and sampling intervals, which is ben-
eficial for ensuring the accuracy of experimental results. This
compensates for the shortcomings of the lower-accuracy WTD
method.

First, spatial frequency spectra (SFS) containing one or sev-
eral frequency peaks corresponding to one or several sets of
two-beam interference (TBI) are obtained via fast Fourier trans-
form (FFT) from interference optical spectra in the wavelength
domain (WLD) (λ-space) [15], [16], [17], [18]. Phase demodu-
lation is realized by calculating the variation in the initial phase
of each spatial frequency peak caused by variations in exter-
nal environmental parameters. Recently, the IFS-based phase
demodulation method has been reported to offer good perfor-
mance advantages. For example, Fu et al. proposed a multimode
interferometer on the basis of an offset spliced single-mode fiber
(SMF) structure with temperature and strain sensitivities of only
−0.026 rad/°C and 0.0003 rad/με, respectively [14]. Nan et
al. used a suspended-core microstructure optical fiber sensor
for temperature measurement with a low sensitivity of −0.011
rad/°C on the basis of phase demodulation [19]. Galarza et al.
proposed a new liquid-level sensor multiplexed system on the
basis of multimode interference microfibers with a sensitivity of
11.4 rad/mm [20].

However, the phase modulation method has not been fully
developed. For example, how to effectively improve the phase
sensitivity of IFSs remains problematic. Additionally, The SFS
of λ-space is particularly messy, and it is difficult to analyze
specific interference components (especially multibeam inter-
ference coexisting in one IFS) when Fourier transform is con-
ducted directly on WLDs. Therefore, to solve these problems,
SFS based on wavenumber domain (WND) (k-space) are firstly
obtained via FFT operation on k-space converted from WLD
by linear-in-wavenumber resampling, which is extremely effec-
tive for separating every frequency peak and avoiding spectral
artifact peaks [21], [22].

This study proposes a temperature and strain large-offset
spliced SMF IFS with high sensitivity on the basis of phase
modulation by calculating the sensor’s phase variation in the
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Fig. 1. Schematic diagram of single-mode fiber large-offset spliced fiber optic
sensor.

Fourier domain. The phase variation can be obtained by ana-
lyzing the intrinsic spatial frequency peaks in k-space, which
contain the most energy in a fiber interferometer. According to
theoretical derivation and experimental validation, if the OPD
of one frequency peak is n times that of other spatial frequency
peaks, the corresponding phase sensitivity will have an identical
relationship. In this study, the temperature and strain sensitivities
are 3 and 29 times higher, respectively, than those reported for
the same type of IFS; these values are the highest reported for
IFS structures based on phase modulation.

II. PRINCIPLE AND NUMERICAL ANALYSIS

The energy in an IFS is mainly distributed on several main
spatial frequency domain peaks and contains the phase infor-
mation of the optical fiber sensor. To better understand the prin-
ciple of phase modulation method, a compact large intentional
lateral offset in-fiber interferometer was fabricated by splicing
a short section of SMF between two SMF sections, as shown
in the schematic diagram in Fig. 1. Substantial misalignments
in higher-order cladding modes cause excitation. Because of
the large refractive index difference between the air cavity and
cladding of SMFs, different OPDs can be obtained by adjusting
the lengths of the SMFs sandwiched between two SMF sections
[23], [24].

The expression of TBI model-based SMF large-offset fiber
interferometer is constructed as (1) according to [25]. The terms
I1 and I2 represent the intensities of two lights; d and ϕ are
the OPD and phase difference, respectively; and A and B are
two constants related to the optical intensity and coupling ratio
between two optical paths.

I (λ) = I1 + I2 +2
√

I1I2cos
2π

λ
· d = A+Bcos

2π

λ
· d (1)

ϕ =
2π

λ
· d (2)

There will be a monotonic spectral shift along with the
variation in the OPD of the IFS caused by the environmental
parameters expressed in (3), in which Δd and Δλ are the OPD
variation and wavelength shift value, respectively:

I′ (λ)= A+Bcos
2π

λ
· (d−Δd) = I(λ +Δλ) (3)

However, several multibeam interferences usually coexist in
an IFS. When the wavelength range (span) is large, the direct
Fourier transform on the WLD often results in the expansion
and overlap of spatial frequency lines, which makes it difficult
to analyze the interference components correctly [26]. To solve

this problem, λ-space is firstly converted into k-space on the
basis of linear-in-wavenumber resampling to eliminate the in-
fluence caused by nonlinearity between the phase difference and
wavelength. Therefore, Eq. (1) can be rewritten as (4) and the
phase difference (ϕ) is a linear relationship with wavenumber k
defined as (5). The terms kj , λi andΔkj denote the wavenumber
sample, wavelength sample and error caused by resampling in
(5), respectively. Wavelength sample (λi) is sampled at equal
intervals of wavelength which is replaced by wavenumber at
the same number of samples kj with equal intervals. Therefore,
there is a little error at each point. However, since the phase
demodulation method is operated based on the overall Fourier
transform, Δkj has little influence on the obtained phase infor-
mation. The principle of linear-in-wavenumber resampling is
illustrated in Fig. 2(a).

I(kj) = I1 + I2 + 2
√

I1I2 cos[(kj

−Δkj) · d](j = 1, 2, 3 . . . . . .) (4)

kj −Δkj =
2π

λi
(i = 1, 2, 3 . . . . . .) (5)

Using the example of TBI, Fig. 2(b) and (c) show the sim-
ulated interference spectra of the different wavelength spans
(100 nm, 150 nm, 200 nm) and corresponding wavenumber
domains (0.208 × 10−3 rad/nm, 0.406 × 10−3 rad/nm, 0.525
× 10−3 rad/nm), where the values of I1, I2 and d are set
as 1 mW, 1 mW and 268 μm, respectively. The SFS of the
Fourier transforms on λ-space and k-space with wavelength
spans of 50 (1600–1650), 200 (1450–1650), 300 (1350–1650)
and 400 nm (1250–1650 nm), respectively are presented in
Fig. 2(d) and (e). A comparison of Fig. 2(d) and (e) reveals
that, when the wavelength span is small, the SFS on the λ-space
and k-space are basically the same. As the spans increase, the
SFS on the k-space can be distinguished clearly and ensure the
accuracy of phase modulation, although those on the λ-space
are widened. The greater the span, the more serious the SFS
expansion phenomenon. The spatial frequency distribution is
obtained by performing FFT operation on (4):

F (fm) = F (I (kj))

=
N∑

j=1

[I1 +I2] cos [(kj −Δkj) · d] e−j2πfmkj (6)

ϕ (fm) = arctan

{
Im [F(fm)]

Re [F(fm)]

}
(7)

ϕ′ (fm) = arctan

{
Im [F′(fm)]

Re [F′(fm)]

}
(8)

Where Im[F(fm)] and Re[F(fm)] are the imaginary and real
parts, respectively of the FFT results at the intrinsic spatial
frequency fm · F′(fm) is the spatial frequency distribution of
I′(kj). Then, the variation in the initial phase Δϕ can be
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Fig. 2. Simulated results: (a) The principle of linear-in-wavenumber resam-
pling; (b) Simulated TBI spectrum of different wavelength spans; (c) Simulated
TBI spectrum based on linear-in-wavenumber resampling in (a); (d) Spatial
frequency spectra (SFS) of TBI with different spans (50, 200, 300 and 400 nm)
based on λ-space; (e) SFS of TBI with different spans (50, 200, 300 and 400
nm) based on k-space.

calculated using (9):

Δϕ = ϕ′ (fm)− ϕ (fm)

= arctan
{

Im[F′(fm)]
Re[F′(fm)]

}
− arctan

{
Im[F(fm)]
Re[F(fm)]

}

= arctan

{
Im[F′(fm)]
Re[F′(fm)]

− Im[F(fm)]
Re[F(fm)]

1+
ImF′(fm)Im[F(fm)]

Re[F′(fm)]Re[F(fm)]

}
(9)

When environmental parameters cause the OPD to change,
Eq. (4) can be further rewritten as (10). The term kj is a

constant that represents phase sensitivity. The wavenumber shift
is denoted as δkj , which can be regarded as a constant because
the value of Δd is too small compared with d.

I′ (kj) = I1 + I2 + 2
√

I1I2 cos [(kj −Δkj) · (d−Δd)]

≈ I1 + I2 + 2
√

I1I2 cos [(kj + δkjΔkj) · d]
= I1 + I2 + 2

√
I1I2 cos [(kj −Δkj) · d+ δϕj ]

= (kj + δϕj) (10)

δkj =
kj ·Δd

d
(11)

δϕj = δϕj · d = kj ·Δd (12)

nδϕj = δkj · nd (13)

According to (11) and (12), the variation in the initial phase
of a specific spatial frequency (δϕj) is linear with d and Δd.
If the OPDs of different frequency peaks have multiple rela-
tionship, the corresponding phase sensitivities will also have the
same multiple relationship, as summarized in (13). Therefore,
theoretically, the phase sensitivity of the IFS can be increased
by n times based on this principle. Taking the SMF large-offset
fiber structure as a multimode interference model, this study
constructed a theoretical simulation on the basis of three-beam
interference to further confirm the feasibility of the proposed
phase sensitivity improvement method, which is expressed as
(14). The length of the sandwiched SMF is assumed to be 750
μm, and the refractive indices of the core, cladding and air are
1.453, 1.444 and 1, respectively. The OPDs between the different
modes are determined to be approximately 268, 283 and 551μm.
There is small difference between the OPD of peak 1 (d1 = 268
μm) and peak 2 (d2 = 283 μm). The sum of d1and d2 is equal
to the OPD of peak 3 ( d3 = 551 μm), which is about double
that of d1 and d2, according to (13).

I (λ) = I1 + I2 + I3 + 2
√

I1I2 cos
2π

λ
· d1

+ 2
√

I2I3 cos
2π

λ
· d2

+ 2
√

I1I3 cos
2π

λ
· d3 (14)

The interference spectrum has a constant wavelength shift
caused by external environmental parameters and its spectral
shape remains constant [14]. Fig. 3(a) and (b) present the sim-
ulated interference spectra based on WLD and WND without
waveform disturbance, where I1, I2, I3, d1, d2 and d3 are 2,
0.1 and 0.1 mW and 268, 283 and 551 μm, respectively. The
OPD increases in 0.1 μm increments. As shown in Fig. 3(c), the
corresponding SFS are obtained via FFT on k-space (black line)
and λ-space (red line). The specific interference components
cannot be distinguished from the SFS of λ-space, and they even
cause mistakes when analyzing the interference components.
However, SFS of k-space clearly reflects three-beam interfer-
ence, which, essentially, is the same as the OPD value set by
the numerical simulation. The simulated phase sensitivity is
presented in Fig. 3(d) whose relationship conforms to (13).
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Fig. 3. Simulated results: (a) Simulated three-beam interference spectrum
when the OPD increases in 0.1 μm increments; (b) Simulated three-beam
interference spectrum based on linear-in-wavenumber resampling in (a) when
the OPD increases in increments of 0.1 μm; (c) SFS of three-beam interference
based on k-space (black line) and λ-space (red line); (d) The relationship of three
spatial frequency peaks between OPD variation and phase variation.

Accordingly, it can be concluded that peaks 1 and 2 have the
same phase sensitivity value, i.e., half that of peak 3. To further
enhance the phase sensitivity, this study extended three-beam
interference to six-beam interference, which was simulated with
OPD variations of 0.01 μm (see Fig. 4(a)–(d) for the interfer-
ence spectra and corresponding SFS). Additionally, the result
in Fig. 4(d) demonstrates the simulated phase sensitivities of
peaks 7 (1067), 6 (804.4) and 5 (536.3 μm) is 4, 3 and 2 times of
peak 4 (268.1 μm), respectively. In short, the proposed method
has groundbreaking significance in terms of enhancing phase
sensitivity.

The accuracy of phase demodulation is affected by the OPD
variation step which depends on the change of the external en-
vironment parameters. The OPD variation steps of 10−14, 10−13

and 10−12 μm were selected for analyzing with numerical sim-
ulation where initial OPD, wavelength interval and wavelength
span were 250 μm, 001 nm and 400 nm (1250 nm–1650 nm)
respectively. The accuracies of phase modulation for different

Fig. 4. (a) Simulated six-beam interference spectrum when the OPD increases
in increments of 0.01 μm; (b) Simulated six-beam interference spectrum based
on linear-in-wavenumber resampling in (a) when the OPD increases in incre-
ments of 0.01 μm; (c) SFS of six-beam interference based on k-space (black
line) and λ-space (red line); (d) The relationship of four main frequency peaks
between OPD variation and phase variation.

OPD variation steps (10−14, 10−13 and 10−12 μm) were presented
in Fig. 5(a)–(c), respectively. When the OPD variation steps is
10−13 and 10−12 μm, high phase modulation accuracies were
obtained with excellent linear correlation coefficient of 0.9954
and 0.9999. However, when the OPD variation step is 10−14

μm, the accuracy of phase modulation is low and the linear
correlation coefficient is only 0.9299.

Finally, the sensing range of phase modulation was analyzed
and discussed. The measurement range is limited because of the
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Fig. 5. The accuracies of phase demodulation for different OPD variation
steps: (a) 10−14 μm; (b) 10−13μm; (c) 10−12 μm; (d) the comparison of phase
unwrapping and wrapping.

arctangent function with angular range restriction (−π/2, π/2).
In order to solve this problem, the initial phase is expanded to
realize the phase unwrapping shown in Fig. 5(d). The measure-
ment range of phase modulation can be further improved after
phase unwrapping.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The phase modulation method with general applicability and
great performance advantages can be applied for IFSs including
reflection and transmission type. Each frequency domain peak
of SFS based on k-space is perfectly separated and there is a
one-to-one correspondence between the frequency domain peak

Fig. 6. Measured results of FPI: (a) The reflection spectrum of FP sensor; (b)
the SFS based on k-space (black line) and λ-space (red line).

and OPD. In addition, it is also a powerful tool to accurately
reflect the cavity length for FPI sensor. Therefore, there is
no need to calibrate the cavity length by special software. In
order to verify the practicability and feasibility of the phase
modulation method, optical fiber sensors based on reflection and
transmission type were fabricated for experimental verification.

A. Reflection Type

A cavity length of 76 μm SMF (Corning, ITU-T G.652.D)
with offset of 80 μm was sandwiched between two sections of
SMFs to form the Fabry-Perot interferometer (FPI) with two
reflected mirrors composed of interfaces between the fiber end
face and the air (nair = 1). To ensure the accuracy of the cleaved
length, cleaving was conducted under a microscope. The three
ports of the optical circulator were connected to the broadband
light source (BBS) (FiberLake ASE), OSA (AQ6370C) and FP
sensor respectively. The light emitted from the BBS is reflected
at the two reflected mirrors with reflectivity of 4%. The reflection
spectrum in air and corresponding SFS based on k-space (black
line) and λ-space (red line) were shown in Fig. 6(a)–(b), respec-
tively. The calculated OPD (152 μm) between the two reflected
beams of FP sensor is twice the cavity length (76 μm) which
perfectly matches the OPD (153.2 μm) obtained by FFT op-
eration in WND. Therefore, there is one-to-one correspondence
between the peak and the OPD component. It lays the foundation
for the subsequent dual-parameter simultaneous measurement.

B. Transmission Type

The performance of the proposed scheme was evaluated via
a series of temperature and strain experiments. An IFS structure
with a large 78 μm offset was simply formed by fusion; a 746
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Fig. 7. (a) Microscopy image of fabricated single-mode fiber large-offset opti-
cal fiber sensor; (b) Schematic diagram of experimental device for simultaneous
measurement of temperature and strain.

μm length of SMF was spliced between two sections of SMFs
(see the microscopic image in Fig. 7(a)).

At the first splice point, a mismatch in the field modes caused
the excitation of the higher cladding modes. The optical sig-
nal emitted from a BBS was recoupled at the second splice
point received by the OSA. To ensure that the temperature was
accurately controlled, the fabricated sensor was placed in a
high-temperature tube furnace (SG-XL 1200, SIOM). As the
external temperature changes, the refractive index and length of
the IFS will also change because of thermo-optic and thermal
expansion effects.

The interference spectrum exhibited a red shift when the
temperature increased from 30 °C to 80 °C in 10 °C steps.
Fig. 8(a) and (b) show the interference spectra based on λ-
space and k-space, which is in good agreement with the sim-
ulation results. The corresponding SFS based on k-space and
λ-space is presented in Fig. 8(c) and (d) formed by three
beams and each peak corresponds to one TBI with OPD values
of 268.1 (peak 1), 283.6 (peak 2) and 551.7 μm (peak 3),
respectively. This indicates the excited two cladding modes
interfere with the light propagating through the air. The tem-
perature experiments involving heating and cooling processes
were repeated for three times and experimental results indi-
cated the sensor had good repeatability with a small error
bar.

As can be seen in Fig. 8(d) and (e), the average temperature
sensitivities of peaks 1, 2 and 3 were 0.0185, 0.0215 and 0.0384
rad/°C, respectively, in the heating process and 0.0189, 0.0209
and 0.0402 rad/°C, respectively, in the cooling process. Then, the
sensor was fixed on two precision transmission platforms with
an initial distance of 20 cm in the strain-sensing experiment. The
interference spectrum showed a monotonous blue shift when the
strain gradually increased from 0 to 600 με in increments of 100
με. As shown in Fig. 8(f), the strain sensitivities of peaks 1, 2 and
3 were −0.0028, −0.00281 and −0.00476 rad/με, respectively,
with high linear correlation coefficients of 0.9987, 0.9986 and
0.9984, respectively. Since the difference in OPD between peaks
1 and 2 is small (15 μm) and the sum of the two is equal to the
OPD of peak 3. Essentially, the temperature and strain sensitiv-
ities of peaks 1 and 2 are basically the same. The temperature
and strain sensitivities of peak 3 are approximately twice those

Fig. 8. Measured results: (a) Spectral response of the fabricated sensor with
a sandwiched single-mode fiber length of 746 μm vs. temperature variations
from 30 °C to 80 °C; (b) Interference spectrum based on linear-in-wavenumber
resampling in (a); (c) Spatial frequency spectra based on λ-space and k-space;
(d) The phase variation of the sensor when temperature increased from 30 °C
to 80 °C for three times; (e) Phase variation of the optical fiber sensor when the
temperature varied from 80 °C to 30 °C for three times. (f) Phase variation of
the fabricated sensor when strain increased from 0 to 600 με for three times.
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of peaks 1 and 2. The temperature and strain sensitivities based
on phase demodulation are consistent with theoretical derivation
according to (13).

When the OPDs of different interference components
have multiple relationship, the phase sensitivity can be
further improved by exciting more multibeam interfer-
ences. For verification, the length of the sandwiched SMF
was increased to 1210 μm to excite additional cladding
modes.

Fig. 9(a)–(c) show the interference spectra of the SMF large-
offset IFS based on λ-space and k-space and corresponding SFS.
Multibeam interference was obtained where the OPDs of peaks
5 (536.3), 6 (804.4) and 7 (1067 μm) were 2, 3 and 4 times that
of peak 4 (268.1 μm). The average temperature and strain sensi-
tivities corresponding to peaks 4, 5, 6 and 7 were 0.0216, 0.0406,
0.0591, and 0.0795 rad/°C and−0.0023,−0.0047,−0.0063 and
−0.0088 rad/με, respectively, as presented in Fig. 9(d) and (e).
The temperature and strain sensitivities of peaks 7, 6 and 5 were
4, 3 and 2 times those of peak 4, respectively. The temperature
and strain sensitivities of the IFS based on phase modulation
methods are the highest among the all-fiber structures reported
to date. The temperature and strain sensitivities based on phase
modulation are 3 and 29 times higher than those of the same
type of optical fiber sensor reported in the published literature
[14].

The relationship between the improved sensitivities and the
phase demodulation method is discussed in detail. According
to (13), the phase sensitivities corresponding to different fre-
quency domain peaks (OPDs with multiple relationship) have
the same multiple relationship as the temperature and strain
change. The larger the OPD, the larger the corresponding total
initial phase variations. Compared with peak 4, The OPD of
peak7 is larger which actually corresponds to a larger sensing
length based on theoretical analysis. Therefore, the accumulated
initial phase variations are more than peak 4 (reflected in im-
proved sensitivity) under the same external disturbance. The
other OPDs (peak7, peak6, peak5) and first OPD (peak4) of
fabricated sensor satisfy multiple relationship (4 times, 3 times,
2 times). Experimental results show the temperature and strain
sensitivities of peak7 (0.0795 rad/°C, −0.0088 rad/με) based
on phase demodulation are about four times of peak4 (0.0216
rad/°C,−0.0023 rad/με). Thence, experimental results perfectly
match with theoretical analysis. In theory, when other OPD is n
times of the first OPD, the phase sensitivity can be improved n
times.

The different interference peaks have different sensing re-
sponses as external temperature and strain changes. Therefore,
simultaneous measurement can be achieved using a sensitivity
matrix, which can be calculated using (15) and (16) [27], [28],
[29]. Here, ϕpeak6 and ϕpeak7 represent the phase variations
caused by changes in temperature (δT ) and strain (δS). A
schematic diagram showing the experimental device for the
simultaneous measurement of temperature and strain can be seen
in Fig. 7(b). Peaks 6 and 7 were selected for dual-parameter
simultaneous measurement because of their higher phase sensi-
tivity. When the solvable condition C �= 0 is satisfied, (16) has

Fig. 9. Measured results: (a) Spectral response of the fabricated sensor with
offset length of 1210 μm; (b) Spectral response based on linear-in-wavenumber
resampling in (a); (c) Spatial frequency spectra based on λ-space and k-space;
(d) Phase variation of the sensor when temperature increased from 30 °C to
80 °C for three times; (e) Phase variation of the sensor when strain increased
from 0 to 600 με for three times.
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TABLE I
COMPARISON OF PERFORMANCE OF DIFFERENT SENSOR STRUCTURES FOR

PHASE DEMODULATION

a unique solution, which means that the simultaneous measure-
ment of temperature and strain is feasible.

[
δϕpeak6

δϕpeak7

]
=

[
Speak6,T Speak6,S

Speak7,T Speak7,S

] [
δT
δS

]
(15)

[
δT
δS

]
=

[
0.0591 rad/◦C −0.0063 rad/με
0.0795 rad/◦C −0.0088 rad/με

]−1 [
δϕpeak6

δϕpeak7

]
(16)

C = Speak6,T Speak7,S − Speak6,SSpeak7,T �= 0
(17)

Table I compares the performance of different sensors based
on phase demodulation. It can be seen that the method proposed
in this study has outstanding performance advantages in terms
of phase sensitivity improvement. The temperature and strain
sensitivities of the SMF large-offset spliced sensor structure
based on phase demodulation are the highest reported to date.

VI. CONCLUSION

In conclusion, this study theoretically proposed and experi-
mentally demonstrated a high-sensitivity SMF large-offset IFS
on the basis of phase demodulation technology in WND. The
experimental results agree well with the theoretical simulation.
The temperature and strain sensitivities of the fabricated sensor
reached 0.0795 rad/°C and −0.0088 rad/με, which are the high-
est among the phase modulation-based all-in fiber IFSs reported
to date. Temperature and strain were measured simultaneously
by tracing the Fourier phase variation of different spatial fre-
quency domain peaks of k-space. Theoretically, a phase sensi-
tivity increase of n times can be achieved when the OPD of the
frequency domain peak is n times that of other frequency domain
peaks. Therefore, the proposed scheme has a controlling effect
on the enhancement of phase sensitivity in optical fiber sensors.
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