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Photonics Crystal Fiber for Salinity Sensing Applications
with A Large Negative Dispersion
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Abstract — In this study, we propose a novel approach to
enhance the sensitivity of salinity measurement using photonic
crystal fiber. Our method involves filling the first ring of holes in
the fiber with seawater, which serves as the analyte, and
embedding it in a single-material silica substrate. This design
allows for precise tuning of sensitivity to even minimal changes
in salinity concentration. Through numerical simulations, we
explore the influence of different geometrical parameters on the
photonic crystal fiber's (PCF) characteristics. We calculate the
sensitivity for two wavelengths, 1.3pm and 1.55pm, and achieve a
highest salinity sensitivity of 0.017966 ps/(nm-km)/PSU and
0.021818 ps/(nm-km)/PSU, respectively. Our proposed sensor not
only demonstrates excellent performance in salinity sensing but
also holds promise for applications in the field of communication,
thanks to its satisfactory and impressive sensing capabilities.

Keywords — Photonic Crystal Fiber (PCF),
Dispersion, Sensitivity, Salinity sensor.
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I. INTRODUCTION

For decades, electrical sensors have been the preferred
method for detecting mechanical and physical phenomena [1].
These sensors are widely used, although they have built-in
limitations such transmission loss [2] and sensitivity to
electromagnetic interference (noise) [3], which make their use
difficult, if not impossible, in many applications. Optical
sensing provides an excellent solution to these challenges,
using light instead of electricity and fiber optics instead of
copper wire [4]. Optical fiber sensors now have more
capabilities thanks to lower component costs and higher
component quality [5] to replace conventional sensors using.
The majority of commercially viable optical fiber sensors in
the early days of the technology were directed directly at
markets where the available sensor technology was
insufficient or marginal. The fundamental advantages of
optical fiber sensors such as their light weight, compact size,
passivity, low power and resistance to radio frequency
interference, high sensitivity, bandwidth, environmental
resistance, and environmental robustness, were frequently
employed to make up for their primary disadvantages of being
expensive and unfamiliar to the end user. Sensors based
optical fiber are devices widely used in many fields, from
environmental monitoring [6] to the medical industry [7].
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Comparing photonic crystal fiber (PCF) to conventional
optical fiber, this latter has a better geometry. Typically, PCF
has a hollow or solid core that is surrounded by variously
sized airholes. The arrangement of these airholes controls the
light [8]. In addition, by changing the location of the airholes
as well as the surrounding conditions, light propagation can be
controlled. In recent decades, PCF has gained significant
attention in sensing applications due to its distinct
characteristics. Numerous research groups are interested in
PCF based sensors because of its great sensitivity [9],
flexibility [10], small size, robustness and the fact that they
can be used in measurement applications. They can also be
utilized in risky, noisy, high-temperature, and high-voltage
settings, with high electromagnetic fields and in explosive
environments [11], even for remote supervision and remote
sensing applications [12]. Their ability to transmit and
manipulate light precisely makes them versatile tools for
detecting and measuring a variety of physical or chemical
quantities like pressure [13], temperature [14], PH [15], DNA
[16], Cholesterol [17], glucose [18], rotation [19], acceleration
[20], measurement of electric and magnetic fields [21],
acoustics [22], vibration [23], linear and angular position [24],
deformation [25], humidity [26], viscosity [27], chemical
measurement [28], water salinity [29] and a host of other
sensor applications. Salinity is an essential variable in
oceanography since it indicates how the marine environment
is doing [30]. Salinity sensors are crucial for managing
production procedures and safeguarding ecosystems [31]. One
of the key intrinsic optical qualities of seawater is its optical
index of refraction.

Sensors relying on polyimide-coated photonic crystal fiber
have been described [32]. A photonic crystal fiber salinity
sensor was investigated [29]. A seawater salinity sensor based
on a dual-core photonic circuit and using a tiny fiber-optic
probe has been the subject of theoretical and numerical
analysis [30] and Sagnac interferometer-based ultrahigh
sensitivity photonic crystal fiber (PCF) salinity sensor was
presented [33].

We explored a salinity sensor using photonic crystal fiber.
However, an important issue arises in the current research: the
variation of the chromatic dispersion by varying the
concentrations of salt in water at a specific wavelength, which
are not addressed in previous works. When deploying this
sensor in marine and groundwater environments, it's crucial to
consider the wavelength and the dispersion alongside the salt
concentration. Conducting real-time investigations into this
problem is advantageous for further research, as it may lead to
novel solutions for simultaneously testing salt concentration
using a single PCF device.

The primary objective of our study was to simulate an
optical salinity sensor based on a micro-structured fiber.
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Salinity serves as a critical parameter in various fields,
including oceanography [33], aquaculture [34], and water
quality control [35]. Employing the Beam Propagation
Method (BPM) simulation technique, we modeled the
behavior of light within the micro-structured fiber and
assessed its sensitivity to salinity. Through this simulation, we
analyzed how light variations corresponded to changes in the
salinity of the tested sample. The results obtained provided
insights into the operational principles of the optical salinity
sensor and allowed us to optimize its performance in terms of
sensitivity and accuracy.

In this paper, we perform a numerical evaluation of a novel
PCF comprised of four rings. The first ring is filled with
seawater, and we analyze the sensor’s performance by varying
the diameter. This research contributes to the advancement of
optical sensors by exploring a specific application in the field
of salinity measurement. The results obtained could serve as a
basis for the development of more sensitive and accurate
sensors in this field, opening up new possibilities for
monitoring and managing aquatic resources. Additionally, we
demonstrate that this PCF sensor represents a viable option for
dispersion-compensating fibers in optical communication
links.

Il. THEORY AND STRUCTURAL DESIGN

Our sensor is built on a photonic crystal fiber, as was
indicated in the introduction. Figure 1(a) illustrates a cross
section of our suggested sensor. Our PCF, which is measured
10000 um of length, is formed of four rings airholes. seawater
is introduced into the holes in the first ring. The relevant
design parameters as indicated in Table 1, are the holes pitch
(A) which is the distance between the centers of two airholes,
airholes diameter (d), and the diameter of the holes filled with
seawater (d,), while the substract of the structure is made by
silica, is known as background material. The profile index of
the PCF is presented in Fig. 2(b).

According to the Lorentz-Lorenz relationship, the refractive
index (RI) of a substance is connected to its density and,
consequently, to the presence of absolute salinity [34-36].
Thus, by measuring the refractive index of water level, we
may determine the associated saltwater salinity. Seawater's RI
changes depending on the excitation wavelength, salinity, and
water temperature. The link between saltwater salinity,
ambient seawater temperature, and seawater refractive index
can be expressed as follows for a clearer understanding [29]:

n(S,T,4) =1.3140+ (1.779x10™* —1.05
107°T +1.6x107°T?)S —2.02x107°T?
15.868 +0.01155S —0.00423T 1
+ : 1
A
4382 1.1455x10°°
2T
Here, S is the concentration of salinity (% or PSU “practical
salinity unit”), 1 PSU represents 1 gram of salt dissolved in 1
liter of water (g/l) [37] . T is the temperature (°C) of the salt

water. We show the link between saltwater Rl and the
wavelengths at a constant temperature (30 °C). According to

Fig. 2, rising the salinity concentration in the saltwater
increases the RI. So, the effective refractive index has been
employed to investigate the propagation properties of PCF.
This is due to the fact that the effective index approach is a
simple numerical methodology that yields qualitatively the
same modal features as PCF.

Airhole

Seawater

1.44402

¥ (um)

X (um)

Fig. 1. (@) Model of the suggested PCF, (b) The profile index of the
suggested PCF

TABLE 1
THE PARAMETERS OF THE STRUCTURED PCF

Parameters Values
The period A 1.9 um
The diameter d 1.1 pm
The diameter d1 1.1 pm
Outer cladding 125 pm
diameter
Coating diameter 245 pm
1.35
S=0%
1.345 $=10%
S=20%
1.34 S=30%
8 ke el | | S=40%
£ 1.335 S=50%
2 S=60%
@ 133/~ TT e T | s S=70%
® S=80%
1825 i | e S=90%
.......... S=100%
1.32
1.315 : : - -
08 1 12 14 16 18

A(pm)

Fig. 2. The correlation between seawater refractive index (RI) and
concentration of salinity in water.
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To precisely simulate the guiding mode and examine sensor

performance, Using Sellmeier's formula, the backdrop
material's silica dispersion is taken into account [38]:
2
n2(2) =1+ 20.6961663/1 i
A7 +(0.0684043) @)
0.4079426.2 0.8974794 4

2 2 + 2 2
22 —(0.1162414)2 72 —(9.896161)

A is the wavelength in pm. We utilized numerical techniques
to analyze and investigate the chromatic dispersion properties
of the sensor base PCF by taking into account the refractive
index of pure silica.

I1l. RESULT AND DISCUSSION

A.First ring infiltrated with sea water

To achieve high sensitivity, we examined the dispersion
characteristics of the proposed sensor using numerical
modelling techniques. Figure 3 plots the behaviour of the
chromatic dispersion in various concentrations (0-10-20-30-
40-50-60-70-80-90 and 100) % of seawater in a scope of
wavelength from 0.8um to 1.8um. At this stage, we have
injected different concentrations of seawater in the first ring
holes. By varying the concentration, the dispersion is
calculated to observe the various results. It is clear that the
dispersion shift with the changing of the concentration. So,
dispersion is dependent on seawater concentrations. Meaning
that our PCF is very attractive and sensitive to salinity.
Furthermore, Chromatic dispersion is negative for a large
scope of wavelengths, from 0.8 pm to about 1.6pum. These
substantial negative dispersion values can be utilized to offset
the typical dispersion of conventional single-mode fibers. This
means that PCF can compensate for dispersion generated by
conventional single-mode fiber. Thus, it can make our
proposed salinity sensor suitable for communication
application.

As mentioned earlier and based on the analyses presented
above, it is evident that the refractive index of a solution is
influenced by the salt content of the water.

20
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b

Fig. 3. The alteration in chromatic dispersion as a function of
wavelength with various salt concentrations in water
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Fig. 4. (a) Variation of the chromatic dispersion at A=1.3um,
(b) The calculated sensibility when A=1.3pum

Therefore, the salinity can be indirectly determined by
measuring the refractive index. Consequently, the salt
concentration of the solution can be assessed by detecting the
transmitted or reflected optical signal. To address potential
issues related to salinity measurement, we calculated the
salinity sensitivity of our PCF sensor at two wavelengths
commonly used in optical fiber maintenance systems: 1.3 pm
and 1.55 pm.

The sensitivity has an important role to evaluate the
suggested sensor performs in terms of sensing, which can be
defined as:

_ps
nmkm

S —_—
( PSU )
/ AConcentration(PSU)|

=|ADispersion(ps/(nmkm)) (©)

Figure 4(a) represents the shift of chromatic dispersion at
1.3um for different concentration of seawater. The salinity
sensitivity was calculated and represented in Fig. 4(b). And
the average sensitivity is 0.025805 ps/(nm.km)/PSU.

Figure 5(a) exhibits the behaviour of chromatic dispersion
at A=1.55um. It was selected to determine the sensitivity of
this sensor at this particular location. The sensitivity was
calculated by applying the linear fitting and it can be
computed to be 0.022247 ps/(nm.km)/PSU. The calculated
sensitivity is presented in Fig. 5(b).
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Fig. 5. (a) Variation of the chromatic dispersion at A=1.55p,
(b) The calculated sensibility when A=1.55um

B.The effect of the opto-geometric parameter on sensing
performance

As a way to modify and enhance the recommended PCF's
sensing capabilities, the effect of modified an opto-geometric
parameter is analyzed numerically. Figure 6(a) presents the
cross view of the micro-structured PCF in which the diameter
of the first ring holes was changed. In this structure, we keep
the same parameters of the first PCF. The diameter of the
holes, in the first ring, is d,=0.6um, which is filled with
seawater. All the airholes diameters are d=1.1 um and the
variation in pitch between them is A= 1.9um. Using the
Sellmeier’s equation [38], The PCF's background is
determined by the fused silica's computed chromatic
dispersion. The profile index is shown in Fig. 6(b).

We utilized numerical methods to simulate the
characteristics of the PCF. Figure 7 illustrates the effect of the
change of chromatic dispersion. A slight change occurs when
the salinity changes. So, there is a connection between the
dispersion and the concentration of salt and the dispersion is
dependent on the salinity demonstrating that the PCF may be
used as a salinity sensor.

We investigate the effect of this modification in the
structure. We simulate the chromatic dispersion at the same
wavelengths chosen in the first section, 1.3um and 1.55um,
the two telecommunication wavelengths. First, Fig. 8(a)
plotted the shift of dispersion at 1.3um for various

concentration of seawater to calculate the sensitivity at this
point. The performance of the sensor is significantly impacted
by a change in the diameter of the initial ring holes, and the
estimated results are shown in Fig. 8(b). The salinity
sensitivity is obtained about 0.017966 ps/(nm.km)/PSU.

Then, the effect of the diameter of the first ring holes on
dispersion is also investigated for the wavelength 1.55pm in
Fig. 9(a). by applying a linear fitting in Fig. 9(b), the salinity
sensitivity is obtained about 0.021818 ps/(nm.km)/PSU.

Airhole

{— A=1.9um

1= 0.6um

Seawater silica

@)

1.44402

Y (um)

Fig. 6. (a) A model of the proposed PCF with a change of the
diameter dy, (b) The profile index of the structure
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Fig. 7. The variation of the dispersion versus a scope of wavelengths
from 0.8pum to 1.8um with various salt level in water.
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Fig. 9. (a) Variation of the chromatic dispersion at A=1.55um,

(b) The calculated sensibility when A=1.55um

C. Multifunctionality of the photonic crystal fiber

It is crucial to investigate the impact of varying airhole
diameters on the sensor’s performance. Figures 10(a) and
10(b) show the schematics representation of the forming PCF
and the profile index respectively. In this design, all airholes
are spaced with a constant pitch of 1.9um, and their diameter
is 1.1um. The first ring holes diameter is dz=1.5pum where the
salt water is injected. The sellmeier equation determines fused
silica as the fiber's background material [38].

Silica

@

-8 -6 -4 -2 0 2 4 5} 8
X (um)

(b)

1.44402

Fig. 10. (a) A cross section of the PCF when d3= 1.5um,

(b) The profile index of the structure
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Figure 11 describes the shift of the chromatic dispersion
versus wavelengths with various concentration of salinity in
water. It is obvious that our sensor has a high sensitivity for
detecting salinity. Besides, the chromatic dispersion is
obviously negative, from 0.8um to 1.8um. These large
negative dispersion values can be employed to compensate for
the anomalous dispersion of conventional single mode fibers.
It is obvious that an extremely negative dispersion may be
attained along the telecommunication band for the optimal set
of parameters, offering good dispersion compensation.
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Fig. 11. The variation of the chromatic dispersion versus wavelength
with various salt level in water

As previously, we choose two different wavelengths for
determining the sensitivity of this salinity sensor: 1.3pm and
1.55um, and we investigate the fluctuation of chromatic
dispersion at each of these wavelengths.

Figure 12(a) represents the wavelength dependent
characteristics of chromatic dispersion for various seawater
concentrations at 1.3um. From Fig. 12(b), the sensitivity is
calculated by applying linear fitting and computed as 0.10815
ps/(nm.km)/PS.

The sensitivity is then calculated using the example when
A=1.55 pm. The variation of the chromatic dispersion is
displayed in Fig. 13(a) and the computations were performed
at a fixed wavelength (1.55 pum) as indicated in Fig. 13(Db).
Using the linear fitting, the average value for salinity
sensitivity may be determined to be 0.0455964
ps/(nm.km)/PSU based on the measured experimental data.
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As we showed in the previous section, by computing the
dispersion, we can easily calculate the salinity sensitivity by
varying the salt concentration from 0% to 100%. We analyze
the performance of our proposed sensor. We examined three
different structure and calculate sensitivity for two
wavelengths 1.3 um and 1.55 pm. Table 2 presents the results
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obtained from previous simulation according the shift of
dispersion.

TABLE 2
THE RESULT OF THE SENSITIVITIES FOR DIFFERENT WAVELENGTHS
Structure Wavelengths Sensitivity
(ps/(nm.km)/PSU)

A=1.9 pm 1.3 um 0.025805
d=1.1 pm

di=1.1 pm 1.55 um 0.022247

A =1.9 pm 1.3 um 0.017966
d=1.1 um
dp= 0.5 pm 1.55 um 0.021818

A =19 um 1.3 um 0.10815
d=1.1 pm

d5=1.5 um 1.55 um 0.045964

For different salt concentrations in water, the highest
sensitivity when A=1.3um is 0.017966 ps/(nm.km)/PSU and
when A=1.55um is 0.021818 ps/(nm.km)/PSU. So, the
greatest sensitivity to varied salt concentrations can be
modified by adjusting the PCF design parameters.

Table 3 presents a summary of some previously
documented salinity sensors along with their respective
sensitivities, the structure of our PCF is simple and commonly
used, suggesting that fabrication should be straightforward.

Finally, and based on the above results of our research, it
can be improved that the change of one parameter in the
structure is important to have better results. This sensor has a
low cost and simple structure. Therefore, the suggested sensor
may be employed for salinity sensing when its parameters are
improved. Additionally, the suggested sensor can be utilized
as a multipurpose tool, a sensor, to measure salinity or as a
PCF for low-loss communication.

TABLE 3
VARIOUS SENSITIVITY COMPARISON AMONG DIFFERENT SALINITY
SENSOR
S S S ps/(nm.km)/
Structures pm/% Am/RIU pSU Ref.
Seawater | 5, : : [39]
salinity sensing
Salinity sensing
based on MKR | 2118 i i [40]
Salinity sensor
using PCF ) 5675 ) [29]
Salinity sensor
based on sagnac - 37,500 - [33]
interformeter
0.017966 at
1.3um
This work - - 0.021818 at -
1.55um

IV. CONCLUSION

This paper aimed to elucidate a proposed salinity sensor
that would employ photonic crystal fiber and be numerically
modeled. The sensor's salinity detection range spanned from
0% to 100%. Seawater was introduced into the first ring holes,
which served as defect cores in the fiber. The influence of
structural parameters on the sensor's performance was
explored by varying the diameter of the first ring holes. The
simulation results revealed that the highest salinity sensitivity
was achieved at 1.3um, amounting to 0.017966
ps/(nm.km)/PSU, and at 1.55um, the sensitivity was 0.021818
ps/(nm.km)/PSU. Furthermore, the dispersion properties of
PCFs were examined, showcasing their significant negative
chromatic dispersion, rendering them valuable for dispersion-
compensating applications. In conclusion, the results
underscore the feasibility of the simulated PCF for salinity
sensing applications and its potential use in optical
communication by a simple change in geometric parameters,
particularly concerning chromatic dispersion-related needs.
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