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Abstract. A compact and high-resolution fiber-optic refractive index (RI) sensor based on a microwave
photonic filter (MPF) is proposed and experimentally validated. The sensing head utilizes a cascaded in-line
interferometer fabricated by an input single-mode fiber (SMF) tapered fusion with no-core fiber-thin-core
fiber (TCF)-SMF. The surrounding RI (SRI) can be demodulated by tracing the passband’s central frequency
of the MPF, which is constructed by the cascaded in-line interferometer, electro-optic modulator, and a section
of dispersion compensation fiber. The sensitivity of the sensor is tailorable through the use of different
lengths of TCF. Experimental results reveal that with a 30 mm length of TCF, the sensor achieves a maximum
theoretical sensitivity and resolution of −1.403 GHz∕refractive index unit ðRIUÞ and 1.425 × 10−7 RIU,
respectively, which is at least 6.3 times higher than what has been reported previously. Furthermore, the
sensor exhibits temperature-insensitive characteristics within the range of 25°C − 75°C, with a temperature-
induced frequency change of only �1.5 MHz. This value is significantly lower than the frequency change
induced by changes in the SRI. The proposed MPF-based cascaded in-line interferometer RI sensor
possesses benefits such as easy manufacture, low cost, high resolution, and temperature insensitivity.
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1 Introduction
Refractive index (RI) sensing holds significant promise in
the fields of biomedicine, chemistry, and environmental
protection.1–3 Despite the high resolution offered by traditional
instruments such as the Abbe refractometer, their large size and
weight pose drawbacks. Consequently, there is a pressing need
for a miniaturized, high-resolution alternative capable of real-
time measurements. Over the past two decades, fiber-optic RI
sensors have gained rapid traction due to their advantages, such
as compactness, corrosion resistance, electromagnetic immun-
ity, and light weight. To accurately measure the surrounding
RI (SRI), various sensors have been successively proposed,

including fiber Bragg grating (FBG),4 titled fiber Bragg grating
(TFBG),5,6 long-period fiber grating (LPFG),7 surface plasmon
resonance (SPR),8 lossy mode resonance9,10 and fiber inter-
ferometric sensing.11,12 Among these, the last type has gained
significant attention for its merits of high sensitivity, low cost,
and easy fabrication.

In addition, three primary demodulation methods for
measuring SRI exist, i.e., wavelength demodulation, intensity
demodulation, and frequency demodulation. The commonly
used wavelength demodulation scheme involves combining an
optical spectrum analyzer (OSA) and fiber-optic interferometers.
Li et al.13 proposed a modal interferometer that utilizes thin-
core fiber (TCF) and photonic crystal fiber (PCF), achieving
a sensitivity of 48.9 nm∕refractive index unit ðRIUÞ within
1.34 − 1.4RIU. Wang et al.14 demonstrated a miniature fiber-*Address all correspondence to Hongyan Fu, fuhongyan@xmu.edu.cn
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optics Mach–Zehnder interferometer (MZI) based on near-
surface gap-coupled waveguide structure manufactured by a fem-
tosecond laser. The achieved sensitivity is −59.90238 nm∕RIU
within 1.34 − 1.42RIU. Despite these advancements, the wave-
length demodulation methods usually face challenges such as
poor resolution (currently, the most advanced OSA resolution
is 0.01 nm) and high system cost. Furthermore, intensity
demodulation is widely used in RI sensing, with solutions such
as the multicore fiber structure presented by Mumtaz et al.,15

offering a sensitivity of 178.2 dB∕RIU from 1.334 to 1.37 RIU.
However, due to issues such as light-source fluctuation and
polarization fading effects in the system, the intensity demodu-
lation-based solutions, while cost-effective, require further de-
velopment before being produced. To address the challenges in
the demodulation methods mentioned above, the scheme based
on frequency demodulation emerges,16–19 such as microwave
photonics (MWP) filter and optoelectronic oscillator. By lever-
aging the high-resolution measurement capabilities of digital
signal processors for microwave signals, optic fiber sensors
based on MWP techniques hold promise for enhancing sensing
performance, including resolution and demodulation time. The
fundamental idea of the MWP sensing system is the concept of
converting minute changes in the wavelength domain into sub-
stantial frequency shifts in the microwave domain. Cao et al.20

revealed a temperature-compensational human epidermal growth
factor receptor 2 (HER2) antigen detection based on microwave
photonic filter (MPF) with a resolution of 2.45 × 10−6 RIU. Shi
et al.21 proposed an RI sensor based on an etched phase-shifted
fiber Bragg grating and an optoelectronic oscillator. The ob-
tained sensitivity is 530 MHz∕RIU after data processing.

In this paper, we have demonstrated an RI sensor based on
SMF (taper) no-core fiber (NCF)-TCF-SMF structure and MWP
interrogation system. The frequency demodulation method ad-
dresses the problems of high system cost and limited resolution
associated with traditional wavelength domain demodulation.
The proposed approach stands out by combining a miniaturized

and compact in-line MZI with MPF. By introducing a Vernier-
like effect through tapered splicing, we effectively address the
challenge of achieving high sensitivity while extending the
sensing range, which is a limitation in traditional Vernier-based
schemes (wavelength demodulation scheme). Comprehensive
studies have been conducted with three different lengths of
TCF concerning SRI, temperature, and stability. With the
lengths of NCF and TCF set at 1 and 30 mm, respectively,
the sensor achieves a maximum sensitivity and resolution
of −1.403 GHz∕RIU and 1.425 × 10−7 RIU, respectively.
Moreover, the temperature-induced frequency change is only
�1.5 MHz, indicating that the cross-effect error caused by
temperature change is only 1.069 × 10−3 RIU.

2 Experimental Setup and Theoretical
Analysis

Figure 1 illustrates the experimental configuration of the
proposed RI sensing system, implemented with SMF (taper)
NCF-TCF-SMF (STNTS) structure and MPF. The system
utilized a broadband optical source (BOS) emitting light within
the wavelength range of 1450 − 1650 nm. Then, the light is
coupled into the sensor head following its passage through
an isolator (ISO). An OSA (resolution: 0.08 nm) is used to
record the interference pattern, which is then modulated by
an electro-optic modulator (EOM). The radio-frequency port of
EOM is connected with port 1 of a vector network analyzer
(VNA), with its electrode biased by a voltage source. The
modulated light undergoes delay and amplification through a
dispersion compensation fiber (DCF) and erbium-doped fiber
amplifier (EDFA), respectively. Finally, the frequency response
of the system can be observed on the VNA after the light is
detected by a photodiode (PD).

The schematic diagram of the proposed fiber-optic RI sensor
is shown in the upper part of Fig. 1. The input SMF is fusion-
spliced with a 1 mm length of NCF using the Manual Mode of

Fig. 1 Experimental configuration of the proposed RI sensor based on cascaded in-line inter-
ferometer and MWP interrogation system. SMF, single-mode fiber; NCF, no-core fiber; TCF,
thin-core fiber; BOS, broadband optical source; ISO, isolator; TS, translation stage; PC, polariza-
tion controller; EDFA, Er-doped fiber amplifier; EOM, electro-optic modulator; DCF, dispersion
compensation fiber; PD, photodiode; VNA, vector network analyzer.
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the splicer (Fujikura, 66S, Tokyo, Japan). The parameters for this
process are arc discharge intensity Standard-15 bit (1500 ms)
and a tapered fusion splice speed of 30 bits. Subsequently, the
AUTO Mode of the splicer is employed to fuse it with a section
of TCF and the output SMF to form the STNTS structure.
Introducing the taper region aims to enhance the sensitivity of
the sensor to external physical parameters. However, consider-
ing factors such as mechanical strength, the length of the taper
region should be a manageable length. In addition, to minimize
the insertion loss of the sensing head and improve the visibility
of the interference spectrum, each fiber section needs to be care-
fully cut with a fiber cleaver (Fujikura, CT-08) to obtain an op-
timal fiber end face with an angle of less than 2 deg.

When light enters the NCF from the input SMF, the funda-
mental mode in the SMF decomposes into numerous high-order
modes in the NCF, forming a multimode interferometer (MMI).
After passing through the tapered region, some light exists as
leaky modes and disappears in the air, while the remainder
enters the TCF. Due to the mode field mismatch effect, a small
portion of modes are coupled into the excited cladding mode of
the TCF, while the majority of light continues along the TCF’s
core, facilitated by the large numerical aperture (NA) value
(0.42) of the TCF. A MZI is formed in the NCF-TCF-SMF
section because of the existence of an optical path difference
between the core and cladding of the TCF. Based on the above
theoretical analysis, assuming there are no changes in mode
polarization, the transmission function of the STNTS structure
can be formulated as22

T ¼ TMMI × TMZI ¼
1

2
ð1þ A1 cos θ1Þ ×

1

2
ð1þ A2 cos θ2Þ

¼ 1

4

�
1þ A1 cos θ1 þ A2 cos θ2 þ

1

2
A1A2 cosðθ1 þ θ2Þ

þ 1

2
A1A2 cosðθ1 − θ2Þ

�
; (1)

where Ajðj ¼ 1,2Þ represent the visibilities of MMI and MZI,
respectively. θiði ¼ 1,2Þ denote the phase differences between
the core mode and the dominant cladding mode that pass
through the entire sensing head, which are given by

θi ¼
2πðneffcore − neffclad;iÞLi

λ
; (2)

where neffcore and neffclad;i represent the effective RIs (ERIs) of the
core mode and the dominant cladding mode of MMI and MZI,
respectively. Liði ¼ 1,2Þ are the lengths of the tapered region
and TCF. λ represents the wavelength of input light. For
θi ¼ ð2kþ 1Þπ, ðk ¼ 1,2; 3…Þ, the dip wavelength could be
shown as

λdip ¼
2ðneffcore − neffclad;iÞLi

2kþ 1
: (3)

When the SRI increases, the effective cladding RI neffclad;i will
increase correspondingly, and neither the taper region’s nor the
TCF’s core are in contact with the outside, so it can be consid-
ered that the core’s ERI neffcore remains unchanged. Therefore, the
ERI difference Δni ¼ neffcore − neffclad;i will decrease, and the wave-
length of the transmission spectrum will be blueshifted. On the
other hand, the expression for the free spectral range (FSR) is

FSR ≈
λ2

ΔniLi
¼ λ2

ðneffcore − neffclad;iÞLi
: (4)

It can be seen from Eq. (1) that the cascaded fiber interfer-
ometer has multiple frequency components, namely, θ1, θ2,
θ1 þ θ2, and θ1 − θ2. Traditional schemes based on optical
domain demodulation usually use the inverse fast Fourier
transform method or the envelope extraction method to filter
out the envelope components representing the entire interfer-
ence envelope, aiming to obtain sensitivities-enhanced sensors
through the Vernier effect.23,24 However, this method usually has
some problems, such as a large demodulated wavelength recog-
nition error, an unclear envelope pattern, bad interference spec-
trum uniformity, and low signal-to-noise ratio. To solve these
drawbacks, a microwave photonics interrogation system (MPIS)
based on STNTS and a frequency demodulation scheme is in-
troduced in this paper. The central frequency of the MWP filter
passband can be shown as

f ¼ 1

DLDCF × FSR
¼ ðneffcore − neffclad;iÞLi

DLDCFλ
2

; (5)

where D and LDCF represent the dispersion coefficient and
length of DCF, respectively. Taking the derivative of Eq. (5),
it is found that the SRI-induced frequency sensitivity is about

df
dSRI

¼ − dneffclad;i

dSRI
×

Li

DLDCFλ
2
: (6)

From Eqs. (4)–(6), it can be seen that when the ERI differ-
ence is small, it will lead to an increase in FSR, resulting in the
blueshift of the passband frequency. In addition, the sensitivity
of the sensor is not only proportional to the cladding mode sen-

sitivity
dneff

clad;i

dSRI
and sensing fiber’s length Li but also inversely pro-

portional to the dispersion value of the DCF. This means that
sensing systems with tailorable sensitivity can be made accord-
ing to the demands of the practical application. Moreover,
it should be noted that higher-order cladding modes usually
have higher sensitivity values because the higher the order, the
larger the mode field area and, therefore, are more susceptible to
changes in the SRI.25

3 Results and Discussions
Before conducting the sensing experiment, we carried out a pre-
liminary study on the influence of tapered fiber length on the
interference spectrum. Figure 2(a) shows the transmission spec-
tra when the length of NCF (1 mm) and TCF (10 mm) remains
unchanged and the length of the taper region of the STNTS
structure varies at 100, 200, and 300 μm. The FSRs in all cases
are ∼3.85 nm, but the visibilities differ, measuring 5.38, 2.34,
and 15.91 dB. The discrepancy in visibility can be attributed to
the fact that with a longer taper region, more high-order modes
can be excited, leading to a higher mode power ratio. Therefore,
to ensure the high visibility for the sensor, the taper region
lengths of the proposed sensor were all set to 300 μm.
Figures 2(b) and 2(c) are the microscope images of the taper-
NCF and TCF-SMF parts, respectively. It is important to note
that while the insertion loss range of the samples is between
−18 and −15 dB, attributed to the additional taper region, this
level of loss is typically acceptable in optical fiber sensing

Cai et al.: Temperature-insensitive fiber-optic refractive index sensor based on cascaded in-line interferometer…

Advanced Photonics Nexus 046011-3 Jul∕Aug 2024 • Vol. 3(4)



systems. In our experiment, as long as the insertion loss of the
sensor remains within an acceptable range, typically less than
−25 dB, the optical signal can be effectively amplified by an
EDFA to ensure the performance of the entire sensing system.
This ensures that the overall performance of the entire sensing
system is maintained at a satisfactory level.

3.1 RI Sensing Experiment

In our experiment, three individual cascaded interferometers are
constructed with TCFs of different lengths, i.e., 20, 25, and
30 mm. The selection of TCF length is crucial; if too short,
the effective length of the optical wave is insufficient to induce
a Vernier effect-like effect. The RI reagent employed in the

experiment was a glycerol solution of different concentrations
(1.332 − 1.412RIU), whose RI values were calibrated by a
commercial refractometer with a resolution of 0.001 RIU.
Two ends of the sensor were secured on two x-axis translation
stages (TSs), which, in turn, were locked on two z-axis TSs,
respectively. During the RI sensing process, the sensor head
is fully immersed in a V-groove filled with glycerin solution.
The surface underwent repeated rinsing with deionized water
and alcohol until the response curves observed on the OSA
and VNA aligned with those observed in the air.

Figure 3(a) shows that when the bias current of the BOS is
350 mA and the TCF is 20 mm, the visibility of the interfer-
ence spectrum is greater than 15 dB within the range of
1.332 − 1.412RIU. Figure 3(b) depicts the spectra obtained

Fig. 2 (a) Interference spectra of the STNTS structure with different tapers’ lengths and the same
length of TCF. (b), (c) The microscope images of the fabricated MZI near two ends, respectively.

Fig. 3 (a) Transmission spectra and (b) the upper envelope changes of the cascaded interfer-
ometer under different SRIs with 20 mm TCF. (c) The quadratic fitting curve in the wavelength
domain. (d), (e) The frequency responses of the sensor and the corresponding fitting curve,
respectively. The blue-shaded region represents the linear region of the quadratic fitted curve
within 1.397 − 1.412RIU.
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after processing with the upper envelope extraction method. The
entire envelope is observed to redshift with an increase in SRI.
By selecting 1559.5 nm as the demodulated wavelength, the
quadratic fitting curve of the data points can be obtained, as
illustrated in Fig. 3(c). The maximum theoretical wavelength
sensitivity obtained by differentiating the quadratic function is
∼280.1 nm∕RIU in the range of 1.397 − 1.412RIU. As men-
tioned above, to address problems stemming from traditional
Vernier effect demodulation in the wavelength domain, a fre-
quency domain demodulation method based on the MPF was
adopted. Figures 3(d) and 3(e) present the frequency response
and quadratic fitting curves of the sensor, respectively. The
illustration in Fig. 3(d) clearly indicates that with an increase
in SRI, the center frequency of the passband experiences a blue-
shift, achieving a maximum theoretical frequency sensitivity of
−0.63 GHz∕RIU with good linearity.

As indicated by Eq. (6), the sensitivity of the proposed RI
sensor is positively related to the length of the sensing fiber.
To ensure a sufficiently low insertion loss for the sensor head,
the length of NCF remains constant at 1 mm, meaning that
the tapered fiber length stays unchanged. Figure 4 depicts the
measured evolution of transmission spectra and frequency
response of the proposed STNTS structure and the correspond-
ing MPF with different SRIs when TCFs are 25 and 30 mm,
respectively. On the one hand, the visibility of both transmission
spectra exceeds 15 dB, and the entire modulated envelope
exhibits a redshift trend. On the other hand, the center fre-
quency of both passbands shifts to the lower frequency with
an increase in SRI. Through quadratic function fitting of the
experimental data, one can observe in Figs. 4(c) and 4(f) that
the maximum theoretical RI sensitivity of the two sensors based
on frequency demodulation can be derived from the curves.
They are −0.81 GHz∕RIU and −1.403 × 10−7 RIU within
1.397 − 1.412RIU, respectively. The intermediate frequency (IF)
of the VNA is set to 200 Hz, so the best resolution of the system
can be calculated as 1.425 × 10−7 RIU.

The observed dual peaks in the frequency response of MPF
are attributed to the sensor being formed by the cascade in-line
interferometers, MMI, and MZI. Consequently, the system func-
tion incorporates two frequency components. In addition, when
maintaining the length of the NCF constant at 1 mm, the pass-
band’s center frequency will move to a high frequency with an
increase in the TCF length. Correspondingly, the maximum
theoretical sensitivity increases, consistent with the theoretical
analysis. Therefore, the proposed microwave photonic interrog-
ation system based on STNTS structure exhibits the characteristic
of tailorable sensitivity. To further demonstrate the significance of
introducing a taper region for achieving high-sensitivity RI sens-
ing, we also fabricated the STNTS structure with N = 1 mm and
TCF = 30 mm with no taper; its frequency response is shown in
Fig. 5(a). As the SRI increases from 1.332 to 1.412 RIU, the
passband peak irregularly changes. Figure 5(b) shows the rela-
tionship between its data points and different SRIs, with a
frequency change within the range of �3 MHz. This compari-
son underscores the advantageous role of the taper region in
achieving more consistent and sensitive RI sensing.

3.2 Temperature Sensing Experiment and Stability Test

Temperature response is a crucial parameter for fiber-optic sen-
sors as it often introduces cross-sensitivity problems to sensing
systems. To assess the temperature sensing characteristics of the
proposed sensing system with MPF based on the STNTS struc-
ture, the sensor with a TCF length of 30 mm was horizontally
placed in a digital temperature control module with an accuracy
of 0.01°C. In Fig. 6(a), the frequency response of the cascaded
interferometer is depicted in the range of 25°C − 75°C with steps
of 5°C. Notably, the central frequency of the passband exhibits
minimal change with temperature. Figure 6(b) further illustrates
that the passband frequency fluctuates within�1.5 MHz, result-
ing in a temperature-induced cross error of �1.05 × 10−3 RIU,
which is almost negligible compared with the SRI-induced

Fig. 4 (a), (d) Transmission spectra evolution of the proposed STNTS structure with different SRIs
when TCF = 25 and 30 mm, respectively. (b), (e) The corresponding frequency responses.
(c), (f) The quadratic fitting curves in the frequency domain. (g) The linear relationship between
sensitivity and SRI. The blue-shaded region represents the linear region of the quadratic fitted
curve within 1.397 − 1.412RIU.
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frequency change. Hence, it can be inferred that the proposed
MPIS is temperature-insensitive. Furthermore, we measured the
stability of the system at 25°C within 1 h.

Figure 6(c) presents a three-dimensional diagram of the
frequency response of the proposed sensing system when the
TCF is 30 mm. Figure 6(d) shows the corresponding frequency
fluctuation with the passband central frequency at 1.21072 GHz
at �1 MHz, resulting in an ignorable measurement error of
7.01 × 10−4 RIU. Table 1 offers a comprehensive comparison
of our work with other MPF-based RI sensing schemes. The
proposed RI sensor stands out due to its remarkable advantage
in high sensitivity. Furthermore, the chosen demodulation fre-
quency is set at subgigahertz, enabling the utilization of a lower
IF value (200 Hz). As a result, the resolution achieves an impres-
sive value of 1.425 × 10−7 RIU, which is at least 6.3 times
higher than those of reported previously. Notably, the system
exhibits temperature insensitivity, eliminating the need for addi-
tional measures to address temperature cross-sensitivity issues.
This characteristic significantly reduces system complexity and

cost, enhancing its application potential. Moreover, it is worth
noting that in practical applications, interferometric optical
fiber sensors must be physically packaged to shield them from
external environmental interference to maintain performance.
Besides, the length of TCF cannot be increased indefinitely
because it would lead to an infinite decrease in the MZI’s FSR,
making it unable to generate a Vernier-like effect with the MMI.
In addition, this would contradict the original intention of build-
ing a miniaturized and compact sensing system.

4 Conclusion
In conclusion, we have proposed and experimentally demon-
strated an RI sensor implemented with a cascaded in-line inter-
ferometer-based MPF. The wavelength change induced by the
SRI in the interference spectrum can be converted into a fre-
quency shift of the MPF’s central passband. With NCF and TCF
lengths set at 1 and 30 mm, respectively, the maximum sensi-
tivity and resolution can be calculated as −1.403 GHz∕RIU and

Fig. 6 (a) Frequency response of the MPF based on cascaded interferometer under different
temperatures with 30 mm TCF. (b) The relationship between central frequency and temperature.
(c), (d) The characteristic of stability within 1 h at n ¼ 1.

Fig. 5 (a) Frequency response of the proposed sensor with no taper and TCF = 30 mm. (b) The
data points of central frequency change with different SRIs.
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1.425 × 10−7 RIU. The sensitivity is also tailorable using
different lengths of TCF. Moreover, the RI sensor exhibits
temperature insensitivity within 25°C − 75°C. Consequently,
it can be considered that such an RI sensor with high sensitivity
and high resolution has great application prospects in the fields
of biomedicine and chemical industry.
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