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A dual parameter fiber optic sensor is proposed, which is based on a cascade single mode fiber
(SMF)-capillary-no core fiber (NCF)-SMF (SCNS) structure. The sensor introduces a capillary to
the conventional SMF-NCF-SMF (SNS) structure, which improves the excitation co-efficient of
the higher order modes in the NCF. The optimized ZnO film thickness of the SCNS sensor is 100 nm
by simulation, which can enhance the sensitivity of  the sensor greatly. The experimental results
show that the resonant wavelength has different sensitivities to NH3 concentration and temperature.
The maximum NH3 concentration sensitivity is 35.52 pm/ppm, with a detection limit of  2.309 ppm,
and the maximum temperature sensitivity is 25.85 pm/°C. Based on the different spectral responses,
a cross-matrix is developed to enable the simultaneous measurement of  temperature and NH3 con-
centration. 

Keywords: fiber optic sensor, dual parameter sensing, NH3 concentration, temperature, cross-matrix
calibration.

1. Introduction

Ammonia (NH3) is a chemical substance, which has been widely used in significant
fields such as industry and agriculture [1]. However, long-term exposure to a certain
concentration of  NH3 may cause staff to experience symptoms such as difficult breath-
ing, dizziness, and even swelling of  the lungs, which can be fatal in severe cases [2-5].
The occupational safety health act (OSHA) states that humans should not work in en-
vironments with NH3 concentration exceeding 25 ppm for more than 8 hours and in
environments with concentration exceeding 35 ppm for more than 15 minutes [6]. There-
fore, the detection of  NH3 concentration is of great importance to ensure the safety of
production and life.
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Fiber optic sensors (FOS) have many advantages such as electromagnetic interfer-
ence immunity, compact structure and real-time detection capabilities, demonstrating
vast potential in the field of gas detection [7]. To detect NH3 concentration, the gas-sen-
sitive material is usually coated on the FOS [8-10]. The change in NH3 concentration
causes a change in the refractive index of  the sensitive film, resulting in a shift in the
spectrum of  the sensor, which realize the detection of gas concentration. In recent
years, extensive research has been conducted on various sensitive materials and di-
verse fiber sensing structures. In 2018, FU et al. [11] fabricated graphene oxide and
zinc oxide (ZnO) nanoparticles on the tapered region of a tapered multi-core fiber for
NH3 concentration sensing. The sensor exhibited a high sensitivity of up to 31 pm/ppm
for NH3 concentrations ranging from 4 to 140 ppm. In 2022. ANSARI et al. [12] applied
a layer of  silane gel on a tapered multimode fiber as a sensitive material for NH3 detec-
tion. When the waist diameter of  the tapered fiber reached 4 μm, the sensor has achieved
a sensitivity of  14.8 pm/ppm. In 2023, LI et al. [13] developed a fiber Mach–Zehnder
interferometer based on an etched thin-core fiber coated with a film of graphene/poly-
aniline for NH3 concentration detection. The sensor demonstrated a sensitivity of
–27.8 pm/ppm within a range of  0–100 ppm.

These research findings not only enhance the sensitivity and efficiency of  NH3 de-
tection but also provide novel sensor design idea. However, the integration of specially
treated fiber structures with sensitive materials to achieve higher sensitivity is fraught
with challenges in parameter control. Complex processes, including fiber tapering,
etching, and fusion splicing, can introduce inconsistencies, thus compromise sensor
reliability. The sensor fabricated by no core fiber (NCF) has been widely used in de-
tecting temperature [14], humidity [15], environment refractive index [16] and other
parameters. After the deposition of  the sensitive material on the NCF, it can achieve
a high sensitivity response to the external environment without special treatment of
the optical fiber. Moreover, the capillary is a hollow-core structure that can support
multiple modes of  light transmission [17]. In 2017, ZHANG et al. [18] proposed a simple
sensing structure by combining a capillary with single mode fiber (SMF). The structure
takes advantage of  the high sensitive characteristics of  the higher-order modes to envi-
ronment changes, achieving a maximum sensitivity of  refractive index (1.3360–1.4365)
of  1684 nm/RIU. A new cascaded structure composed of  NCF and capillary can be
adopted in realizing simultaneous measurement of  NH3 concentration and tempera-
ture. This design sensor has not yet been investigated.

In this paper, a FOS based on the SMF-capillary-NCF-SMF (SCNS) structure is
proposed for the simultaneous detection of  NH3 concentration and temperature. In
theory, the NCF structure introduces multimode interference (MMI), and the capillary
improves the mode excitation coefficients of  the higher-order modes in the NCF, en-
hancing the multimode interference effect further. Based on the principle of  MMI,
NH3 concentration and temperature changes cause different shifts of  the resonant
wavelength experimentally. Therefore, the different responses can be used to con-
struct a cross-matrix, which enables temperature and NH3 concentration simultaneous
detection. 
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2. Theory

The schematic of  the proposed sensor based on the SCNS structure is shown in Fig. 1,
and the detailed structural parameters is provided in Table 1. Due to the core mismatch
introduced by the capillary, the incident light diffuses as it propagates from SMF1 to
the capillary. Upon reaching the interface between the capillary and the NCF, this dif-
fused light serves as the input to the NCF, exciting a range of higher-order modes. Ow-
ing to the fact that the refractive index of  ZnO is higher than that of  NCF, the total
reflection condition is broken, and part of  the transmitted light leaks into the ZnO film.
Therefore, when the refractive index of  ZnO film changes, the interference spectrum
generated by multi-mode interference in NCF will undergo a shift. 

The NCF can be regarded as the core, and the ZnO film and air can be regarded as
the 1st and 2nd cladding, respectively. Since NCF is an ideal circularly symmetric
structure, the higher-order mode LP0m is excited in the NCF after eccentricity-free fu-
sion splicing [19]. The input optical field is denoted as E (r, 0) and the m-th order mode
field distribution in NCF is denoted as ψm(r). According to the electromagnetic field
continuity condition, the input optical field of  the NCF can be expressed as

(1)

where r is the radius of  the NCF, M is the number of  LP0m present in the NCF, and
cm is the excitation coefficient of  the m-th order higher-order mode, which can be cal-
culated by integrating the overlap of  ψm(r) with E (r, 0) [20]:

ZnO film t

SMF1 Capillary NCF SMF2
L1 L2

Fig. 1. Schematic diagram of  the SCNS sensor.

T a b l e 1. Structure parameters of  the SCNS sensor. 

Length 
[μm]

Core diameter 
[μm]

Core refractive 
index

Cladding diameter 
[μm]

Cladding refractive 
index

SMF / 8 1.4681 125 1.4628

Capillary L1 100 1 160 1.4

NCF L2 / / 125 1.444

E r 0  cmψm r 
m 1=

M
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(2)

When the inner and outer diameters of capillary are 100 and 160 μm, respectively,
its beam propagation simulated is as shown in Fig. 2(a) and (b). The optical field di-
ameter reaches a maximum at a capillary length L1 of  250 μm, but further increase of
the capillary length has little effect on the optical field diameter. The introduction of

cm

E r 0 ψm r  rd r
0





ψm r ψm r  rd r
0




-------------------------------------------------------=

Fig. 2. (a) Simulation result of  light field diffusion in NCF, and (b) the beam propagation simulation re-
sults of  the ZnO film coated on NCF.
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Fig. 3. Mode excitation coefficients of  NCF in SNS and SCNS structure. 
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the capillary enhances the light energy within the ZnO film, thus increasing the sen-
sitivity to the refractive index of  the film.

The mode excitation coefficients of  NCF in SCNS structure and SNS structure are
shown in Fig. 3. The mode excitation coefficients reach a maximum at mode order
m = 4 and m = 5 in the two structure, with maximum values of  0.4194 and 0.3964, re-
spectively. In the SCNS structure, the mode excitation coefficients of  the NCF are
greater than those in the SNS structure when the mode order m > 5. Simulation results
indicate that the SCNS structure supports a higher proportion of  higher-order modes
compared to the SNS structure. Generally, the mode orders involved in mode interfer-
ence are higher, resulting in increased sensitivity to changes in the external environment.

2.1. Principle of  NH3 concentration sensing

As light transmits into the NCF and diffuses to the interface with the ZnO film, total
internal reflection is compromised due to the higher refractive index of  ZnO film, caus-
ing some light to leak into the film [21]. Due to the redox reaction, when the ZnO sur-
face is in contact with NH3 [22], its conductivity changes, and this change affects the
refractive index of  the ZnO film, which in turn affects the mode distribution in the NCF
and causes a drift in the transmission spectrum. Based on the self-imaging effect of
the NCF, the optical field intensity is maximized at the self-imaging length. In the pre-
vious study, the self-imaging length of  the NCF was calculated to be 58.85 mm [23],
where the multimode interference coupling coefficient is the highest. Therefore, choos-
ing the NCF length L2 of  58.85 mm can achieve the best sensing performance. 

The transmission spectra of  the SCNS sensing structure coated without and with
ZnO film are plotted in Fig. 4. After the ZnO film with thickness of  100 nm is coated
on the NCF surface, the transmission spectral loss slightly increases and the overall
waveform shows a blue shift. The self-imaging peak wavelength λself of  NCF shifts
from 1557.25 to 1510.53 nm, and the self-imaging point peak also decreases slightly.

Fig. 4. Transmission spectrum of  SCNS structure coated with and without ZnO film. 
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It is because that the refractive index of  the ZnO film is much higher than that of  NCF,
breaking the total internal reflection and causing light to leak into the ZnO film, thus
leading to absorption loss. Additionally, the film’s refractive index affects the modes
effective refractive index of  NCF, causing a blue shift in the transmission spectrum. 

The resonance wavelength shift at dip in Fig. 4 with NH3 concentration is simu-
lated. Since the refractive index of  the ZnO film is correlated with NH3 concentration,
the sensor’s NH3 concentration response can be modeled by adjusting the refractive
index of  the film. The sensitivity of  the sensor is simulated by varying the thickness
of  ZnO film range from 80 to 140 nm, the results of  which is shown in Fig. 5. The
results show that the sensitivity tends to increase and then decrease as the thickness
of  the ZnO film increases. The highest sensitivity has been obtained at the thickness
of  the film of  100 nm, with sensitivities of  31.28 and 32.86 nm/RIU for dip1 and dip2,
respectively.

2.2. Temperature sensitivity characteristics

The fiber structure itself is subject to thermal expansion and thermo-optic effects. The cap-
illary and NCF is composed of  quartz material, and its thermo-optic coefficient ν is
about 1.1×10–5 °C–1 and its thermal expansion coefficient ζ  is about 5×10–7 °C–1 in

Fig. 5. Simulated transmission spectrum response of  the SCNS sensor with different ZnO film thickness. 
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the room temperature [24]. The size and refractive index of  the capillary and NCF chang-
es with the environment temperature as shown in the following equations:

n' = (1 + νΔT )n 

D' = (1 + ζ ΔT )D (3)

L' = (1 + ζ ΔT )L 

where ΔT  is the change in ambient temperature, n, D, and L are the initial refractive
index, diameter, and length of the optical fiber, and n', D', and L'  are the refractive index,
diameter and length of  the optical fiber after the temperature change, respectively. 

As a result, the refractive index and length of  capillary and NCF are prone to change
with fluctuations in environmental temperature, which in turn affects the sensing spec-
trum. The transmission spectral response of  the SCNS sensing structure at a range of
environment temperature from 0 to 60 °C is simulated, as shown in Fig. 6. The dip1
and dip2, which have the largest contrast in the transmission spectrum, are selected as
research point. The temperature sensitivity corresponding to dip1 and dip2 can be ob-
tained as 23.71 and 20.01 pm/°C, respectively. 

Since the SCNS sensor has different sensitivities to concentration and temperature,
it can measure concentration and temperature simultaneously by observing the wave-
length shift of  the dips in the transmission spectrum.

3. Sensor fabrication and experimental setup

To precisely control the capillary and NCF length, the manual mode of  a fiber optic fusion
splicer (FITEL, S179) is used to fuse the optical fiber and capillary in the SCNS structure.

Fig. 6. Simulation of  the influence of  temperature on the transmission spectrum. 
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During the capillary fusion, a discharge intensity of 40 bit and a duration of 100 ms
are applied to avoid structure collapse and reduce fusion loss to a minimum. The depo-
sition of  zinc oxide films on the NCF surface is performed using an ALD system (Beneq,
TFS200). The thickness of  the film reaches 100 nm after 500 depositions at 200 °C. 

A schematic diagram of  the gas detection system is shown in Fig. 7. The broad-band
light output from the light source (YSL, SC-5-FC) is transmitted into the sensor, and the
spectrum transmitted from the sensor is directly output to the spectrometer (Yokogawa,
AQ6370D). The gas concentration in the gas chamber can be controlled by changing
the NH3 gas cylinders with different concentrations. The environmental temperature
is precisely controlled by a temperature-controlled chamber (Espec, GPG-4).

4. Results and discussion

4.1. NH3 concentration sensing response

During the NH3 concentration test, the gas chamber outlet is connected to the external
environment. After cleaning the gas chamber with high purity N2, different concen-
trations of  NH3 are introduced from the inlet, and the spectral response is obtained
using a spectrometer, the results of  which are demonstrated in Fig. 8. As the NH3 con-
centration is increased from 0 to 40.4 ppm, the transmission spectrum undergoes a blue
shift. Four different interference dips with relatively high contrast are identified as
dip1, dip2, dip3, and dip4, with respective contrasts of  9.59, 22.65, 6.01 and 9.21 dB.

The experiment is repeated several times and a linear fit is performed by taking
the mean of  the wavelength values of  the four dips at different NH3 concentrations,
as shown in Fig. 9. The corresponding sensitivities for NH3 concentration for the four
dips are determined to be –33.02, –35.52, –31.96 and –27.53 pm/ppm, with linear co-

Fig. 7. Schematic diagram of  the experimental setup. 
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Fig. 8. The response of  transmission spectrum at different NH3 concentrations.
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Fig. 9. The linear fitting results for NH3 concentration. (a) dip1, (b) dip2, (c) dip3, and (d) dip4.
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efficients of  0.9542, 0.9843, 0.8999, 0.8976, and 0.8976, respectively. It is observed
that the greater the contrast of  the dip, the higher the NH3 concentration sensitivity.
The deeper dip intensifies the interference between the core mode and higher-order
cladding mode [25], promoting greater leakage of  core modes into the cladding. This
results in decrease of  transmitted light intensity and improves the sensitivity to vari-
ations in NH3 concentration.

Selecting the higher contrast dip1 and dip2 as references gives the SCNS sensors
more stable interferometric effects and higher sensitivity. Furthermore, the limit of  de-
tection (LOD) of  dip2 for NH3 concentration can be calculated as 2.309 ppm by the
formula LOD = 3σ /K [26], where σ (defined as the standard deviation of  the fitting
curve) is 0.02734 nm and K (defined as the sensor’s sensitivity) is 35.52 pm/ppm.

4.2. Temperature sensing response

In order to avoid the effect of  temperature fluctuation, the temperature in the chamber
is monitored in real time using a thermocouple (Fluke, 54IIB). When the temperature is
stabilized to 0, 20, 40, and 60 °C, respectively, the spectral response of  the SCNS sen-
sor is recorded, as shown in Fig. 10. It is clear that the transmission spectrum undergoes
a red shift when the temperature increases. The responses of  dip1 and dip2 of  the trans-
mission spectrum are locally enlarged, as illustrated in Figs. 11(a) and (b), respectively.
Correspondingly, a linear fit to dip1 and dip2 is performed, as illustrated in Figs. 11(c)
and (d), respectively. Therefore, the temperature sensitivities are calculated to be 25.85
and 20.25 pm/°C, with linearity coefficients of  0.9693 and 0.9860, respectively. The size
and refractive index of  the fiber and ZnO film [27] are influenced by the thermal expan-
sion and thermo-optic effect. These combined effects cause a red shift in the spectrum
as the environmental temperature rises from 0 to 60 °C, which is consistent with the
simulation results.

Fig. 10. The response of  transmission spectrum at different temperature.
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The SCNS sensor has different responses to temperature and NH3 concentration,
thus it is possible to build a cross-matrix to achieve dual parametric sensing of  tem-
perature and concentration. 

4.3. Simultaneous measurement 
of  NH3 concentration and temperature

The change of  NH3 concentration can be expressed as ΔC, and the change of environ-
ment temperature as ΔT. When both NH3 concentration and environment temperature
simultaneously change, the wavelength shifts of  dip1 and dip2 in the transmission
spectrum can be expressed as follows [28]:

(4)

where Δλdip1 and Δλdip2 are the respective wavelength shift quantities of  the two dis-
tinctive dips. SC1 and ST1 are denoted as the NH3 concentration and temperature sen-

Fig. 11. Local temperature response for (a) dip1 and (b) dip2; linear fitting results for (c) dip1 and (d) dip2.
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sitivity for dip1, while SC2 and ST2 are corresponded to the NH3 concentration and
temperature sensitivity for dip2, respectively.

Therefore, the change in NH3 concentration and environment temperature can be
expressed as

(5)

By substituting the sensitivity values of  NH3 concentration and temperature ob-
tained from the transmission spectrum into the above matrix, a temperature calibration
sensing matrix is obtained:

(6)

As a result, simultaneous sensing of  both NH3 concentration and temperature can
be achieved by monitoring the wavelength drift of  dip1 and dip2. 

5. Conclusions

In this study, a dual parameter fiber optic sensor based on the SCNS structure is proposed
for simultaneous sensing of  NH3 concentration and temperature. The sensing principle
of  NH3 concentration and temperature of  the SCNS structure is deeply analyzed in
theory, and the optimum structural parameters are determined through numerical sim-
ulation. In the experiment, the NH3 concentration and temperature sensing test systems
are built. The SCNS sensor has achieved a high sensitivity of  35.52 pm/ppm over the
NH3 concentration range from 0–40.4 ppm, with a detection limit of 2.309 ppm. More-
over, the sensor has achieved a maximum temperature sensitivity of  25.85 pm/°C with-
in the range of  0–60 °C. With the different responses of  the transmission spectrum to
NH3 concentration and temperature, a cross-matrix can be established to achieve the
dual-parameter detection of  NH3 concentration and temperature. The new method for
multi-parameter gas sensing will be widely used in industry and agriculture.
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