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ABSTRACT 
 

 
STUDY OF ALL-FIBER SENSORS FOR SALINITY AND 

TEMPERATURE SIMULTANEOUS MEASUREMENT 
 
 
 
In this work the basic device is a core diameter mismatch (CDM) structure 

composed of small simple arrangements of singlemode (SMF) and multimode fibers 

and the balloon structure made of bent singlemode fiber. The proposed sensors are easy 

to fabricate, simple, cost effective and are safe for the environment. 

In this work, the simple all-fiber sensors are developed to measure salinity and 

temperature using multimodal interference, with applications as temperature and salinity 

sensor. We demonstrate four types of CDM structures with balloon shaped SMF sensor 

for individual and simultaneous measurement of salinity and temperature. By measuring 

the wavelength shifts spectra in each scheme, simultaneous measurement of temperature 

and salinity could be achieved. Simulations for the CDM structures were performed by 

using the Beam Propagation software. 

Among all the CDM structures, the SM1SM2S sensor shows the best salinity 

sensitivity with 402 pm/%NaCl. For the temperature measurements, the SM1SM1S 

sensor shows the best sensitivity among all the structures with a maximum value of 

377.62 pm/℃. With the combination of the CDM and balloon shaped sensor for salinity 

measurements, the SM1SM1S and balloon shaped sensor depicts the best sensitivity 

among all the other structures with a value of 168 pm/% NaCl. For the temperature 

measurements, the SM1M2S structure combined to the balloon structure shows a great 

sensitivity with a maximum value of 735.6 pm/°C. Concerning the simultaneous 

measurement, the SM1SM2S with the balloon shaped sensor presents a maximum 

sensitivity of 2.86 dB/°C at 10% NaCl saline solution. 

 
Keywords: Core Diameter Mismatch, balloon structure, Multimode Interference, 

salinity and temperature sensor. 
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RESUMO 
 
 

STUDY OF ALL-FIBER SENSORS FOR SALINITY AND 
TEMPERATURE SIMULTANEOUS MEASUREMENT 

 
 
Neste trabalho, o dispositivo básico é uma estrutura de descasamento de 

diâmetro de núcleo (CDM) composta por pequenos arranjos simples de fibras 

monomodo e fibras multimodo e a estrutura em balão, que é feita de fibra monomodo 

curvada. Os sensores propostos são fáceis de fabricar, simples, econômicos e seguros 

para o meio ambiente. 

Neste trabalho, sensores simples totalmente a fibra são desenvolvidos para medir 

salinidade e temperatura usando interferência multimodal, com aplicações como sensor 

de temperatura e de salinidade. Demonstramos quatro tipos de estruturas de CDM com 

o sensor em forma de balão para medição individual e simultânea de salinidade e 

temperatura. Medindo-se os espectros com a variação do comprimento de onda de cada 

sensor, pode-se obter a medição simultânea de temperatura e salinidade. Simulações das 

estruturas com CDM foram realizadas usando-se o software de propagação do feixe 

(BeamProp). 

Entre todas as estruturas CDM, o sensor SM1SM2S de salinidade mostrou a 

melhor sensibilidade com um valor de 402 pm/%NaCl. Para as medições de 

temperatura, o sensor SM1SM1S apresentou a melhor sensibilidade entre todas as 

estruturas com um valor máximo de 377,62 pm/℃. Com a combinação da estrutura 

CDM e o balão para medições de salinidade, o sensor SM1SM1S com o balão mostrou 

a   melhor   sensibilidade   entre  todas  as  outras  estruturas  com  um  valor  de  

168pm/%NaCl. Para as medições de temperatura, a estrutura SM1M2S combinada à 

estrutura do balão  apresentou  uma  grande  sensibilidade  com  valor  máximo  de 

735,6 pm/°C. Para a medição simultânea, o sensor com a estrutura SM1SM2S e o balão 

mostrou uma sensibilidade máxima de 2.86 dB/°C em 10% de NaCl. 

 
Palavras-chave: Descasamento de diâmetro de núcleo, estrutura em balão, 

Interferência Multimodal, sensor de salinidade e de temperatura. 
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1 – Introduction 
 
 

In this chapter, it will be presented a brief history of the optical fiber and optical 

fiber sensors. After that the classification of optical fiber sensors is presented with their 

advantages with a short description of the types of sensors. At the end of the chapter, 

objective and motivation of the research work is also discussed followed by the 

organization of the thesis.    

 

 

1.1  – Optical Fiber Sensor  

 

 

Ever since an ancient time, one of the most important needs of people has been to 

communicate, which took to the interest in designing and developing communication 

systems for sending messages from one distant place to another. Optical fibers were 

available since 1957-1958 and were being used and for making devices that required 

only a short length of the fiber since then [1]. However, no one was serious about using 

them for optical communication at that moment. The main problem was that the optical 

fibers available during the 1960s had such high losses that only 10 % of light entering at 

one end emerged from the other end of a fiber that was only a few meters long. Since 

light had to be transported over at least a few kilometers most engineers ignored them 

for telecommunication applications [2]. It was suggested in 1966 that losses of optical 

fibers could be reduced drastically by removing impurities from silica glass used to 

make them, and that such low-losses fibers might be the best choice for optical 

communication [3]. Indeed, Dr. Charles Kao was awarded one half of the 2009 Physics 

Noble Prize for his achievements concerning the transmission of light in fibers for 

optical communication [4]. 

In 1966, Dr. Kao and his colleagues in Standard Telecommunication Laboratories 

Ltd. first introduced the concept of guiding light with optical fibers [4]. Later, since the 

inception of optical fiber communications, optical fibers, which are glass or plastic 

cylindrical waveguides that carry light along their length, are irreplaceable in many 

communications systems all over the world. In addition, over the past 40 years, the 
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optoelectronics industry has led to the emergence of many new product areas, including 

compact disc players, personal copiers, and laser printers, etc., due to both the quality 

improvements and cost reductions in optoelectronic components [5]. 

Optical fiber sensor (OFS) technology has been a major user of the technology 

associated with the optoelectronic and fiber optic communications industries. Many of 

the components associated with these industries were often used for fiber optic sensor 

applications [6-10]. OFS has been widely used in many different sectors due to its 

ability of sensing important parameters such as temperature, strain, stress, curvature, 

vibration, refractive index, position etc. A large number of optical fiber sensors with a 

variety of functions based on different structures have been reported in recent years, for 

example, fiber Bragg grating (FBG), tilted FBG (TFBG), long period grating (LPG), 

taper fibers, core diameter mismatch (CDM) structures and optical fiber balloon 

structures [6-9],[11]. Displacement and temperature are significant parameters for 

various applications, ranging from movement monitoring to industrial manufacture, 

machinery manufacturing and civil engineering [7-9].  

Optical fiber sensors have great potential since they could be made with a miniature 

size, which would help them to be used in many medical applications, especially in the 

development of minimally invasive surgical tools. Although the penetration into the 

medical market is slow because of high cost, an increasing number of medical 

procedures are benefiting from the advantages that these tiny sensors can bring. An 

example of a medical application is a miniature pressure sensor, which can be used in 

neurology for intracranial pressure monitoring [10]. Although most high-volume 

medical applications for optical fiber sensors involve measuring physical parameters, 

chemical sensing is also a growing market. For example, optical fiber sensors that could 

detect dissolved oxygen and carbon dioxide or pH are now commercially available [12]. 

Moreover, since optical fiber sensors are immune to electromagnetic interference, they 

are perfectly suitable for applications involving high electromagnetic field, such as in 

magnetic resonance-imaging systems. A fiber optic pH sensor [13] and a fiber optic 

oxygen sensor [14] have been developed for use in medical applications.  

Salinity is an important property of natural and industrial water bodies as physical 

properties of water changes with salinity level. Salinity measurement is important 

because a high concentration of dissolved salt in water affects agriculture, drinking 
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water supplies and ecosystem health. The overall impact of salinity can be extremely 

costly. Due to such reasons, salinity is a factor of considerable importance in many 

areas such as in marine environment monitoring, detection of salt water intrusion in 

drinking water, process control in manufacturing industries, seasonal climate prediction, 

offshore oil exploration, military engineering and solar engineering [11]. 

Fundamentally, an OFS works by modulating one or more properties of the 

propagating light wave, including intensity, phase, polarization, and frequency, in 

response to the environmental parameter being measured. At the core of the optical 

sensing technology is the optical fiber that transmits light within its core. An optical 

fiber is composed of three main components: the core, the cladding, and the buffer 

coating as shown in figure 1. The cladding reflects light back into the core, ensuring the 

transmission of light through the core with minimal loss. This is achieved with a higher 

refractive index in the core relative to the cladding, causing total internal reflection of 

the light. The outer buffer coating serves to protect the fiber from external conditions 

and physical damage [5].  

 
Figure 1 – Typical optical fiber cable. 

Source: The author 

 

Optical fiber sensors have been studied intensively based on the physical 

phenomena such as wavelength dependent absorption, photoluminescence and phase 

detection. Compared with traditional sensors using electrical or magnetic principles, 

optical fiber sensors have several advantages, including [5], [6], [9]:  

• Low signal loss  
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• Immunity to electromagnetic noise and chemical material erosion  

• Small size and lightweight  

• Possibility of multiplexing 

• Feasibility of distributed and remote sensing  

• Electrical passivity 

• Resistance to high temperature 

The working principle of OFSs is based on the modulation of the fiber-guided light 

produced in one of its optical properties by the parameter under investigation. The 

complexity of the electro-optical system, the type of components selected, and thus cost 

of the sensor is related to its operating principle [5]. The general structure of an optical 

fiber sensor system is shown in figure 2. Basically, optical fiber sensors consist of four 

major components: optical source (Laser, LED, ASE etc.), signal waveguide (e.g., 

optical fiber), sensing head, and detector. Light propagates along an optical fiber 

passing through the sensing head, where certain properties of the light wave would be 

modulated when the sensing head is influenced by the external variations which need to 

be monitored. The modulated light wave (containing the information) is then received 

by the detector, and after the demodulation, the external varying parameters which need 

to be measured could be obtained [5]. 

 
Figure 2 – Basic components of an optical fiber sensor 

Source: The author 

 

 

1.1.1  – Classification of Optical Fiber Sensors 

 

 

There are a variety of optical fiber sensors. These can be classified as follows: 

 -- Based on the modulation and demodulation process a sensor can be called as 
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intensity (amplitude), phase, frequency, or polarization sensor. Since detection of phase 

or frequency in optics calls for interferometric techniques, the latter is also termed as an 

interferometric sensor [5, 7].  

 

-- Fiber optic sensors can also be classified on the basis of their application: physical 

sensors (e.g. measurement of temperature, stress, etc); chemical sensors (e.g. 

measurement of pH content, gas analysis, spectroscopic studies, etc.); biomedical 

sensors (inserted via catheters or endoscopes for measuring blood flow, glucose content 

and so on). Both the intensity types and the interferometric types of sensors can be 

considered in any of the above applications [9,10]. 

 

-- Optical fiber sensors can also be classified in response to their measurements points. 

The three most important classes are: point to point sensors, multiplexed sensors and 

distributed sensors. In point to point type there is a single measurement point at a 

specific point of the optical fiber cable, similarly to most electrical sensors. Multiplexed 

sensors allow the measurement at multiple points along a single fiber line and 

distributed sensors are able to sense at any point along a single fiber line, typically 

every meter over many kilometers of length [9]. 

 

-- Extrinsic and intrinsic sensors are another classification scheme. In Extrinsic optical 

fiber sensors, the optical signal is injected into the sensing element which transduces the 

measurand to the optical signal. The input fiber enables the light to reach the sensing 

element. The output fiber permits the optical signal to be injected to the detector where 

it will be analyzed. Therefore, extrinsic optical fiber sensors use the optical fiber to send 

light to the transducer and collect it from the transducer. An extrinsic optical fiber 

sensor is shown in figure 3. A major benefit of extrinsic sensors is their ability to reach 

places that are otherwise inaccessible [5].  
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 Figure 3 – An extrinsic optical fiber sensor  

Source: The author 

 

 In intrinsic sensors the optical fiber is the device which will be in contact with the 

measurand. It is possible to measure strain, temperature, pressure, and other quantities 

by modifying the optical beam so that the quantity to be measured modulates the 

intensity, phase, polarization, wavelength, or transit time of light in the fiber. An 

example of an intrinsic optical fiber sensor is illustrated in figure 4. Sensors that vary 

the intensity of light are the simplest, since only a simple source and a detector are 

required besides the optical fiber, for the measurement. A particularly useful feature of 

intrinsic optical fiber sensors is that they enable distribute sensing over very long 

distances [5]. 

 
Figure 4 – An intrinsic optical fiber sensor  

Source: The author 
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1.2  – Motivation  

 

Following the fast development of the optical fiber sensor technology in recent 

years, many kinds of optical fiber sensors have been designed and developed to measure 

various parameters. To date, a huge number of  different parameters could be measured 

or monitored by optical fiber sensors, such as acceleration, electric and magnetic fields, 

temperature, pressure, acoustics, vibration, strain, humidity, viscosity, refractive index, 

etc [15-22]. Optical fiber sensors have become more and more important, and in many 

industries, they gradually become indispensable, such as in civil, medical, and military 

applications [23, 24, 25]. 

Optical fiber sensors could also find helpful applications such as to check pipeline 

integrity [26], to detect pipeline buckling [27], to detect wall-thinning defects [28], or 

pipeline leaks [29]. A practical pipeline leakage system [30] with optical fiber sensor for 

testing is depicted in figure 5. Pipelines provide one of the safest and most reliable 

approaches for transportation of gases and liquids; however, pipeline failures would 

cost millions of dollars losses and may have a severe effect on surrounding 

environment. Hence, monitoring the integrity and health of the pipelines is very 

important for pipeline industries all over the world. For example, Italy researchers have 

shown that optical fiber sensors can be used to monitor the structural integrity of a 

pipeline, and the deformations of the rock or soil surrounding the pipeline [31]. They 

could measure the amount of pipeline dislocation and its direction by measuring normal 

strain using stimulated Brillouin scattering along three longitudinal directions running 

down the pipeline [31]. OFS are expected to play a very important role in the pipeline 

industries to save money for inspection and maintenance [30]. 
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Figure 5 –Fiber optic sensor for pipeline application. 

Source: F. Tanimola [30] 

 

The health of some massive structures, such as aircrafts, wind-turbine blades, 

bridges, dams, etc., needs to be monitored in a continuous manner to avoid some 

disaster accidents. For example, researchers in Germany have tested optical fiber 

sensors based on Bragg gratings in the tail of the Airbus A340/600 which are now 

converted to cargo, and Airbus was also investigating the use of optical fiber sensors on 

the A380 [32]. Embedded into the structure of the aircraft, optical fiber sensors which 

could measure strain offer the aerospace industry with the opportunity to schedule 

inspection, service and retirement of the aircraft based on the actual loads experienced 

by the structure. Another example where optical fiber sensors are playing a valuable 

role is wind-turbine blade [33] shown in figure 6, since the wind turbines become larger 

and larger which might bring many new engineering challenges. Optical fiber sensors 

could provide an understanding of real-time loads and blade history that is very 

important to both the manufacturers and wind-farm owners [33]. 
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Figure 6 – Fiber optical sensor for wind turbine application. 

Source: M. Jones [33] 

 

Optical fiber sensors have a potential that they could be made with a miniature size, 

which would help them be used in many medical applications, especially in the 

development of minimally invasive surgical tools. An increasing number of medical 

procedures are benefiting from the advantages of these tiny sensors. OFS can be 

positioned at the tip of instrumented catheters to give useful feedback in surgical 

procedures [34].  In figure 7 an endoscopic instrument is presented. This instrument is 

able to provide the surgeon with haptic information of the type of tissue that may be a 

vein or a tumor. 

 
Figure 7– Surgical endoscopic instrument with an optical fiber sensor [34]  

Source: J. A. C. Heijmans [34]  

 

Optical fiber biosensors are also very attractive in medical applications, by 
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measuring absorbance, reflectance, fluorescence, etc., to sense a biological species of 

interest [35]. For example, the simplest optical biosensors use absorbance 

measurements to determine any changes in the concentration of analytes that absorb a 

given wavelength of light. A fiber optic pH sensor [36] and a fiber optic oxygen sensor 

[37] have been developed for use in medical applications. In addition, Piunno et al. [38, 

39] reported one of the first biosensors for direct analysis of DNA hybridization by use 

of an optical fiber, and researchers in Virginia Institute and State University developed a 

microgap fiber multicavity Fabry-Perot sensor for biosensing [40].  

Salinity plays an important role in chemical and biological analysis, manufacturing 

process control and protection of ecosystems. Salinity is not only a fundamental 

parameter for seawater but also an important factor for the monitoring of water quality. 

Therefore, measurement of salinity has its significance in many fields such as ocean 

dynamics, marine environment monitoring, weather and climate prediction, agriculture, 

protection of freshwater resources, and so on [41, 42]. Salinity measurement has a long 

history [43].  Several emerging sensor systems have been developed for NaCl detection. 

One of the common methods involved in NaCl detection is based on refractive index 

(RI) measurement [44].	Measurement of salinity by using optical fiber technology has 

attracted lots of attentions in recent years due to the well-known advantages of optical 

fiber sensors. Some researchers studied on the simultaneous measurement of two 

different parameters [45-51]. In simultaneous measurement, the designing of a dual 

parameter sensor possesses many advantages such as simple, low cost, compact and 

conventional operation. It can also be used in many applications such as medical, 

chemical, environmental assessments, biochemical analysis. In this work simultaneous 

measurement of salinity and temperature is performed utilizing the balloon shaped 

structure together with different CDM structures. 

 

 

1.3 –  Objectives	

 

	

The general objective of this work is to develop a fiber-based sensor for 

simultaneous measurement of temperature and salinity. As specific objectives, the work 
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searches for new configurations of fiber sensing devices for these simultaneous 

measurements. Two kinds of fiber structures were analyzed in this work: core diameter 

mismatch (CDM) structures and the balloon shaped structure. 

In a CDM based optical sensor, the technology investigated is based on the core 

diameter mismatch technique which uses a singlemode fiber (SMF), a multimode fiber 

(MMF) and a singlemode fiber known as singlemode-multimode-singlemode (SMS) 

structure. Variations on the SMS structure, such as singlemode-multimode-singlemode-

multimode-singlemode (SMSMS), singlemode-mutimode1-multimode2-singlemode 

(SM1M2S), singlemode-multimode1-singlemode-multimode2-singlemode (SM1SM2S) 

structures will also be analyzed, where multimode1 and multimode 2 refer to multimode 

fibers with different diameters.  

The other structure, the balloon shaped structure, is formed by bending a 

singlemode fiber into a balloon shape and will be also verified.  

The balloon shaped sensor combined with the SMS structure and its variations will 

be evaluated as well. The different configurations will be experimentally analyzed as 

salinity and temperature simultaneous sensor and their sensitivities will be calculated.  

The CDM structures will also be simulated on the Beam Propagation software. 

Comparison of simulation and experimental results will be analyzed.  

 

 

1.4  – Organization of the Thesis 

 

 

This thesis is divided in four different chapters. Following this introduction to the 

research subject, chapter two is a detailed theoretical study of core diameter mismatch 

structures, balloon shaped structure and multimode interference is presented. In addition 

to that theoretical concept of different types of CDM structures, the reimaging concept 

is depicted. A description of the Beam Propagation software is included. In chapter 

three, experimental details are described, which includes material details, sensor 

fabrication, the methodology used, and the experimental setup is exhibited. The 

experimental results of the CDM structures working as sensors are also explained, 

followed by the simulation results of the same structures. Also in this chapter, the 
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experiments concerning the balloon shaped sensor are presented. Finally in this chapter, 

the results from the temperature and salinity simultaneous measurements which used 

both CDM and balloon structures are showed and discussed. The comparison between 

experimental and simulation results are also depicted. Finally, the experimental results 

are compared with other works previous reported in the literature. In chapter four the 

conclusions arising from the results of the present study are summarized. Suggestions 

for future work are presented in detail, as well. 
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2 – Theoretical Analysis 
 
 

This chapter describes the fundamentals of multimode interference, the 

conceptual basis of Core diameter mismatch (CDM) structures, the principle of 

reimaging, and presents some CDM structures. The balloon structure is also explained. 

Finally, the Beam Propagation Method is explicated since it was used in the simulations 

presented in this work.  

 

 

2.1 –  Multimode Interference 
 
 
 
The phenomenon of multimodal interference and the formation of reimages are 

known since the early 1990s [52] and have been extensively explored in the 

manufacture of sensor devices using planar waveguides [53] and optical fibers, in 

addition to be used in many other devices, such as modulators [54], filters [55] and 

signal splitters [52]. The injection of light on a multimode waveguide causes the energy 

of the source to excite several of the many modes of propagation. Along the propagation 

direction the different modes interfere mutually in sequences of constructive and 

destructive contributions forming an interference pattern that depends on the geometry 

of the waveguide, the refractive indexes of the core and the cladding, the dimensions of 

both and the wavelength used [56] - [60]. Mode interference involving more than two 

modes results in a spectral transfer function that is not cosine-sinusoidal but instead 

shows strong peaks at specific wavelengths [61]. This approach is commonly treated as 

multimode interference (MMI). 

 MMI fiber devices are typically obtained, by splicing a Multimode fiber (MMF) 

section between two Singlemode fibers (SMFs), thus forming a Singlemode fiber – 

Multimode fiber – Singlemode fiber (SMS) structure [53] as shown in figure 8(a), or by 

splicing an SMF section between two MMFs. In the case of a SMS structure, the length 

of the MMF section determines the spectral characteristics of the MMI device [53]. The 

spectral distribution of the transmitted power is highly sensitive to the length of the 

optical path in the MMF section. The propagation profile diagram along the fiber axis 
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can be seen in figure 8(b). In figure 8(c) the transmission along the fiber axis is shown, 

where reimaging is depicted with the red mark circle, as well. Reimaging will be 

discussed in detail in the next section of this chapter. 

In addition to the MMI principle, it is also possible to have a sensor of the same 

configuration where the coupling is not selective in terms of wavelength, i.e. it is 

independent on the wavelength [62, 63, 64]. In this case, the SMS device does not act as 

an MMI device, because the physical length of the MMF is very small (much smaller 

than the reimaging point, which is the point where the constructive interference between 

the modes is maximal) and thus the loss in the optical signal increases when disturbed, 

which makes it attractive for various applications [64][65]. In this sense, for example, 

attenuation of the optical signal varies when the fiber is subjected to curvature.  

 

 
Figure 8 – (a) SMS structure, (b) propagation profile diagram, (c) 

transmission along the z axis. 

Source: The author 
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Multimode Interference in the multimode fiber section leads to the formation of 

a reimage of the input singlemode excitation [53]. The main indicator for external 

perturbations that affects the light consists of the spectral displacement of the reimaging 

in the multimodal region [17] or the change in the intensity of the transmitted signal.  

 

 

2.2 – Reimaging 

 

 

Reimaging of periodic objects was first described more than 150 years ago as 

cited by [53]. Self-focusing (graded index) waveguides can also produce periodic real 

images of an object [66]. However, the possibility of achieving reimaging in uniform 

index slab waveguides was first suggested by Bryngdahl [63] and explained in more 

detail by Ulrich [67, 68]. The principle can be stated as follows: reimaging is a property 

of waveguides operating in the multimode conditions where an input field profile is 

reproduced in single or multiple images at periodic intervals along the propagation 

direction of the guide [62]. The reimaging distance is obtained where the input source is 

replicated in both amplitude and phase. An example of reimaging in SMS structure is 

depicted in figure 9. Figure 9(a) shows the propagation field along the fiber axis and in 

figure 9(b) reimaging can be observed as indicated by the red circle. The reimaging 

occurs at 5.8 cm for this example. In this case, the fiber used is a no core fiber with a 

diameter of 125 µm.  

Upon excitation of a multimode waveguide, several modes are excited with 

different modal propagation constants βn, where n is an integer mode index. There are 

usually [59] two consecutive modes that are most excited, with propagation constants 

βm and βm+1. A beating phenomenon which appears at propagation distances Lp, is given 

by [69]: 
 

(𝛽! − 𝛽!"#)𝐿$ = 2𝑝𝜋   (1) 

 with p being an integer number.  
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Figure 9 – (a) Field profile within the multimode waveguide showing (b) self-imaging 
of the input field. 

Source: The author 
 

The difference in the propagation constants between the mth mode and other 

modes is generally different but at some distances it is possible to obtain [69]: 

(𝛽! − 𝛽%)𝐿& = 2𝑞𝜋     (2) 
 

where q is an integer number that generally differs for each mode n. If Lp = Lq for a 

group of modes, then a reimage is formed at the distance Li [69]: 

𝐿! =
"#$

(&!'&!"#)
= ")$

(&!'&$)
   (3) 

 
in which the participating modes are the modes satisfying the condition for reimaging 

[69]: 
(&!'&$)

(&!'&!"#)
= )

#
    (4) 

 
The reimage distance is then given by [69]: 

 

𝐿' = 𝑝𝐿( = 2𝑝 ∗ 𝐿)    (5) 
 

where, Lb = 2π/(βm - βm+1) is known as the beating length of the mth and (m+1)th modes 

and 𝐿)	 is their π-length, where the phase difference developed between them is exactly 

π.  

Similar to planar waveguides, optical fibers are expected to have self-imaging 

characteristics that depend on their graded refractive index profiles. This is well 



34 
 

understood as the modal properties of a multimode fiber depend on its graded profile. A 

widely used general form of the refractive index profile of weakly guiding optical fibers 

is given by [69]: 

𝑛(𝑟) ≈ 𝑛*+ 01 − 2
𝑛*+, − 𝑛*-,

𝑛*+,
3 4
𝑟
𝑎6

.
7

#
,
	 ; 0 ≤ 𝑟 ≤ 𝑎 

𝑛(𝑟) = 𝑛*- 		; 																																																				𝑟 ≥ 𝑎  (6) 
 

where 𝑛*+ is the refractive index of the core, 𝑛*- is the refractive index of the cladding, r 

is the radial distance, a is the core radius of the fiber and α is the power of the index 

graded profile. Two cases of practical interest given by this graded profile are the 

parabolic-index profile, where α = 2, and the step-index profile where α tends to 

infinity. For these two cases, approximate analytical forms of the modal propagation 

constants of a multimode fiber can be used to describe its reimaging characteristics as 

follows [69]: 

 

 

2.2.1– Parabolic-Index Fibers 

 

 

For perfectly symmetric excitations of optical fibers, it can be assumed that fiber 

modes with axial symmetry and propagation constants β0n are the only ones excited 

[69]. For graded-index fibers with parabolic index profile, the axially symmetric modes 

can be approximated by those of an infinite parabolic circular guide, with nearly 

uniform spacing between their propagation constants [69]: 

 

𝛽/! − 𝛽/% ≈
0%!"1%#$

"

%!2
2(𝑛 − 𝑚) =1 +

0%!"1%#$
"

,)%!"	2
𝜆(𝑛 + 𝑚 + 1)@  (7) 

𝛽/! − 𝛽/!"# ≈
0%!"1%#$

"

%!2
2 =1 +

0%!"1%#$
"

,)%!"	2
𝜆(2𝑚 + 2)@    (8) 

where n0 is the refractive index at the core axis, ncl is the cladding refractive index, a is 

the fiber core radius and λ is the wavelength. Ignoring the second term in the square 

brackets, which is a second order term, the reimaging condition approximately holds for 
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all axial modes as [69]: 
(5!%15!&)

(5!%15!%'()
≈ (𝑛 −𝑚) = 𝑞    (9) 

 

The multimode interference pattern appears like two modes interference [52, 

53], with reimaging at the position [69]: 

 

𝐿' = 𝐿( = 𝜋 %!2

0%!"1%#$
"

    (10) 

 

The second order term would result in small periodic deviations from the ideal 

wavelength-independent reimaging described by (12) and (13), and gives a slowly 

beating transmission spectrum with a wavelength period [69]: 

 

∆𝜆 ≈ 𝜋,𝑛/7𝑎,/(𝑚 + 1)(𝑛/, − 𝑛*-, )𝐿          (11) 

 

where n0 is the refractive index at the core axis, ncl is the cladding refractive index, and 

a is the fiber core radius. L is the length of the fiber. Since all the excited modes of a 

parabolic index multimode section approximately satisfy the reimaging condition, the 

transmission of an SMS structure using these graded fibers have maximum values very 

near to unity [69]. Despite showing this theory, this type of fiber will not be used in this 

work. But this theory could help in future work. 

 

 

2.2.2 – Step Index Fiber 

 

 

       For symmetric excitations of weakly guiding step index fibers, the linearly 

polarized LP0n modes are the only ones excited [53]. For these modes, there is the 

approximation [70]: 

𝛽/! − 𝛽/% ≈ (𝜋𝜆/8𝑛*+89𝑎,)[2(𝑛, −𝑚,) + (𝑚 − 𝑛)] (12) 

𝛽/! − 𝛽/!"# ≈ (𝜋𝜆/8𝑛*+89𝑎,)(4𝑚 + 1)     (13) 
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where, ncore is the refractive index of the fiber core, a is its radius and λ is the 

wavelength. Thus, 

(&%!'&%$)
(&%!'&%!"#)

≈ ["(+&',&)-(,'+)]
(/,-0)

  (14) 

 

Hence, reimaging appears at distance [69]: 

 

𝐿' = 16	𝑛*+89𝑎,𝑝/(4𝑚 + 1)𝜆   (15) 

 
Where p is an integer. 

Assuming that 𝑝 = 1 and 𝑚 = 0, field distribution at the input of the MMF is 

reproduced and is obtained at: 

𝐿' = 16	𝑛*+89𝑎,/𝜆    (16) 

 

 
2.3 – Core Diameter Mismatch 

 

 

Core diameter mismatch (CDM) structures offer all-fiber solutions for optical 

sensing with the advantages of ease fabrication and packaging and connection to optical 

fiber systems. The CDM structure, generally, works based on the Mach–Zehnder 

Interferometer. The basic structure of these devices is the Singlemode fiber – 

Multimode fiber – Singlemode fiber (SMS) which will be analyzed in this chapter. 

Furthermore, variations on this basic structure can also be good candidates to optical 

sensors. Some of them, used in this work, will be described in this chapter, as well. 

 

 

2.3.1 – Singlemode-Multimode-Singlemode structure 

 

 

The Singlemode-Multimode-Singlemode (SMS) fiber structure is the simplest CDM 

structure and consists of a short section of multimode fiber (MMF), which works as the 
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sensing element, inserted between two singlemode fibers (SMFs), as shown in figure 

10.  

 
Figure 10 –Singlemode –multimode –singlemode (SMS) structure. 

Source: The author 

To fabricate this structure, it is only required cleaving and fusion splicing the 

fibers, a process that is carried out with wide-spread optical fibers equipment. The fibers 

are cleaved with a high-precision fiber cleaver and are spliced with a fusion splicer 

machine. A piece of MMF is first spliced to a section of SMF, and then the MMF is 

cleaved with a length L. Finally, another section of SMF is spliced to the cleaved MMF. 

The fabrication process is very simple; moreover, it takes a few minutes and is highly 

repeatable. Note that the structure in which the evanescent fields are accessed is very 

robust if the outer diameters of the fibers are unaltered [62].  

The MMF section acts as a core-cladding coupling mechanism due to the large 

core diameter mismatch [62]. The MMF couples part of the light traveling along the 

core of the first SMF to the cladding of the second SMF, and this coupling induces a 

loss of power in the transmitted signal traveling along the core. The SMS configuration 

concept is based on the fact that when the light field coming from the first SMF enters 

the MMF section, it excites several higher order modes, generating a periodic 

interference pattern along the MMF section. According to the wavelength and geometric 

length, the light inside the MMF section can interfere in a constructive or destructive 

way resulting, in the end, in a device with different spectral characteristics [53]. This 

SMS fiber structure may be used for refractive index, temperature, vibration, curvature 

and many other parameters sensing. If the MMF is a no core fiber, due to the absence of 

cladding, the fiber modes are more exposed to the perturbations of the external 

environment through the evanescent field, therefore, sensing is more effective resulting 
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in high sensitivity. The role of the SMF is to cast and collect light at the end of the 

MMF. In figure 11(a) the SMS structure is presented. It was represented in the Beam 

Prop software where light enters from the singlemode fiber and excites higher order 

modes in the multimode fiber with destructive and constructive interferences, as 

presented in figure 11(b), which leads to the reimaging illustrated in figure 11(c) 

encircled by the red line at the end of the transmission propagation along the fiber axis. 

 
Figure 11 – (a) Beam propagation model of SMS structure, (b) propagation field 

and (c) transmission along the z axis. 
Source: The author 

In this work, two different fibers were used as the MMF: the no core fiber which is a 

rod of silica with a diameter of 125µm, a refractive index of 1.444024 and reimaging is 

obtained at the length of 5.8cm. The MMF with core/cladding diameters of 105/125µm, 

core refractive index of 1.457 and cladding refractive index of 1.44 and reimaging is 

obtained at 4.3cm. The SMF used in this work presents a core refractive index of 1.4492 

and a cladding refractive index of 1.444024. Conventional MMF operates similarly to 

the MMFs used in this work but with less sensitivity due to its smaller core diameter. 

The reflection occurring at the interface between the singlemode fiber and the 

multimode fiber due to the mismatch of the refractive index is found to be very small 



39 
 

and can be neglected in practice [56].  

 

 

2.3.2 – Singlemode-Multimode-Singlemode-Multimode-Singlemode structure 

 

 

In the Singlemode-Multimode-Singlemode-Multimode-Singlemode (SMSMS) 

structure depicted in figure 12, when the optical beam outputs the first SMF and enters 

the first MMF several higher order modes are excited in the MMF section. Thus, the 

modes further travels to the middle SMF where part of the light leaks from the MMF to 

the cladding of this SMF due to the different core diameters between the SMF and 

MMF. After propagating through the second MMF, part of the modes re-couples into 

the core mode of the last SMF. Once the cladding modes in the middle SMF propagate 

by the cladding boundary, the middle SMF is more sensitive to the neighboring material 

[71]. In the case of figure 12, the MMFs are no core fibers such as the one described at 

the last section. 

 

 
Figure 12 – Singlemode –multimode –singlemode–multimode –singlemode (SMSMS) 

structure  
Source: The author 

 

The effective refractive index of the middle SMF cladding modes is determined 

by the difference between the refractive index (RI) of the cladding and that of the 

external medium thus in such cases transmission depends on the refractive index of the 

external medium. Consequently, the device can be exploited for many sensing 

applications. The core of the middle SMF, which is not in direct contact with the 

external medium, also guides some light. This makes the transmission of the device 
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never to be zero even in the case when the RI of the external medium is higher than that 

of the cladding. The insertion of the SMF between two MMFs causes losses that are 

typically below 2-5dB [54, 62]. 

When light propagates through the MMF and reaches the middle SMF, at the 

MMF-SMF splice point, part of the power can be coupled to the cladding modes of the 

middle SMF due to the core diameter mismatch. Generally, the refractive index of the 

MMF no core is matched with the refractive index of the SMF fiber  cladding and along 

with the large core diameter mismatch guarantee for the excitement of cladding modes 

at the middle SMF. Similarly, at the middle SMF-MMF splice point, part of the 

cladding modes of the middle SMF will be again coupled to the guided modes of the 

MMF, together with the core mode of the middle SMF. Because of the effective 

refractive index differences between the middle SMF cladding and core modes, an 

interference pattern could be expected at the end of the structure and can be noticed by 

measuring the transmission spectrum of the device [54]. 

Figure 13(a) shows the SMSMS structure represented in the Beam propagation 

software where the MMF used in the structure is the no core fiber with a diameter of 

125µm. In figure 13(b) the propagation of light with constructive and destructive 

interferences is observed. In figure 13(c) the reimaging for both MMFs is illustrated by 

the red circles at 5.8 cm length of the fibers. 
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Figure 13 – (a) Model structure of SMSMS, (b) propagation of light and (c) 

transmission along the z axis 
Source: The author 

 

2.3.3 – Singlemode-Multimode1-Singlemode-Multimode2-Singlemode structure  

 

 

Figure 14 illustrates the Singlemode-Multimode1-Singlemode-Multimode2-

Singlemode (SM1SM2S) structure. In this case, the multimode fibers present different 

diameters, therefore, they are called multimode fiber 1 (Multimode1) and multimode 

fiber 2 (Multimode2). This device’s principle of operation is very similar to the 

SMSMS structure: Light propagates along the core of the first singlemode fiber as the 

fundamental core mode. Once the optical beam reaches the interface of the first MMF 

section numerous modes are excited in this fiber. Once they reach the interface to the 

middle SMF, part of them propagate in the core of the singlemode fiber as the 

fundamental mode and the other part travel in the cladding as cladding modes. Further 

travelling, they reach the interface to the second MMF where part of the cladding modes 
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is re-coupled into core modes and the others propagate in the cladding of this MMF. 

Finally, part of the MMF core modes excites the fundamental mode of the last SMF. 

 

 
Figure 14 – Singlemode –multimode1 –singlemode–multimode2 –singlemode 

(SM1SM2S) structure. 

Source: The author 

 

 

Figure 15(a) shows the structure of the SM1SM2S represented in the Beam 

propagation software where the M1 fiber is the MMF no core fiber with a diameter of 

125µm and the M2 fiber is the MMF with core/cladding diameters of 105/125 µm. In 

figure 15(b), the propagation of light with constructive and destructive interferences is 

presented. In figure 15(c) the reimaging in red marked circles for both MMFs are 

depicted at 5.8 cm and 4.3 cm lengths for M1 and M2 fibers, respectively.  
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Figure 15– (a) Beam Propagation software model of SM1SM2S structure, (b) 

propagation, (c) transmission along the z axis. 

Source: The author 

 

2.3.4 – Singlemode-Multimode1-Multimode2-Singlemode structure  

 

 

The schematic diagram of the Singlemode-Multimode1-Multimode2-

Singlemode (SM1M2S) structure is illustrated in figure 16. This structure is formed by 

splicing two multimode fibers with different diameters and each one is spliced to a 

singlemode fiber. When light propagates from the first SMF section and reaches the 

first MMF section it excites many higher order modes in this fiber. Light travels along 

the M1 section and when it reaches the M2 section, part of the light leaks into the 

cladding of the M2 fiber. Light travels along the last MMF and part of the optical beam 

enters the last SMF section where light is coupled back from the M2 section with 

optical power loss due to light leakage from the cladding of this SMF. 
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Figure 16 – Singlemode –Multimode1–Multimode2 –Singlemode (SM1M2S) structure. 

Source: The author 

 

Figure 17(a) illustrates the structure of the SM1M2S represented in the Beam 

propagation software. The MMFs used in this structure are the same utilized in the 

SM1SM2S structure. In figure 17(b) propagation of light with constructive and 

destructive interferences is presented. In figure 17(c) MMFs reimaging at 5.8 cm and 

4.3 cm lengths respectively are shown with the red marked circles. 

 
 Figure 17 – (a) Model structure of SM1M2S in Beam propagation software, (b) light 

propagation and (c) transmission along the z axis. 
Source: The author 
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2.4- Balloon Shaped structure 

 

 

The balloon shaped structure is based on the Mach-Zehnder Interferometer 

(MZI) configuration assembled with standard singlemode fiber. Light from the source 

initially propagates along the straight input section of the SMF, as the core fundamental 

mode, until it reaches the bending portion of the SMF which starts at point A as 

depicted in figure 18. From point A, part of the optical beam propagates in the cladding 

of the singlemode fiber, exciting cladding modes that travel in the bending region 

through the cladding of the singlemode fiber till point B in figure 18, which is the 

ending part of the bent. From point B onwards, the cladding modes recouple back into 

the core which results in core and cladding modes interference. Thus, the MZI is 

produced since there exist two optical paths faced by the optical beams traveling in the 

core and the cladding of the SMF. 

The assembly of the balloon shaped structure is a quite straightforward 

procedure. Firstly, the coating of a singlemode fiber was stripped of over a length of 

3 cm, and both ends of it were input in a capillary cylinder with a length of 1.5 cm and 

an internal diameter of 1.5 mm. The capillary tube and the balloon shaped sensor are 

firmly attached by gluing them on a glass slab. 

 

 

 
 Figure 18 – Schematic diagram of the balloon shaped sensor. 

Source: The author 
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The transmission spectrum (from 1500 to 1630 nm) of the balloon shaped 

structure for several bending diameters was experimentally obtained and can be 

observed in figure 19. Once the bending diameter d, of the SMF was superior to 

1.37 cm, no interference pattern occurs because little or no optical beam is coupled into 

the cladding. Then, the bending diameter was reduced from 1.37 cm to 0.78 cm. As the 

diameter is decreased, the intensity loss of the transmission spectrum enlarges since 

much of the light is coupled into the fiber cladding causing mode interference. If the 

bending diameter is decreased further, additional light is coupled into the cladding and 

may even emerge from the cladding which results in a considerable loss. In this work, 

0.94 cm of the bending diameter is used. With the balloon shaped diameter curvature of 

0.94 cm, an available interference dip appeared with relatively large extinction ratio 

(more than 15 dB). When the diameter curvature was changed to 0.87 cm (or even 

smaller), interference dips were detected, as well. However, when the measurements 

were performed, no variation in the wavelength or in the optical power was achieved, 

neither for salinity nor for temperature measurements. It is due to the following: as the 

bending radius decreases, excess light is coupled into the cladding and can even leak out 

from the cladding resulting in a large signal loss. 

 
 Figure 19 – Transmission spectrum of the balloon shaped structure for different 

diameters values. 

Source: The author 
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A balloon sensor is a straightforward and stable structure for RI and temperature 

measurement based on standard singlemode fiber. The device is of easy fabrication, 

with low cost and high sensitivity.  

The bending section of the balloon induces a phase difference (φ) between the 

core and cladding modes that can be described as [72]. 

𝜑 = ,)
:
(𝑛*+ − 𝑛*-)𝐿9;;   (17) 

 Where 𝑛*+ and 𝑛*- are the core and cladding modes effective refractive indexes 

respectively, 𝜆 is the wavelength and 𝐿9;; is the effective length of the bent section of 

the balloon which allows the transmission of the excited modes.  

When the phase difference  of  the  bending  section    meets    the   condition   of   

𝜑	 = (2𝑘 + 1)𝜋, where k is an integer denoting the interference order, a destructive 

interference occurs and an interference valley (or dip) appears at a specific wavelength 

that is expressed as [72] 

𝜆< =
,(%#)1%#$)=*++

(,<"#)
    (18) 

From equation (18) it is clearly noticed that 𝜆< is directly proportional to the 

effective bending length 𝐿9;; and the effective refractive indexes difference between 

the core and cladding modes. It is important to mention that the effective bending length 

is not the length of the bent section but it is an effective length that enables the 

propagation of the excited cladding modes. A larger bending angle of the balloon 

permits the optical beam to be coupled into the cladding formed in its transmission path 

and consequently produces a larger propagation length for the excited cladding modes 

[73]. In a bent device, a larger bending diameter d may lead to a larger effective length 

𝐿9;;. However, for the temperature and salinity measurement the effective bending 

length of the balloon is maintained constant, so the interference dip or valley 𝜆< is 

determined based on the difference of the effective refractive indexes of the core and the 

cladding modes (𝑛*+ − 𝑛*-). 
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2.5 –  Beam Propagation Software Method 

 

 

In this work, the BeamPRO software was used as the simulation tool. It is a 

design tool of the company Rsoft Group based on the Beam Propagation Method 

(BPM). It is a widely used tool for the design and simulation of integrated and optical 

fiber waveguide devices and circuits. BPM allows the modeling of photonic devices 

such as optical fibers, photonic crystal optical fibers, resonator rings, waveguides and 

optical integrated circuits among others. In our study, BPM is used to study the 

propagation of the light in the CDM structures.  

BPM calculates the spread of light in different types of geometry, making use of 

the finite difference method to solve the parabolic or paraxial approximation of the 

Helmholtz equation [74] 
>"∅
>	@"

+ >"∅
>	A"

+ >"∅
>	B"

+ 𝑘,(𝑥, 𝑦, 𝑧)∅ = 0  (19) 

 

where, ∅ is a component of the field and k is the wave number. 

The paraxiality condition imposes a propagation limitation restricted to a narrow 

range of angles. As shown in section 2.3.1, in an SMS structure the largest part of the 

energy transferred from the singlemode segment to the multimode segment, the 

coupling occurs to the lower order modes, which are the modes with the highest 

propagation constants and effective indexes, which validates the condition of the 

approximation of the applied method. The BPM technique approximates the exact wave 

equation, using the Helmholtz equation for monochromatic waves, formulating the 

problem in the form of scalar field [74], which is defined as 

 

𝐸(𝑥, 𝑦, 𝑧, 𝑡) = ∅(𝑥, 𝑦, 𝑧)𝑒1'CD   (20) 

 

where, ω is the angular frequency and the wave number is spatially dependent and 

defined by [74] 

𝑘(𝑥, 𝑦, 𝑧) = 𝑘/ ∙ 𝑛(𝑥, 𝑦, 𝑧)   (21) 

Where, n (x, y, z) is the refractive index of the medium. The wave number in free space 

is given by k0 = 2π / λ. 
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Thus, the geometric properties of the problem are defined by n (x, y, z). This 

approach is particularly important in the conformal transformation employed for 

curvature simulation. The simplifications adopted by this method in the BeamProp 

program, allow great efficiency with respect to the simulation time, compared to the 

solution of the complete numerical version of the Helmholtz equation [74]. Another 

advantage is that the method uses a slow-changing envelope allowing the variant field 

to be represented numerically on a longitudinal grid along the z axis, which can have 

elements much larger than the wavelength, which contributes greatly to the efficiency in 

the simulation [74]. As a disadvantage, the method does not allow simulations with a 

high rate of variation of refractive index along the z axis [74]. The models analyzed in 

this work do not present marked variations in the refractive index on the z-axis. The 

approached structures have longitudinal dimensions much larger than the wavelength, 

so that the simplification of considering the envelope of the wave (and not their rapid 

oscillations) is a good approximation. 

 The flow chart of the BeamProp software is shown in figure 20. To start the 

program in the BeamProp software it is necessary firstly to choose a new circuit where 

the basic information about the circuit to be modeled is entered, including the 

wavelength of the light, the background refractive index, the default index change 

between the background material and the structure, and the approximate overall 

dimensions of the device. Using Symbol Table it allows the user to create/modify both 

built-in and user-defined variables, initializing the variables, for example length of the 

fiber, refractive indexes of core and cladding, radius of fiber on so on. After initializing 

the variables, it is possible to start drawing the structure with the help of segment modes 

which are always selected by default. Length of the structure and other parameters can 

also be changed after drawing the components. The launch is the components which 

inject light i.e. optical power through the components of the model. The launch 

parameters can be changed. Pathway are defined where a launch field is outlined. A 

pathway is nothing but the path which light had to follow for the simulation through the 

components. The pathways are used to tell or monitor where to perform computations 

for the monitor analysis. Pathway monitors allow measurements to be made during a 

simulation for viewing or processing. Once the layout and analysis setup are complete, 

the simulation can initiate. After a simulation is initiated, the computation begins in a 
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new window separated from the main program. The simulation program runs as a 

background task, so that another program, or back to the main program to edit another 

structure to begin another simulation is possible. After completion a notification is 

presented. 

 
Figure 20 –Flow chart of the Beam Propagation software. 

Source: The author 

 
 

The Beam propagation software outlook is illustrated in figure 21. This is the 

initial display of the SMS model, as an example. This is a 3D model and can be 

observed in 4 visions (4P): X, Y, Z and 3D aspect. The SMS Sensor has 6 segments 

(SMF cladding and core; MMF clad and core; SMF cladding and core) as depicted in 

the figure 21. In the Reference box you can change the way you define the length. The 

RI is defined by Index Difference.  
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 Figure 21 – Outlook of the Beam Propagation Software. 

Source: The author 

 

In Global setting option, the parameters can be set such as wavelength, 

component height, component width, index difference and background refractive index 

as presented in the figure 22.  

 
 Figure 22 – Global setting window. 

Source: BPM Software 
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In the simulation tool, as shown in figure 23, some parameters can be set such as: the 

sizes of X, Y and Z, the grid configuration (essential), the display mode (different types 

of graphics) and so on. In the output prefix the name of the simulation is included. From 

each window it is often possible to have access to others like, Launch, Symbols, etc. 

The grid is important, because it sets the size of the elements used to do the simulation. 

Smaller the grid sizes better the result. 

 

 

 
 Figure 23 – Simulation Parameter window. 

Source: BPM Software 

 

All this information is set as the input for the simulation to obtain the desired output. 

Output of the simulation shows the interference pattern of the model and the 

transmission of light in which we can see the reimaging after some interval.  
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3 – Experimental Measurements and Theoretical modeling 
 
 

This chapter describes the fabrication process of the CDM and Balloon sensor. 

Experimental details are also presented about the salinity and temperature 

measurements individually and simultaneously. Measurement and simulation results are 

discussed, as well. 

 

 

3.1 – Sensor Fabrication Process 
 
 
 

A simple technique is used to fabricate the sensor. There are three main steps 

which are included in the fabrication process for the CDM structures. For the balloon 

shaped structure, only the first two steps are needed (concerning the three steps below). 

1. Stripping: Removing the cladding and cleaning the fiber using alcohol solution. 

2. Cleaving: Cutting the edge surface of the fiber at 900 using a cleaver equipment. This 

equipment is shown in figure 24(a) with a fiber on it. 

3. Fusion process: The fibers that will be spliced are placed in the micro positioner of 

the splicing machine as shown in figure 24(b). Testing of compatibility, free of foreign 

objects debris and alignment of the two optical fibers are carried out by the splicing 

machine. After fusion splicing, the fibers are joined as shown in figure 24(c).  

 
(a)                                          (b)                                           (c) 

 Figure 24 – a) Cleaver equipment, (b) Fusion machine, (c) Fibers fusion spliced 
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3.1.1– CDM structures 

 

In all CDM structures, the singlemode fiber used was the Corning SMF-28. Five 

different types of CDM structures are used in this experimental work, which are 

described in Chapter 2. Summary of different types of CDM structure is shown in the 

table 1. 

 

Table 1: Summary of different types of CDM structure 

CDM 
Structure 

Name 

CDM Structure 
Figure 

MMF 
type 

Core 
diameter 

(µm) 

Cladding 
diameter 

(µm) 

MMF 
length 
(cm) 

Middle 
SMF 

length 
(cm) 

SM1S 

  

M1 is a no 
core fiber 

---- 125 5.8 --- 

SM2S 

 
 

M2 is a 
multimode 

fiber 

105 125 5.8 --- 

SM1M2S  

 
 

M1 is a no 
core fiber 

---- 125 5.8 --- 

M2 is a 
multimode 

fiber 

105 125 5.8 --- 

SM1SM1S  

 
 

M1 is a no 
core fiber 

---- 125 5.8 2.0 

SM1SM2S  

  

M1 is a no 
core fiber 

---- 125 5.8 2.0 

M2 is a 
multimode 

fiber 

105 125 5.8 

 

 

 

3.1.2. Balloon Shaped Structures 

 

 

For the fabrication of the balloon shaped structure, beyond the two first steps 

mentioned in the beginning of section 3.1, some other processes were needed: the 

coating of the Corning SMF-28 singlemode fiber was stripped of over a length of 3 cm 
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to form balloon shaped sensor, and both cleaved ends of it were input in a capillary 

cylinder with a length of 1.5 cm and an internal diameter of 1.5 mm. Capillary tube and 

the balloon shaped sensor are firmly attached by gluing them on a glass slab. A photo of 

the Balloon sensor is shown in figure 25. One end of the SMF which will be the input is 

connected to the CDM structure, and the other end of the SMF that is the output will be 

directly connected to the OSA. 

 
 Figure 25 – Photo of the Balloon sensor used for performing the experiments. 

 

 

3.2. Saline Solution Preparation 

 

 

The saline solutions are prepared by mixing different quantities of NaCl in 100 

ml of water to obtain the different levels of salinity. The saline solutions are prepared 

with NaCl concentration of 5 to 35 g (in steps of 5 g) per 100 ml of distilled water. The 

refractive index (RI) of the liquids is directly proportional to the salinity of the water. 

The sensors are tested for salinity percentage in water varying from 5 to 35% with the 

respective refractive index ranging from 1.3415 to 1.38 as depicted in table 2. 

Refractive indexes are measured with an ABBE refractometer. 
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Table 2: Refractive index with respect to salinity percentage  

Salinity (% NaCl) Refractive Index 

5 1.3415 

10 1.3495 

15 1.3562 

20 1.3642 

25 1.3713 

30 1.3781 

35 1.3864 

 

 

 

3.3 – Experimental Details 

 

 

The experiments were conducted for the detection of salinity and temperature in 

water using CDM and balloon shaped structures. All the experiments were performed at 

a temperature-controlled laboratory at room temperature. We also covered the 

laboratory optical table with paper or plastic, so that there was a negligible heat loss.  

Light from the broadband (Thorlabs Fiber Coupled SLD) source (BBS) is transmitted 

through the sensors until it reaches the ANRITSU optical spectrum analyzer (OSA) 

with a resolution of 0.07 nm.  

In the measurements using the combination of the Balloon and CDM sensor the 

light from the BBS is transmitted through the Balloon sensor, after that it passes through 

the CDM sensor and reaches the OSA. Figure 26 illustrates the measurement 

configuration. 

Figure 27 presents a photo of the experimental setup used at the laboratory for 

the salinity and temperature measurements of the CDM sensors. Figure 28 depicts the 
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experimental setup for the combination of Balloon and CDM sensor for the 

measurement of salinity, temperature, and simultaneous measurement.  

 

 
Figure 26 – Schematic diagram of the experimental setup with the combination 

of the CDM and Balloon shaped sensor. 

 

 

 
 Figure 27 – Experimental setup of the CDM structure sensor for measurement 

of salinity and temperature. 



58 
 

 
 Figure 28 – Experimental setup of the Balloon and CDM sensor for 

measurement of salinity, temperature and simultaneous measurement.  

 

Three different types of measurement were developed: 

(a) Salinity measurement only: (1) Only the CDM structures (SMS, SM1SM1S, 

SM1SM2S and SM1M2S), (2) the CDM structures (SMS, SM1SM1S, SM1SM2S and 

SM1M2S) with the balloon shaped structure. In this experiment, all structures are 

immersed in saline solution with NaCl ranging from 5 to 35%. 

(b) Temperature measurement only: (1) Only the CDM structures (SMS, SM1SM1S, 

SM1SM2S and SM1M2S), (2) the CDM structures (SM1SM1S, SM1SM2S and 

SM1M2S) with balloon shaped structure. In this case, all structures are submerged in 

hot purified water whose temperature is varied from 21 to at most 75 °C. 
 

(c) Salinity and temperature simultaneous measurement: the SM1SM2S structure was 

immersed in distilled water with temperature ranging between 21 and 45 °C and 

simultaneously the balloon shaped structure was submerged in saline solution with 

NaCl ranging from 5 to 25%.  

For the repeatability of the results, every type of experiment is repeated three 

times and in some cases five times, as well. The repeatability was checked and 

confirmed. Sensitivities were obtained for all measurements. However, only the best 

results are presented here.  
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3.4 –Results for Salinity Measurement 

 

 

3.4.1– CDM structures Only 

 

 

3.4.1.1 – SM1S  

 

 

The experiment for salinity percentage is performed with the SM1S sensor with the 

no core multimode fiber. The salinity solutions were prepared by mixing NaCl and 

water. The refractive index of the salinity solutions ranges from the 1.3415 to 1.386. 

Figure 29 (a) shows the variation in the spectrum for the different percentage of salinity 

solutions. The sensitivities were calculated at the two Peaks and one Dip depicted in 

Figure 29 (a). Dip 1 varies from 1552nm to 1562nm. Figure 29 (b) shows the sensitivity 

of Dip 1 since it presents the best sensitivity with R2 equals 0.99. The sensitivity value 

is 289.3 pm/% of NaCl. 

 

 
 Figure 29 – (a) Transmitted spectrum for the change in salinity percentage for the 

SM1S sensor, (b) wavelength variation with salinity at Dip 1. 
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3.4.1.2 – SM2S 

 

 

In this experiment, the SM2S structure uses the multimode fiber with 105/125 

µm core/cladding diameters. Figure 30 (a) shows the transmitted spectrum of the sensor 

with the two peaks and two dips chosen to be measured. Figure 30 (b) depicts the best 

sensitivity at Dip 1. The sensitivity value is 34 pm/% of NaCl with R2 equals to 0.986. 

The wavelength varies from 1593.6 nm to 1594.8 nm. Compared to the SM1S sensor, 

the SM2S presents a worse sensitivity since its MMF possesses a structure with a core 

and a cladding and also due to the splices losses which may be larger.   

 

 
Figure 30 – (a) Transmitted spectrum for the change in salinity percentage for the SM2S 

sensor, (b) wavelength variation with salinity at Dip 1. 

 

3.4.1.3 – SM1SM1S  

 

 

The transmitted spectrum from the SM1SM1S sensor with one peak and three dips 

chosen to be measured is depicted in figure 31 (a). The SM1SM1S sensor uses the no 

core multimode fibers (125µm) as the MMFs. Figure 31 (b) presents Dip 3 nonlinear 

response with R2 equal to 0.99, with a maximum sensitivity of 217.2 pm/%, a minimum 

sensitivity of 37.2 pm/% and an average sensitivity of 127.2 pm/%. For the range of 10 
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to 30% of NaCl in water the sensitivity is almost linear, with R2 = 0.975, and a 

sensitivity value of 147 pm/%. Also comparing to the SM1S sensor, the SM1SM1S 

presents a worse sensitivity because there are two more splices between the fibers which 

increase the structure losses reducing the sensitivity. Also comparing to the SM1S the 

wave patterns are more confined due to the change in the structure that is, the addition 

of the SMF and  one MMF of no core to the end of the SM1S which, changes its 

pattern.  

 

 
 Figure 31 – (a) Transmitted spectrum for the change in salinity percentage for the 

SM1SM1S sensor, (b) wavelength variation with salinity at Dip 3. 

 

 

3.4.1.4 – SM1SM2S 

 

 

The transmission spectrum of the SM1SM2S sensor is shown in figure 32 (a) for 

different values in the percentage of saline solution. Sensitivity attained for the sensor at 

Dip 5 is shown in figure 32 (b). Dip 5 presents nonlinear response with R2 = 0.987, with 

a maximum sensitivity of 402.6 pm/%, minimum sensitivity of 134.5 pm/% and average 

sensitivity of 268.5 pm/%. In this case, we believe that the SM1SM2S sensor presented 

a larger sensitivity because the refractive index of the MMF M2 cladding is smaller than 

that of the MMF M1 (therefore, closer to the salinity liquid refractive index).  
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 Figure 32 – (a) Transmitted spectrum for the change in salinity percentage for the 

SM1SM2S sensor, (b) wavelength variation with salinity at Dip 5. 

 

3.4.1.5 – SM1M2S 

 

 

Variation in the spectrum due to the change in the saline solution is shown in figure 

33 (a) where many dips and peaks can be observed in the transmitted spectrum. Three 

dips and two peaks are chosen because of their good sensitivities. Dip 3 shows a good 

sensitivity with good linear response with R2 equal to 0.98 and a sensitivity of 

169.9 pm/% NaCl, as can be noted in figure 33 (b).  
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 Figure 33 – (a) Transmitted spectrum for the change in salinity percentage for the 

SM1M2S sensor, (b) wavelength variation with salinity at Dip 3. 

 

Table 3 shows the characteristics of the sensors for salinity measurement using 

the CDM structures. From Table 3, it can be concluded that the SM1SM2S sensor 

shows the best sensitivity among all the CDM structures with 402 pm/%. The 

SM1SM2S sensor presented the best sensitivity because the refractive index of M2 

cladding is less than the refractive index of M1. The external medium influences the 

sensor the most because the smaller refractive index is closer to the salinity liquid 

refractive index. SM1S is the sensor which shows the second best sensitivity. The other 

structures are also adequate for the application because they are also showing good 

sensitivities except SM2S. 

Table 3 – Characteristics of the sensors for salinity measurement for CDM sensor 

Sensor Response R2 Maximum 

Sensitivity 

(pm/%) 

SM1S  Linear 0.99 289.3 

SM2S  Linear 0.986 34.0 

SM1SM1S  Nonlinear 0.99 217.2 

SM1SM2S Nonlinear 0.987 402.6 

SM1M2S Linear 0.98 169.9 
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3.4.2 – CDM structures with the balloon shaped structure 

 

3.4.2.1 – SM1SM1S 

 

Variation in the spectrum due to the change in the saline solution is shown in figure 

34 (a) where three dips and two peaks can be chosen in the transmitted spectrum. Peak 2 

shows a good sensitivity with good linear response to change in salinity percentage. R2 

is equal to 0.984 and a sensitivity of 168 pm/% NaCl was achieved. The wavelength as 

a function of salinity can be observed in figure 34 (b). 

 

 
 Figure 34 – (a) Transmitted spectrum for the change in salinity percentage for the 

combination of the SM1SM1S and balloon shaped sensor, (b) wavelength variation with 

salinity at Peak 2. 

 

3.4.2.2 – SM1SM2S 

 

 

The transmitted spectrum for the combined SM1SM2S and balloon shaped sensor is 

illustrated in figure 35 (a). Three peaks and one dip can be observed with good 

sensitivities in the transmitted spectrum which can be utilized to obtain the sensitivity of 

the sensor. Figure 35 (b) presents Peak 2 nonlinear response with R2 equal to 0.987, 

with a maximum sensitivity of 109.1 pm/%, a minimum sensitivity of 19.1 pm/% and an 
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average sensitivity of 64 pm/%. For the range from10 to 30% of NaCl in water the 

sensitivity is almost linear, R2 = 0.972, with a sensitivity value of 96 pm/%. 

 

 
 Figure 35 – (a) Transmitted spectrum for the change in salinity percentage for the 

combination of the SM1SM2S and balloon shaped sensor, (b) wavelength variation with 

salinity at Peak 2. 

 

3.4.2.3 – SM1M2S 

 

 

Figure 36 (a) presents the transmission spectrum of the SM1M2S and Balloon 

shaped sensor for different values in the percentage of saline solution. Sensitivity 

attained for the sensor at Peak 1 is shown in figure 36 (b). Peak 1 presents high linear 

response with R2 = 0.9936 and the sensitivity of the sensor is 113.5 pm/%. 
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 Figure 36 – (a) Transmitted spectrum of the combined SM1M2S and balloon shaped 

sensor for salinity, (b) wavelength variation at Peak 1. 

Table 4 summarizes the sensitivities and responses of the sensors for salinity 

measurement for the combination of CDM structures and balloon shaped sensor. The 

SM1SM1S sensor shows the best sensitivity among all the three structures with a value 

of 168 pm/%. Its multimode fibers are both no core fibers which are in direct contact 

with the external refractive index and therefore are more intensely affected by refractive 

index variations, i. e., salinity changes, leading to an increase in the sensitivity. Among 

the sensors, the SM1SM1S sensor exhibits a better sensitivity of 35% and 32% than the 

SM1SM2S and SM1M2S sensors, respectively. 

Table 4– Characteristics of the sensors for salinity measurement for CDM and balloon 

shaped sensor. 

Sensor Response R2 Maximum Sensitivity 

(pm/%) 

SM1SM1S  Linear 0.984 168.0 

SM1SM2S Nonlinear 0.987 109.1 

SM1M2S Linear 0.9936 113.5 

 

Comparison to previous published results in the literature can be observed in 

Table 5, where the sensitivity and the complexity of the sensors structures are described. 

The characteristic of straightforward fabrication procedure and low cost turns the 

proposed sensor very promising and attractive in several applications. 
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Table 5 – Comparison to some literature sensors for salinity measurement  

Configuration Sensitivity (pm/%) Structure References 

Microfiber MZ interferometer 208 Complex 51 

Fiber Fabry–Perot interferometer 95.5 Simple 75 

Microfiber Sagnac Interferometer 1950 Complex 76 

C-type fiber structure 1402 Complex 77 

SM1SM1S and balloon shaped 168 Simple This work 

 

However, it is important to mention that, in the case of the salinity measurement, 

the inclusion of the balloon shaped structure does not improve the sensibility of the 

sensors. Salinity measurements for the CDM structure show good sensitivity as 

compared to the combination of the balloon and the CDM structure, where it can be said 

that the balloon sensor is not a good sensor for the salinity because of the salinity liquid 

lower refractive index, in the 1.338 range. 

 

 

3.5 –  Results for Temperature Measurement 

 

3.5.1 – CDM structures Only 

 

3.5.1.1 – SM1S  

 

 

The experiments were performed in the range from 23.8 °C to 71.4 °C.  Figure 37 

(a) illustrates the variation in the spectrum for the change in temperature. Figure 37 (b) 

shows the nonlinear response for the Dip 2. The maximum sensitivity is 135.9 pm/℃, 

minimum sensitivity is 41.05 pm/℃ and average sensitivity is 88.47 pm/℃ for the 

SM1S temperature sensor with R2 equals to 0.987. 



68 
 

 
 Figure 37 – (a) Transmitted SM1S Sensor spectrum variation with change in 

temperature, (b) wavelength as a function of the temperature for Dip 2. 

 

 

3.5.1.2 – SM2S 

 

 

The hot water temperature, in this case, varies from 23.5°C to 70.1°C as can be 

observed in Figure 38 (a) for this sensor. Three Peaks and three Dips can be utilized to 

calculate the sensitivity of the SM2S sensor. Dip 2 varies in the range of 1582 nm to 

1596 nm with the change in the temperature. Figure 38 (b) shows the best sensitivity, 

attained at Dip 2, with a value of 233.30 pm/°C and R2 = 0.989 for the SM2S sensor. 

We believe that the larger sensitivity obtained in this case, compared to the SM1S 

sensor, is due to the lower refractive index of the cladding of the MMF M2 fiber.  
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 Figure 38 – (a) Transmitted SM2S Sensor spectrum variation with change in 

temperature, (b) wavelength as a function of the temperature for Dip 2.  

 

3.5.1.3 – SM1SM1S 

 

 

The temperature variation, in this case, was from 23.5°C to 54°C. In Figure 39 

(a) the change in the spectrum due to the temperature is depicted. Peak1, Dip 1 and Dip 

2 are being selected to calculate the sensitivity of the temperature sensor. Peak 1 varies 

in the range of 1544 nm to 1559 nm where Dip 1 changes in the range of 1535 nm to 

1550 nm and Dip 2 deviates in the range of 1545 nm to 1560 nm. The best sensitivity 

was achieved for the Dip 1 with maximum sensitivity of 377.62 pm/°C, minimum 

sensitivity of 17.09 pm/°C and an average sensitivity of 197.35 pm/°C. Figure 39 (b) 

shows the nonlinear response of the sensor with R2 equal to 0.982. In this case, the two 

MMFs were no core fibers and therefore, they permit the evanescent field to be in direct 

contact with the hot water, increasing the sensor sensitivity. 
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 Figure  39 – (a) Transmitted SM1SM1S Sensor spectrum variation with change in 

temperature, (b) wavelength as a function of the temperature for Dip 1. 

 

 

3.5.1.4 – SM1M2S 

 

 

In this case, the temperature was varied from 22.8°C to 69.7°C. The spectrum 

change due to the temperature is presented in Figure 40(a). The best sensitivity is 

obtained at Dip 1 with a value of 180.52 pm/°C and R2 equals to 0.993 in the 

temperature range of 22.8°C to 40°C. The sensor linear behavior is shown in Figure 

40(b). The use of one MMF fiber (M1) else, when compared to the SM2S sensor, 

increased the splices losses leading to a smaller sensitivity. 
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 Figure  40 – (a) Transmitted SM1M2S Sensor spectrum variation with change in 

temperature, (b) wavelength as a function of the temperature for Dip 1. 

 

 

3.5.1.5 – SM1SM2S 

 

 

Variation in temperature from 20.2°C to 64°C is shown in Figure 41 (a) with several 

peaks and dips. From figure 41 (b), it can be noted that Dip 2 presents a linear response 

with a sensitivity equal to 170.59 pm/℃ and R2 equal to 0.979. Since only one of the 

MMFs is a no core fiber in this case, the sensitivity is worse when compared to the 

SM1SM1S sensor. 
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Figure 41 – (a) Transmitted SM1SM2S Sensor spectrum variation with change in 

temperature, (b) wavelength as a function of the temperature for Dip 2. 

 

Table 6 shows the characteristics for temperature measurement for all the CDM 

sensors. It is noted that SM1SM1S shows the best sensitivity among all the CDM 

structures with a maximum value of 377.62 pm/℃. Since the temperature measurement 

was developed in a watery environment, again the no core fibers were fundamental for 

this result, as they enable the evanescent field to be in direct contact to the hot water. 

Table 6 – Characteristics of the sensors for temperature measurement for CDM sensors 

only 

Sensor Response R2 Maximum 

Sensitivity 

(pm/℃) 

SM1S  Nonlinear 0.987 135.90 

SM2S  Linear 0.989 233.30 

SM1SM1S  Nonlinear 0.982 377.62 

SM1SM2S Linear 0.979 170.59 

SM1M2S Linear 0.993 180.52 
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3.5.2 – CDM structures with the balloon shaped structure 

 

3.5.2.1 – SM1SM1S 

 

Variation in the sensor spectrum due to the change in temperature from 21.1°C to 41 

°C is shown in figure 42 (a). Since the variation of the wavelength with temperature was 

difficult to obtain in this case, it was decided to analyse the transmission loss change 

due to temperature variation. As the temperature rises from 21.1°C to 41°C, the 

transmission loss is decreased as depicted in figure 42 (b). A linear response for the 

sensor is achieved at Peak 3 with R2 = 0.989 and the sensitivity value is 0.189 dB/°C in 

the temperature range of 22.8°C to 32.7°C. 

 

 
 Figure 42 – (a) Transmitted spectrum of the combined SM1SM1S and balloon shaped 

sensor for temperature variation, (b) loss variation with temperature for Peak 3 

 

3.5.2.2 – SM1SM2S 

 

The sensor transmitted spectrum variation is depicted in figure 43 (a). Few peaks 

and dips can be used to obtain the sensitivity of the sensor. Figure 43 (b) shows a 

nonlinear response for Peak 1 with R2 = 0.99 and a maximum sensitivity value of 

1.432 dB/°C. The minimum sensitivity value is 0.774 dB/°C. The average sensitivity is 

1.103 dB/°C. Also, in this case, the transmission loss was evaluated. The sensitivity is 

larger than the SM1SM1S sensor because the splicer losses are smaller. 
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 Figure 43 – (a) Transmitted spectrum of the combined SM1SM2S and balloon shaped 

sensor for temperature variation, (b) loss variation with temperature for Peak 1. 

 

3.5.2.3 – SM1M2S 

 

 

Figure 44 (a) shows the variation in the spectrum due to the variation in 

temperature. As the temperature increased, Dip1 moved towards a longer wavelength. 

Dip 1 exhibits a nonlinear response, as shown in figure 44 (b), with R2 = 0.987 and a 

maximum sensitivity of 735.6 pm/°C, a minimum sensitivity of 126.1 pm/°C and an 

average sensitivity of 430.85 nm/°C. 

 

 
 Figure 44 – (a) Transmitted spectrum of the combined SM1M2S and balloon shaped 
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sensor for temperature variation, (b) wavelength variation with temperature for Dip 1. 

Table 7 summarizes the sensors characteristics for temperature measurement for 

the combination of the balloon shaped structure and CDM structures. The SM1M2S 

structure combined to the balloon structure shows a good sensitivity with a maximum 

value of 735.6 pm/°C. The SM1M2S structure does not have a singlemode fiber in the 

middle of the two multimode fibers, this improves its sensitivity because the singlemode 

fiber is much less influenced by temperature changes than multimode fibers, especially 

when compared to no core fibers, in watery environment. It is important to mention that, 

in this case, the balloon shaped structure was fundamental to the improvement in the 

SM1M2S sensitivity since when compared to the SM1M2S sensor only, the increase in 

the sensitivity was around 300%.  

Table 7 – Characteristics of the sensors for temperature measurement for CDM and 

balloon shaped sensor. 

Sensor Response R2 Maximum 

Sensitivity 

SM1SM1S  Linear 0.989 0.189 dB/℃ 

SM1SM2S Nonlinear 0.990 1.432 dB/℃ 

SM1M2S Nonlinear 0.987 735.6 pm/℃ 

 

Most of the researchers reports the temperature sensitivity in terms of 

wavelength shift per degree centigrade and very few determined the sensitivity based on 

the power loss per degree centigrade. Hence, the SM1M2S and balloon shaped sensor is 

compared to previous experimental results published in the literature as presented in 

Table 8. It can be concluded that the SM1M2S structure combined to the balloon 

structure shows the best sensitivity among all the structures exhibited in Table 8. The 

proposed SM1M2S and balloon shaped structures can, then, be a great combination for 

temperature measurement in many applications as it shows a good sensitivity compared 

to other sensors. 
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Table 8 – Comparison to some previous results published in the literature for 

temperature measurement 

Configuration Sensitivity References 

Macro bent fiber Bragg grating 31.7 pm/°C 78 

Two semi-circular bending 260 pm/°C 79 

Bent-SMF with LPG 42.9 pm/°C 80 

Balloon bent fiber 22.9 pm/°C 81 

SM1M2S and balloon shaped sensor 735.6 pm/°C This work 

 

 

 

 

3.6 – Results for Simultaneous Temperature and Salinity Measurements 

 

 

For the simultaneous salinity and temperature measurements, the combined 

SM1SM2S and balloon shaped structures sensor was chosen to be presented here since 

it showed the best results when compared to the SM1SM1S and SM1M2S with the 

balloon shaped structure sensors.  

Variation in the temperature was applied to the SM1SM2S structure while 

salinity variation was applied to the balloon shaped structure at the same time. The 

measurements were carried out for NaCl liquids with concentration from 10 to 25% 

with an interval of 5% and the temperature range was changed from 21 to 42 °C. The 

dip around 1600 nm was analyzed for all values of salinity and temperature. Figures  45 

(a), 46 (a), 47 (a) and 48 (a) show the variation in the transmitted spectrum for 

simultaneous measurement of temperature and salinity at 10%, 15%, 20% and 25% of 

NaCl saline solutions, respectively. Figures 45 (b), 46 (b), 47 (b) and 48 (b) illustrate 

the power loss variation with respect to the temperature and present good sensitivities. 

In these cases, the wavelength variation was also difficult to attain. Therefore, the 

transmission loss was evaluated, as well. 

Table 9 summarizes the sensitivity and response of the SM1SM2S with the 

balloon shaped sensor for simultaneous measurement with respect to the different NaCl 
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saline solution. It was found that the SM1SM2S with the balloon shaped sensor presents 

a nonlinear response with a maximum sensitivity of 2.86 dB/°C at 10% NaCl saline 

solution. The sensor demonstrated a good sensitivity to temperature in all range of 

saline solutions. Although the CDM structure, SM1SM2S, presents a singlemode fiber 

between the two multimode fibers, which may cause a decrease in the sensitivity to 

temperature, the balloon shaped structure was immersed in the saline solution, and it 

helped to improve the sensor’s sensitivity. The results demonstrate that the proposed 

sensor can be utilized to measure two parameters, temperature and salinity, 

simultaneously. 

 

 
 

 Figure 45 – (a) Variation in the SM1SM2S and balloon shaped sensor transmitted 

spectrum for simultaneous measurement at 10% of saline solution, (b) response at Dip 

1. 
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Figure 46 – (a) Variation in the SM1SM2S and balloon shaped sensor transmitted 

spectrum for simultaneous measurement at 15% of saline solution, (b) response at Dip 1 

 

 
 Figure 47 – (a) Variation in the SM1SM2S and balloon shaped sensor transmitted 

spectrum for simultaneous measurement at 20% of saline solution, (b) response at Dip 1 
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 Figure 48 – (a) Variation in the SM1SM2S and balloon shaped sensor transmitted 

spectrum for simultaneous measurement at 25% of saline solution, (b) response at Dip 

1. 

 

Table 9 –  Characteristics of the SM1SM2S and balloon shaped sensor for simultaneous 

measurement of temperature and salinity 

Salinity %  Response R2 Maximum 

sensitivity 

(dB/℃) 

10 Nonlinear 0.991 2.86 

15 Nonlinear 0.981 1.22 

20 Nonlinear 0.986 1.37 

25 Nonlinear 0.985 1.65 

 

It is important to mention that for the salinity only, the balloon shaped structure 

(together with the CDM structures) does not help to improve the sensitivity of the 

sensors since the sensitivities were always lower in these measurements. However, for 

the simultaneous measurement, the balloon shaped structure together with the 

SM1SM2S structure presented a higher sensitivity as compared to the case of the 

temperature measurement. It occurs because, in the temperature measurement, the 
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balloon shaped structure was immersed in distilled water (n = 1.33), while in the 

simultaneous measurement, the balloon shaped structure was immersed in the salinity 

liquid, whose refractive indexes were greater than 1.341. Therefore, the influence of the 

external refractive index on the sensor is more intense, in this case. 
 

 

3.7 – Simulation Results using the BPM software 

 

 

In this section the results concerning the simulations developed using the BPM 

software are presented. All the simulation results will be compared to the experimental 

ones and therefore, they will be shown together. CDM sensors only are presented. Due 

to the Covid Pandemic situation, it was impossible to perform the balloon shaped 

structure simulation. 

 

3.7.1 – Results for Salinity Simulation 

 

3.7.1.1 – SM1S  

 

In this case, the salinity sensor is formed by the SM1S structure. The simulation and 

experimental results are compared and presented in Figure 49. It can be observed that 

the experimental and simulation results follow the same trend. The difference between 

these results can be explained due to the different simulation and experimental 

environments.  
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 Figure 49 – Comparison of experiment and simulation results for the SM1S structure as 

a salinity sensor.  
 

3.7.1.2 – SM2S 

 

 

Comparisons of simulated and experimental results are illustrated in figure 50 for 

the SM2S salinity sensor. Experimental and simulation results present a large 

wavelength difference. Wavelength difference may be due to the fabrication process of 

the CDM structure which may be not accurate and for the experimental results, the 

MMF M2 does not operate at the reimaging point.  
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 Figure 50 – Comparison of experiment and simulation results for the SM2S structure as 

a salinity sensor.  

 

3.7.1.3 – SM1SM1S 

 

 

Figure 51 shows experimental and numerical results for the SM1SM1S salinity 

sensor. Both curves follow the same pattern with a good agreement between the 

wavelengths. 
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 Figure 51 – Comparison of experiment and simulation results for the SM1SM1S 

structure as a salinity sensor.  

 

3.7.1.4 – SM1M2S 

 

 

The simulation and experimental results are compared in figure 52 for the SM1M2S 

salinity sensor. It is noted that the experimental and simulation results follow the same 

pattern with a difference in the wavelength. Again, the experimental fabrication process 

may be the cause of such difference together with the MMF M2 fiber which does not 

utilize the reimaging point.  
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 Figure 52 – Comparison of experiment and simulation results for the SM1M2S 

structure as a salinity sensor.  

 

3.7.1.5 – SM1SM2S 

 

 

Comparison between the simulated and experimental results for the SM1SM2S 

salinity sensor is depicted in Figure 53. The simulated results predicted the experimental 

results satisfactorily. 
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 Figure 53 – Comparison of experiment and simulation results for the SM1SM2S 

structure as a salinity sensor. 

 

 

3.7.2 – Results for Temperature Simulation 

 
 

3.7.2.1 – SM2S 
 
 

The simulation and experimental results are compared in Figure 54 for the SM2S 

temperature sensor and they follow the same trend but with a large difference in the 

wavelength. It is due to the fabrication of the sensor, the MMF M2 fiber which does not 

use the reimaging point and due to the difference in the simulation and experimental 

environments.  
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 Figure 54 – Comparison of experiment and simulation results for the SM2S structure as 

a temperature sensor. 

 

 

3.7.2.2 – SM1SM1S 
 
 

Figure 55 presents the comparison of the simulated and experimental results for the 

SM1SM1S temperature sensor. The results show the same pattern but they do have a 

large wavelength difference. Wavelength difference may be due to the fabrication 

process and the difference in the simulation and experimental environments, as well.  
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 Figure 55 – Comparison of experiment and simulation results for the SM1SM1S 

structure as a temperature sensor.  
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4 –  Conclusion and Perspective 
 
 

In this work, salinity and temperature sensors were proposed. The devices 

researched (CDM and Balloon sensor) are all-fiber structures and present the advantage 

of being simple, easy to manufacture and inexpensive.   

Fiber sensors based on different CDM structures measurement of salinity and 

temperature were presented. Salinity percentage in watery environment and temperature 

can be obtained from wavelength shift or optical power loss. For salinity measurement, 

SM1SM2S sensor shows the best sensitivity among all the CDM structures with 402 

pm/%. The SM1SM2S sensor presented the best sensitivity because the refractive index 

of the MMF M2 cladding is smaller than that of the MMF M1, therefore, closer to the 

salinity liquid refractive index being much influenced by it.  

For the temperature measurements, SM1SM1S shows the best sensitivity among 

all the structures with a maximum value of 377.62 pm/℃. Since the temperature 

measurement was developed in a watery environment, the no core fibers were 

fundamental for this result, as they were in direct contact to the hot water. 

All-fiber sensors based on the combination of a SMF balloon shaped structure 

with different CDM structures were also used for the measurement of salinity and 

temperature. For salinity measurements, the SM1SM1S and balloon shaped sensor 

shows the best sensitivity among all the other structures with a value of 168 pm/% 

NaCl. Its multimode fibers are both no core fibers which are in direct contact with the 

external refractive index leading to an increase in the sensitivity.  However, the obtained 

sensitivity is worse than that using only the CDM structure. Therefore, for a salinity 

measurement it is better to use the CDM structure alone, i. e., do not use the balloon 

together with the CDM structure. 

For the temperature measurements, the SM1M2S structure combined to the 

balloon structure shows a great sensitivity with a maximum value of 735.6 pm/°C. The 

SM1M2S structure does not have a singlemode fiber in the middle of the two 

multimode fibers; this improves its sensitivity because the singlemode fiber is much less 

influenced by temperature changes than multimode fibers, especially compared to no 

core fibers, in watery environment. 
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Simultaneous salinity and temperature measurements were also performed. In 

this case, the response of the SM1SM2S with the balloon shaped sensor for 

simultaneous measurement with respect to the different NaCl saline solutions shows a 

maximum sensitivity of 2.86 dB/°C at 10% NaCl saline solution. The sensor showed a 

good sensitivity to temperature in all range of saline solutions. Although the CDM 

structure, the SM1SM2S, presents a singlemode fiber between the two multimode 

fibers, which may cause a decrease in the sensitivity to temperature, the balloon shaped 

structure was immersed in the saline solution, which helped the sensor to improve its 

sensitivity.  

Sensors’ simulations were accomplished for the CDM structures, as well. Due to 

the Covid Pandemic situation, it was impossible to perform the balloon shaped 

simulations. 

Salinity simulations show the best result for the SM1SM2S sensor. The 

experiment and the simulation results confirm the same appearance with a small 

difference in wavelength. Beyond the fabrication process that is not accurate, the MMF 

M2 fiber was not cut at its reimaging point, all that leads to the difference between the 

experimental and simulation results.  

Temperature simulations present the best result for the SM1SM1S sensor. The 

results show the same appearance but they do have a large wavelength difference. 

Wavelength difference may be due to the sensor fabrication process together with the 

difference in the experimental and simulation environments. 

The results obtained in this work confirm the ability of the proposed sensors to 

measure temperature, salinity and the simultaneously measurement of these two 

parameters for environmental application. 

 

 

4.1 – Suggestions for Future Works 
 
 
The following are some suggestions for continuing this research: 

The CDM sensors are needed to be further studied with different combinations of fibers.  

 

The Balloon shaped structure as a salinity sensor and as a temperature sensor should be 
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implemented. 

 

The simultaneous measurement should be executed varying the salinity applied to the 

CDM structures while the variation in the temperature should be applied to the balloon 

shaped structure at the same time. 

 

Simulation for the balloon shaped structure is needed to be performed. The CDM 

structures with the balloon shaped structure need to be simulated as salinity sensors, 

temperature sensors and simultaneous sensors, as well.  

  

Study on the cross-sensitivity effect is needed to be studied for the balloon shaped 

structure, the CDM structures and the combination of both. 
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Appendix 

Beam Propagation Software 

 

In Symbol Table editor, the variables are defined as shown in figure 56. In the 

launch parameter, the optical filed injected in the fiber can be selected such as gaussian 

mode, launch power and many other options are available where a separate file or an 

edited file can also be used as illustrated in figure 57.  

 

 
 Figure 56 – Edit symbol Parameter window. 

 

 
Figure 57  – Setting of launch parameter with different launch field. 
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The pathway monitor tool as shown in figure 58 is useful to analyze the field in 

standard physical quantities such as the optical power in a particular region of the circuit 

or the power traveling in a particular mode. Figure 59 shows in green the chosen 

pathway for the SMS sensor model. 

 
 Figure 58 – Pathway monitor window. 

 

 

 Figure 59 – Pathway shown in the model of the SMS. 
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In the launch MOST optimizer the parameters can be changed in steps, in the given case 

background index is changed. The MOST parameter window is shown in figure 60. 

 

 
 Figure 60 – Launch MOST optimizer / scanner window. 

 


