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High Refractive Index Sensor for Tellurite Photonic
Crystal Fiber Based on Soliton Self-Frequency Shift

Di Wu

Abstract—In this paper, a novel refractive index (RI) sensor
based on the soliton self-frequency shift (SSFS) in tellurite photonic
crystal fiber (TPCF) is proposed. RI sensing in the mid-infrared
region is achieved by detecting the wavelength shift of the soliton.
By exploiting the high RI property of the tellurite fiber, it is possible
to measure surrogate liquids with higher RIs compared to conven-
tional silica fibers. The sensitivity of the proposed sensor can reach
up to 3657.5 nm/RIU when a fiber laser with a pulse width of 100
fs and pump wavelength (A p) of 2600 nm is used as the light source
and a 1 m-long TPCF is utilized as the nonlinear medium. To the
best of our knowledge, this is the first time that high RI sensing in
the mid infrared region has been achieved by exploiting the SSFS
effect in non-silica fibers such as TPCF.

Index Terms—High refractive index sensing, mid infrared, soli-
ton self-frequency shift, tellurite photonic crystal fiber.

1. INTRODUCTION

EFRACTIVE index (RI) sensing is a technology that mea-
R sures environmental characteristics by analyzing changes
in the refractive index of a material [1], [2], [3]. The path of
light and its speed are altered in a material based on its refractive
index, which can be exploited to determine the environmental
conditions to which the material is exposed, including concen-
tration [8], [9], temperature [4], [5], pressure [6], [7], biomedical
[10], [11], [12], and so on. The refractive index can be detected
using several methods such as optical fiber interference [13],
[14], diffraction gratings [15], [16], surface plasmon resonance
[17], [18], and four-wave mixing [19], [20].

Tellurite photonic crystal fiber (TPCF) is widely used in the
fiber optic sensing industry [21]. The TPCF can be used to
fabricate refractive index sensors as it has a higher refractive
index of up to 2.0 as compared to the quartz optical fiber, making
it more suitable for detecting high refractive index liquids.
Additionally, TPCF has good transmission in the mid-infrared
band along with higher sensitivity. The TPCF also has high
nonlinearity [22], [23], [24], [25], which can produce nonlinear
effects such as four-wave mixing, self-phase modulation, and
soliton generation.

Russell et al. [26] discovered that the soliton is a unique
type of nonlinear light wave that possesses self-focusing, self-
modulation, and stable transmission capabilities. This allows
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it to be stably transmitted without attenuation over an extended
distance in an optical fiber. Even when the waveform is distorted,
it can retain its stability and preserve its amplitude and shape
throughout transmission. For optical transmission in optical
fibers, solitons are affected by Raman scattering, where the
high-frequency component acts as a pump to transfer energy
to the low-frequency component. This results in a constant shift
of the central wavelength of the soliton towards longer wave-
lengths, known as the soliton self-frequency shift (SSFS) [27],
[28], [29], [30], [31]. SSFS-based fiber optic sensors make use
of the fact that the group velocity dispersion parameter and the
nonlinear coefficient of an optical fiber vary with external factors
when the phenomenon of soliton self-frequency shift occurs.
This approach for achieving refractive index sensing offers great
potential, although only a few studies have investigated this
sensing modality.

In this paper, the design of a novel refractive index sensor is
proposed that utilizes the SSES effect in tellurite fibers. By taking
advantage of the high refractive index property of tellurite fibers,
surrogate liquids can be measured with higher refractive indices
compared to traditional silica fibers. TeO3-LiO2-WO3-MoOs3-
Nb2O5 (TLWMN) glasses with distinct components form the
core and cladding of the fiber, thereby enabling it to exhibit an
RI of about 2.0. Consequently, the measurable refractive index
range expands beyond that of silicon-based fibers, encompassing
1.65-1.73 range. Through simulations of SSFS, it is observed
that the displacement of the soliton peak demonstrates a positive
linear relationship with changes in RI. Notably, the sensitivity
of the tellurite fiber RI sensor reaches a remarkable value of
3657.5 nm/RIU. Owing to its exceptional sensitivity, real-time
performance, and non-destructive nature, the high refractive
index sensing technology offered by tellurite fibers finds exten-
sive applications in optical sensing and can be applied in other
fields such as industrial automation, medical diagnostics, and
environmental monitoring.

II. THE TPCF RI SENSOR MODEL

The core of the designed TPCF is a TLWMN with different
components. The TPCF exhibits a significantly higher nonlinear
index compared to conventional silica fiber, thus favoring soliton
generation. Fig. 1 demonstrates the refractive index curves of the
TLWMN glasses corresponding to each component.

The structure of the TPCF is illustrated in Fig. 2(a), where
the core, the cladding, the four air holes filled with surrogate
liquid, and the remaining air holes are represented by green,
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Fig. 1. The refractive index curve of TLWMN Glasses.
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Fig. 2. (a) The structure of TPCF; (b) dispersion of the optical fiber; (c) loss
of the optical fiber; (d) nonlinear coefficient y of the optical fiber.

purple, pink, and gray colors, respectively. The group velocity
dispersion (GVD) of the TPCF was determined for a refractive
index of 1.65. Fig. 2(b) exhibits the GVD curve of the TPCF at RI
= 1.65 calculated through the full vector finite element method
employing the Lumerical Mode Solutions software package.
The core diameter (d.) of the TPCF, diameter of the four air
holes filled with surrogate liquid (dy), and the pore diameter
(d,) were 2.9 um, 18.8 um, and 6 pm, respectively. The vertical
and horizontal distances between the four large holes, denoted
by A, and Ay, were 20 pm and 9 pm, respectively. The distance
of the other holes, denoted by A was 6.5 pm.

Based on the parameters of the designed fiber structure, the
zero-dispersion wavelength (ZDW) was calculated to be located
near 1500 nm. It is beneficial to study the effect of SSFS with
RI when the pump wavelength is located in the anomalous
dispersion region, i.e., greater than the 1500 nm range. Fig. 2(c)
shows the limiting loss calculated when there is no filling. It can
be observed that the order of magnitude of the confinement loss
is about 10~!2 dB/cm in the range of the anomalous dispersion
region, which has almost no effect on the production of solitons.
Fig. 2(d) shows the nonlinear coefficient () calculated at RT =
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Fig. 3. Demonstration diagram of SSFS sensing theory.

1.65, where +y varies from 64 to 10 W~lkm~! in the 1200-4000

nm range, calculated as follows: v = A’Z“;c jﬂifnf"‘k

III. THEORETICAL ANALYSIS

When the RI changes, the GVD value of the TPCF also
changes. This results in varying frequency shifts of the soli-
ton generated by the Raman effect at different RIs, causing a
wavelength shift of the soliton. In this paper, the conceptual
implementation of sensing using SSFS is shown in Fig. 3. In
order to study SSFS, the pulse transmission process is modeled
in TPCF with the following expression. The optical soliton
generation and temperature sensitivity properties in TPCF can
be modelled by the generalized nonlinear Schrédinger equation
(GNLSE) [32], [33], expressed as:

0A(z,1) m“ OmA(z,t)
S e X CURD Dh= sl

8tm

m>2
. 0 e / INEF
+iy 1+f5 A(z,t) R(t)|A(z, t — t')dt
wo O —00
(1)

where A(z, t) is the complex field envelope, z is the distance, « is
the propagation loss, and (3., is the Taylor expansion coefficient
of GVD.

The second term on the right-hand side of (1) is associated
with dispersion, while the third term pertains to the nonlinear
coefficient [34]. As the RI varies, these two terms also undergo
changes. The principal factor contributing to the presence of
Raman solitons is the Raman gain. The Raman gain coefficient
serves as the paramount measure that characterizes the stimu-
lated Raman scattering (SRS), and it can be defined as:

gr(Aw) = ;T(LfRXgIm {hR(NAW)} )

where Im denotes the imaginary part, Aw = w-wy, ¢ is the speed
of light in vacuum, and f5 is the Raman contribution factor.
When the RI changes, the GVD and « of the TPCF change,
which causes changes in the second and third terms on the right
side of the GNLSE. Therefore, as the RI changes, the wavelength
of the soliton produced by the Raman effect changes, and sensing
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TABLE I
PARAMETERS USED TO SIMULATE SSFS IN TPCF
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Fig.4. The soliton evolution spectra in the (a) frequency and (b) time domains.

can be achieved by observing the spectral changes. Herein, the
peak wavelength value of the soliton is used as a monitoring
criterion. The sensitivity S can be expressed as:

_ A)\peak

s An,

(nm/RIU) 3)
where A) . is the change in SSFS wavelength corresponding
to the amount of change in refractive index of the analyte, and

An, is the amount of change in refractive index of the analyte.

IV. RESULTS AND DISCUSSION

To match the fiber dispersion profile and SSFS generation, the
pump wavelength A p was set to 2200 nm. During the simulation,
a fiber laser was utilized as the pump source with a pulse width
(Wy) of 100 fs and a power (P ) of 1000 W, and a 1 m long TPCF
was used as the nonlinear medium. The nonlinear coefficient
of the TPCF was calculated to be 27.2 W~ 'km~! at 2200 nm
(Table I). The soliton evolution spectra in the frequency and
time domains of 1 m TPCF at RI of 1.65 are shown in Fig. 4(a)
and (b), respectively. The central wavelength of the fundamental
soliton was about 2570 nm. Considering the refractive index of
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Fig. 5. Spectrogram of solitons at RI from 1.65 to 1.73.
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the TPCEF, the RI variations were selected from 1.65 to 1.73 in
the calculations.

Varying the RI from 1.65 to 1.73 with A p = 2200 nm altered
the GVD value of the TPCEF, resulting in a wavelength shift of
the soliton. The soliton motion was calculated at an RI interval
of 0.01, as shown in Fig. 5. It can be observed that in the mid
infrared region, the Raman soliton spectrum reaches a level of
—8.3 dB, and the soliton wavelength redshifts from 2570 to 2693
nm.

It is important to note that the soliton moves in the long-wave
direction as the Rl increases. Using the perturbation method, the
expression for the change in frequency due to the Raman effect
when a soliton pulse is transmitted in an optical fiber can be
derived as [35]:

S8WryPyz

__8Wr|Ba|z
52

A =
“ 15WE

“

Here, the WR originates from the Raman delay response with
the condition N = vPyW,?/|32] = 1, where N is the soliton
order and N = 1 denotes the fundamental soliton. A negative
sign indicates a decrease in carrier frequency, i.e., the soliton
spectrum is shifted to a longer wavelength. If WR is assumed to
be constant at the same pump wavelength, Aw will be propor-
tional to the absolute value of |32 (GVD value). From Fig. 6,
it can be observed that |3,| decreases as the RI increases from
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Fig. 8. Theoretical soliton wavelength shift spectra with the variation of A p
at 1.65 and 1.73.

1.65 to 1.73, resulting in a decrease in the frequency shift of the
soliton. This is evident from the shift of the soliton wavelength
towards longer wavelengths in the spectrum.

Fig. 7 shows the RI as a function of the soliton wavelength
as it varies from 1.65 to 1.73 at Ap = 2200 nm. The isolated
wave peak obtained from Fig. 5(b) has a good linear relationship
with ARI. Therefore, the variation of the soliton wavelength
caused by the change of RI can be used as RI sensing. The peak
of Raman soliton spectrum is 2570 nm when RI is 1.65 and
2693 nm when RI is 1.73. The theoretical sensitivity of TPCF
is determined to be 1535 nm/RIU. In order to obtain a higher
sensitivity, a detailed displacement of the soliton wavelengths
was carried out with the change of Rl at different A p and different
P, studies, as shown below.

A. Shift of Soliton Wavelength With Different A p

The spectra of the soliton wavelength with RI were simulated
at 2000 nm, 2400 nm, and 2600 nm, and compared with Ap =
2200 nm. The lengths of P, W, and TPCF were kept constant.
Due to the strong linear relationship between ARI and the
soliton peak, only the spectra at RI of 1.65 and 1.73 were
simulated, as shown in Fig. 8. The corresponding peak shifts
of the soliton wavelength-shifted spectra are shown in Fig. 9,
where the temperature sensitivity of the TPCF can be observed
to be 780 nm/RIU, 1535 nm/RIU, 2932.5 nm/RIU, and 3035
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Fig. 9. The fitting line of the soliton peak movement with the RI variation at
different A p: green for 2000 nm, purple for 2200 nm, red for 2400 nm, and blue
for 2600 nm.

nm/RIU at the pump center wavelengths of 2000 nm, 2200 nm,
2400 nm and 2600 nm, respectively.

It is evident that higher sensitivity is obtained by pumping at
2600 nm when only A p is changed. In addition, the sensitivity
of TPCF is enhanced as the wavelength of the pump center is
increased. According to (7), Aw is proportional to |32]. Aw,
and Aw; refer to the frequency shifts at RI of 1.65 and 1.73,
respectively, and 32 and 3’2 are the GVD values at RI of 1.65
and 1.73, respectively. The frequency shift difference between
the two generated isolated waves is given by:

8WR|52|Z SWR|ﬂé|Z
Aws — Awy = — -
15W& 15w
8Wrz[|B2| — |55]
= 5
152 ©)

Equation (5) clearly shows that the frequency shift difference
is related to|32|-|3’2|. The GVD value f35 is calculated at dif-
ferent pump center wavelengths with RI from 1.65 and 1.73,
as shown in Fig. 8. It can be observed that as RI increases, (32
decreases ||B2|-|8 2||>0. At 2600 nm, the difference in |3,] is
the largest, and thus the frequency shift difference in the SSFS
spectra will be the largest, which in turn will result in the highest
sensitivity, corresponding to results shown in Fig. 9.

B. Shift of Soliton Wavelength With Different P

The shift of the soliton wavelength was calculated with respect
to the variation of P to detect the sensitivity of the TPCF sensor
when A p was fixed at 2600 nm, L = 1 m, and W, = 100 fs. Py
was tuned to 800 W, 1000 W, 1200 W, 1400 W, and 1600 W.

Fig. 10 shows the shift of soliton wavelength with respect
to the variation of Py at RIs of 1.65 and 1.73 when L and W,
are constant and A p = 2600 nm. The soliton wavelength was
redshifted with increasing P and the Aw also increased. Fig. 11
shows the fitted curves corresponding to the peak shift of the
soliton for different P, in Fig. 10. The sensitivity of the TPCF
sensors is also shown in Fig. 11. It can be seen that the highest
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relationship with the change of RI. The proposed tellurite pho-
tonic crystal fiber (TPCF) RI sensor achieved a remarkable
sensitivity of up to 3207.5 nm/RIU at a pumping wavelength
(A p) of 2600 nm and power (Py) of 1600 W. To the best of our
knowledge, this is the first application of TPCF in mid-infrared
RI sensing, capable of measuring RI in the range of 1.65-1.73,
which cannot be achieved by conventional quartz fiber optic
sensors. This research opens up new possibilities in the field
of RI sensors and provides a new direction for future studies.
The ongoing advancements in optical technology have led to
continuous innovation and improvement in RI sensing, making it
a valuable tool in several fields. We anticipate that the continued
development of this sensing technology will offer even higher
sensitivity and a broader range of applications in the field of
optical sensing.
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Fig. 10.  Theoretical soliton wavelength shift spectra with the variation of Py
at 1.65 and 1.73.
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sensitivity of the TPCF RI sensor was up to 3207.5 nm/RIU at
A p of 2600 nm and P, of 1600 W.

Figs. 9 and 11 demonstrate that the sensitivity of the sensor
changes as the pump wavelength and input power change. To
obtain the highest sensor sensitivity, the A p was chosen to be
2600 nm and P, was 1600 W.

V. CONCLUSION

This paper investigates the variation of soliton wavelength
with RI for different pumping wavelengths and powers. The
SSES effect was simulated, and it was observed that the dis-
placement of the soliton peak demonstrated a strong linear
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