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 بذكرك .. ولا تطيب الآخرة إلا بعفوك.. ولا تطيب الجنة إلا برؤيتك

 الله جل جلاله
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 رسولنا الكريم 

 عليه  واله وسلمسيدنا محمد صلى الله 

إلى كل إلى الينبوع الذي لا يمل العطاء إلى من حاكت سعادتي بخيوط منسوجة من قلبها 

 من في الوجود بعد الله ورسوله
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 إليك أماه.. قطرة في بحرك العظيم.. حباً وطاعة وبرا

 الى من علمني الصبر ومعاناة الصعاب لاصل الى ما انا فيه 

 الى ابي 

 إلى من حبهم يجري في عروقي ويلهج بذكراهم فؤادي

 إلى أخواتي وأخواني  
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 غفران عبد القادر
 إلى من لم أعرفهم .......... ولن يعرفوني

 ذكروني إذ ...........إلى من أتمنى أن أذكرهم
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ABSTRACT 

  

           Optical fiber relative humidity (RH) sensor based on etched no-core 

fiber (NCF) multi-mode interferometer (MMI) is widely used in the sensing 

region. The sensor structure was constructed by fusion splicing a segment of 

no-core fiber (NCF) between two single-mode fibers (SMFs) to sense the 

changes of the external RH. Various tuned   diameters of NCF from 125 μm to 

(100, 75 and 50) μm, with a fixed length of 20 mm of the NCF were obtained 

by chemical etching with hydrofluoric acid (HF). The sensor was constructed 

by fusion-splicing (60, 40, 20) mm length of NCF with optimum diameter 

50µm between two segments of SMFs to study the affect of the length on the 

sensor sensitivity. The optimum performance of the proposed sensor in 

sensing the variation in relative humidity was the NCF with diameter 50µm 

and 20mm length for the sitting sensor structure. The experimental results 

exposed that sensitivity enhanced more than twice was obtained at the 

proposed optimum NCF coated with aluminum oxide nanoparticles (Al2O3 

NPs) embedded in polyvinyl alcohol (PVA). The maximum sensitivity of 

0.587 nm/%RH was obtained in the RH range of 30% to 100% with 6s 

response time. The proposed sensor can establish a promising source for RH 

monitoring. 
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1.1   Introduction and Motivation  

          Monitoring of relative humidity (RH) has undergone considerable focus 

in recent years owing to their numerous applications such as chemical, 

medical and environmental applications [1-3]. Fiber sensors of interference 

class are extensively used due to their several advantages compared to their 

electronic counterparts like compactness, simple fabrication; immunity to 

electromagnetic interference and their ability to broadcast a vast amount of 

data over a long fiber span [4]. However, humidity-induced changes in the 

refractive index are usually ultra-small, leading to significant difficulties in 

directly measuring relative humidity (RH). Therefore, many kinds of materials 

combined with various fiber structures have been investigated and exploited to 

enhance the sensitivity to RH. These fiber-optic humidity sensors include 

different hydrophilic coatings have been applied on the fiber surface like 

polyvinyl alcohol [5-6], agarose [7], graphene oxide [8-9] and metal oxide 

film [10-11], In these materials, swelling occurs after absorption of water and 

a refractive index modification to the surrounding medium takes place by the 

change in RH. The operating principles of these sensors rely on the interaction 

of the evanescent wave of light traveling through the fiber with the 

surrounding.  

      Based on the previous reports, the design of an optical fiber humidity 

sensor is basically divided into two steps. The first step is the fabrication of an 

optical fiber sensing platform, and the second is the deposition of a coating 

material. The single-mode–no-core–single-mode fiber (SNCS) structure is a 

good platform for the fabrication of simple and cost-effective optical fiber 

sensors [7][86]. As RI is a function of RH, so the increase of RI of the 

surrounding environment will lead to an increase in the sensitivity of SNCS 

sensor where the surrounding air works as a cladding of NCF [7]. In addition,  
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decreasing the diameter of the no-core fiber (NCF) in such structures is 

considered to be as an efficient method to improve the sensitivity of the 

sensing system [95]. 

        To maximize the evanescent field, the tapering of the NCF cladding can 

be achieved by heat pulling or chemical (hydrofluoric acid) etching [22]. 

Tapering and coating the active sensing segments (i.e. NCF) with 

nanoparticles (NPs) can promote the sensor’s sensitivity [22, 83, 86]. The 

nanostructures coating on the tapered NCF portion induce changes of the 

optical fiber properties in response to an external medium. The RH can be 

monitored through the RI changes of the coating material. 

        Up to date, nanostructured thin films have been applied to diverse optical 

fiber structures to fabricate new sensors to detect RH such as plastic optical 

fibers (POFs) [12-13], side-polished fibers [13-14], photonic crystal fibers 

[15], tapered fibers [16] and single-mode-multimode-single-mode (SMS) [17]. 

Based on the previously published reports, the process of demonstration such 

optical fiber RH sensor includes the fabrication of an optical fiber sensing 

platform, and then deposition of coating material on the surface or end face of 

the optical fiber. 

        On the other hand polymers like polyvinyl alcohol (PVA) coated fiber 

have been recently reported as an enhanced humidity sensitive material in 

constructing RH sensors, due to their unique advantages like good sensitivity, 

low cost and a good capability for film-forming with a refractive index 

comparable to that of silica glass[6, 78]. 

Several techniques are available at present to form composite thin films 

[16,31].  Among several techniques, the dip coating method was considered as 

one of the most prominent methods, because of the advantages of low cost 

with ease in preparation of thin films [86]. 
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Al2O3 NPs as a type of transition metal oxide with ceramic structure seem a 

promising humidity-sensitive coating due to its attractive properties such as 

hardness, high melting point and hydrophilic property [18]. Moreover, Al2O3 

has been used as an adsorbent, desiccating agent, and catalyst material which 

makes it interested to use as a coating in optical fiber humidity sensors 

(OFHS) [19]. 

1.2 Optical fibers  

   The optical fiber is a dielectric waveguide that is employed to keep and 

direct the "light" [20]. Usually this optical fiber is made from silica glass or 

plastic. Principle work of optical fiber based on total internal reflection. The 

core is a thin center of the fiber where the light travels and is generally made 

of glass with refractive index (n1) is slightly higher than that of the cladding 

(n2) [21]. The  difference  between  core  and cladding refractive indices gives 

the ability to guide the light [22] Conventional optical fibers can be classified 

depending on their structure or waveguide modes the single mode fiber or 

multimode  fiber.  They also multimode fibers may be classified depending on 

the how refraction index changed between core and cladding step index fiber 

or graded index fiber. The core diameters of the single mode fibers and 

multimode fibers are different, where, the single mode has a small core 

diameter of about (8-10 µm), while the multimode has large core diameters 

about (50 or 60 µm) or may be larger [23, 24]. 
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1.2.1 Classification of Optical Fibers  

        Optical fiber can be classified into two main types, single mode fiber and 

multi-mode fiber as shown in figure (1-1)[25]. 

 

Figure (1-1): The types of optical fibers [25]. 

  

1.2.1.1 Single mode fiber (SMF): 

        Optical fibers that permit to a single mode of transmit light to propagate 

through it. Single mode fiber mainly associated with a core small in diameter 

(8-10 µm) [26], The core refractive index can be indicated as n1 which is   

greater than cladding refractive index n2. The small diameter of the core 

allows it to transmit one mode of light. No dispersion, no degradation of the 

signal travelling through the fiber, Low attenuation due to the number of 

waves that propagate along the core of fiber which gives the ability to the 

signal to propagate for long distances and faster [27]. 
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1.2.1.2 Multi-mode fiber (MMF): 

        Optical fibers permit to multi modes of transmitting light to propagate 

through it. MMF has a large core diameter of about (50-60µm) [26]. Also, the 

relative refractive index is larger than SMF. High attenuation and dispersion is 

obtained due to the number of modes that propagate along with the core thus 

the signal quality will be not appropriate for protracted space communication 

[27]. There are two categories of multi-mode fibers depending based on 

refractive index profile [27] 

 

i. Step index multimode fiber: optical fiber that have a larger diameter of the 

core (about 50 -200 µm). In this type the path of the light propagation is zig-

zag in form. The refractive index of the core is (nc) and that of cladding is 

(ncl), the refractive index of the core remains constant (nc) and suddenly 

changes to (ncl) inside the cladding. the total internal reflection takes place due 

to change in  the refractive index at the core cladding interface , as the light 

rays move from the core to cladding (denser to rarer medium)[27]. 

 

ii. Graded-index multimode fiber: optical fiber that has a diameter of the core 

is about (50) μm. In this type the path of light is helical in form. The refractive 

index of the core (nc) is maximum at the center of the core and decreased 

gradually to a minimum value (ncl) at the core-cladding interface. The light 

rays moving down the axis advance more slowly than those near the cladding 

because of their difference in their refractive indices. But almost all the rays 

reach the exit at the same time due to the helical path. So, there is no 

dispersion [27]. 
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iii. No-core fiber (NCF) 

        NC fiber considered as a special type of multimode fiber with uniform 

RI. The loss of cladding, the core of the NC fiber is directly in contact with the 

external environment creating a multimode waveguide NCF has only a core 

with 125µm diameter usually made from fused silica which is the same as 

conventional fibers outer diameter [28].  

    NC fiber fabricated by different companies with various operation 

temperatures (-65±300 Cº), different diameters ranged (125-480) µm, also a 

wide range of operating wavelengths (400-2400) nm for several applications. 

The surrounding medium of NCF which is lower than NC fiber refractive 

index acts as cladding based on the total internal reflection [29]. 

Figure (1.2) shows a comparison between the SMF and the NC fiber 

schematic. 

 

 

Figure 1.2  Comparison between the single mode fiber and the NC fiber schematically 

[28]. 
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1.3 Propagation of Light within an Optical Fiber 

          In order for the couple ray of light into the optical fiber can be 

explained by the ray theory, it is substantial to observance account of the 

refractive index of the medium. The refractive index of the medium is a value 

calculated from the ratio of the velocity of light in a vacuum to the velocity of 

light in the medium of greater density. The light ray is traveling more fast  

from optically minimal dense  medium  than  through    optically that  is more 

denser, where the refractive index profile describes this influence[32]. When a 

ray of light incident on the boundary between two different isotropic like glass 

and air, the refraction phenomena was happened. For example, when the light 

ray incident on one end of optical fiber at a certain angle to its axis, it travels 

in zig-zag form and the total internal reflection happen at core-cladding 

interface and injected to the another end of the fiber[26]. TIR phenomenon 

happens when light ray travels from a medium of refractive index n1 and is at 

an angle φ1, approaches the other  side of lower refractive index  n2 at an angle 

φ2 greater than incident angle φ1 ,where calculated with respect to  the normal. 

The refraction φ2 and the incidence angles φ1 are related to each other and to 

the refractive indices, where given by Snell’s law refraction [33]: 

n1 sin φ1  = n2 sin φ2                                                                            (1.1) 
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Figure 1.3 Light confinement in optical fiber. (a) The refraction (b) The refraction 

case explaining the critical angle φc, and (c) The TIR where φ greater than φc [32]. 

 

From figure 1.3 (a) when a light incident at the medium with refractive index 

n1 to another medium with lower refractive index n2, the refraction depends on 

the refracted angle which is always greater than the incidence angle. The 

critical angle φc is the incidence angle when the angle of refraction ray is 90° 

as shown in figure1.3 (b) and could be given by [32]:  

     𝜑𝑐 = sin−1 𝑛2

𝑛1
                                                                               (1.2)               

         If the light incident at an angle greater than the critical angle φc, then all 

the light beam will be reflected into one medium as illustrated in figure 1.3 (c) 

TIR occurs where n2<n1 [32]. Figure (1.4) illustrate the light ray enters the 

optical fiber and reflected at the first core-cladding interface at the angle 𝛉. 

This light ray enters the fiber core at an angle of incidence 𝛉in which is called 

the acceptance angle for which the ray undergoes TIR   at the core-cladding 

interface and propagates along the fiber [33]. 
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Figure (1.4): the transmission of light through an optical fiber [33]. 

 

        The sine of the acceptance angle of the fiber represented by the 

numerical aperture (NA) which for light ray launched a fiber from the air 

(n2=1) is given by [34] [35]:        

NA = (𝑛𝑐
2 − n𝑐𝑙

2 )
1/2

                                                                                  (1.3) 

 

1.4 Optical fiber sensor (OFS) 

          Optical fiber sensor has been fabricated to measurement several 

parameters which used in various applications, like as pressure, refractive 

index, temperature, rotation, acceleration, vibration, magnetic fields, strain 

and humidity [36-45]. Optical fiber sensors have gained a lot of interest due to 

their potential applications in civil, military, medicine, and industry 

applications [46-50]. Optical fibers are typically employed for monitoring the 

changing in environmental and has many advantages such as quality 

improvement, small size, light weight, robustness, low cost of some types, 

flexibility, electromagnetic  immunity and high sensitivity  While  some  of  

its disadvantages  are very expensive, carefully handling  and unfamiliarity  to 

the end user.  But its appealing advantages show the possibility of the fiber 

optic [51]. 
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1.4.1   Types of Fiber Sensors 

          In general, optical fiber sensors can be divided into four classes based 

on changes in optical parameters such as polarization, intensity, wavelength, 

and phase sensor [52]. 

          Wavelength modulation based optical fiber sensor was used in early 

optical sensor development due to its low cost, simplicity, and reliability [53]. 

The wavelength of light source passed  through  a  sensor  head  from  a  light  

varies by the measured.  The wavelength of  modulated  light  can  be  

measured  by  a  light receiving  component  and  transformed  into  an  

electrical  signal. The electrical signal change is proportional to the change of 

the measured. Many sensors, like humidity and refractive index sensors have 

been implemented based on this modulation technique [54, 55]. 

 

Figure (1.5): Categories of optical sensors [53]. 

  

         Optical fiber sensors (OFSs) are classified into two basic types extrinsic 

(hybrid) fiber sensors or intrinsic (all-fiber) fiber sensors [56]. Figure (1.6a) 

illustrates the schematic diagram of an extrinsic optic-fiber sensor; the optical 

fiber is used as an appliance for transporting the light to and from an external 

sensing system where the process of the sensing occurs [56]. 
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          In an intrinsic (all- fiber sensors), the fiber is used as a transmitter and 

at the same time the fiber itself works as the sensing as shown in figure (1.6b). 

To increase the sensitivity of this type of optical sensor, the slight 

modification of optical fiber occurs due to the environmental effects [56- 58]. 

 

(a)                                                     (b) 

Figure (1.6): a schematic diagram of: (a) Extrinsic fiber sensor and,  (b) intrinsic fiber 

sensor[56] 

 

1.5 Multi-mode interference (MMI) optical fiber sensors:- 

            Multi-mode interference (MMI) Optical Fiber sensor within a segment 

of multi-mode fiber (MMF) provides a useful basis for emerging a variety of 

fiber optic devices and sensors, filters, RI sensors, temperature sensors, RH 

sensors [59]. These sensors have properties of operating over moderate 

distance with good optical power, cost effectiveness, and high sensitivity [60]. 

In order to use multi-mode interference devices in sensing systems, the 

physical variable capable of either modify the multi-mode fiber parameters or 

interact with the modes of propagating.    
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         MMI sensor usually fabricated by a splicing piece of MMF between two 

single mode fibers [61]. The length and diameter of MMF plays a significant 

role in the formation of propagation modes. The environmental changes 

affected the effective refractive index and resulted in variation in central 

wavelength which is the key parameter in MMI sensor detection. The incident 

field from SMF higher order modes will excited together with the 

fundamental mode of the NC fiber. These modes interfere along the NC fiber 

length and are subject to the multimode interference effect then these modes 

recombined in the other end of SMF at the second splicing point [61]. 

Therefore, that the length and diameter of NC fiber plays important role in the 

formation of these multimode interference phenomena. 

1.6 Applications of Optical fiber sensors: 

        Optical fiber sensors are utilized in many fields especially [94]:                       

1- Observation of the physical health of structures in real time.                            

2- Used to measure the physical properties of humidity, temperature, strain, 

velocity, and displacement [30,31].                                                                 

3- Application to the gas and oil industry, pressure sensing, temperature 

sensing.   

4- Tunnels: Multipoint optical extensometers, convergence monitoring, and 

joints monitoring damage detection.                                                                                                               

5- Heritage structures: old-new interaction, post-seismic damage evaluation, 

Displacement monitoring, restoration monitoring.   

6- Dams: distributed temperature monitoring, spatial displacement 

measurement, Foundation monitoring, joint expansion. 
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1.7 Optical Interferometer: 

           In the sensing region, optical fiber interferometers give elegant 

performance in high sensitivity, wide dynamic range, and high accuracy.   

Also, the optical fiber technology gives a large number of liberty degrees and 

some features like mechanical stability, small size and absence of moving 

parts for the construction of interferometers. A modal interferometer needs 

large components like beam splitters, lenses and coupler needed to fabricate 

an optical fiber interferometer [58, 64].  

A lot of  information about spectral and temporal state of the signal given by 

interferometers that make possible to detect any variation with bandwidth, 

wavelength , intensity, phase and so on with the ambient variation.  In the 

sensing region, optical fiber interferometers give elegant performance in high 

sensitivity, wide dynamic range, and high accuracy [39].   

Optical fiber sensors based on interferometer utilize the interference happens 

between two beams with two different optical paths and the interference could   

happen in single fiber or into individual fibers. So that beam collecting and 

beam splitting components required [65]. Of course, one of the optical paths 

must be arranged with ease affected by external fluctuation. The best structure 

applied in the optical fiber interferometer is in-line structure, in this structure 

the two optical paths located in a single physical line. Several advantages like 

as easy alignment, high stability, and high coupling efficiency provided by in-

line structure [66]. 
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1.7.1. Sagnac fiber interferometer 

                  A sagnac interferometer contains a fiber optic loop which made by 

splicing a piece of long conventional SMF fiber to fiber coupler with two 

output port in which light is split into two beams and  propagate in opposite 

different directions inside the same waveguide in a fiber loop as shown in 

Figure (1.7) [67]. A polarization controller (PC) used to adjust the 

polarization. The path of the lunched beam is modified resulting in a phase 

shift and a different interference pattern because of the effect of 

environmental parameters in the sensing region [74].   

3 dB couplers used to split the input light and the two beams recombined in 

the same coupler. Birefringent fibers used in the sensing part to increase the 

polarization [67].  

 

 

 

Figure (1.7):A sagnac fiber interferometer [67] 
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1.7.2 Fabry-Perot Interferometry Sensor  

           This type of optical interferometer which shown in figure (1.8) 

comprises two optical reflectors placed in parallel separated with a certain 

distance L between those reflectors [68]. It is also called an etalon [69]. 

Reflectors can be an interface of two dielectrics mirrors, or two fiber Bragg 

gratings, or two internal mirrors achieved by splicing of polished fibers, or by 

coating cleaved end of the optical fiber [70].  

 

Figure (1.8):  The Schematic diagram of FPIs [70]. 

 

1.7.3 Michelson fiber Interferometer   

            Michelson interferometers optical fiber sensors are similar to MZIs 

sensors, both of them contain two arms and the sensing depends on 

interference between these arms. The difference between them is that 

Michelson interferometers sensors have reflecting mirror at the end of each 

arm as shown in figure (1.9). The launched beam will split in to two different 

optical paths and reflect at the end of fiber by mirrors or other optical 

reflectors recombined by the optical coupler (OC) to create  the  interference 

pattern  at  the output end [71].  
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Figure 1.9 (a) Michelson interferometer Schematic diagram[72]. 

 

1.7.4 Mach-Zehnder interferometers Sensors 

         Mach-Zehnder interferometer sensors have found a wide range of 

sensing applications due to their flexibility and easy to fabricate. The MZI 

structure contains of   two arms, the reference arm and sensing arm [64], the 

first fiber coupler is used to split the incident light into two arms as shown in 

figure(1.10). Another fiber coupler is used to recombine split light. The 

interference appears in the recombined light between the two MZI arms 

according to optical path difference, Therefore one of these arms will be 

maintained isolated from any external variation and the external variation 

exposed to the sensing arm such as humidity, temperature, refractive index, 

strain applied on sensing arm changes the optical path difference of MZL, and 

could be detected as variation in the interference signal [73]. 
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Figure (1.10): The schematic diagram of MZIs[67]. 

 

        There are various kinds of in-line MZI sensors[67] such as 

interferometers built with tapered, singlemode-multimode-singlemode (SMS) 

MZI, interferometer based on long period gratings (LPGs) and interferometers 

fabricated developed with core mismatch and MZI with Micro-hole  

collapsing as shown in figure (1.11)   
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Figure (1.11);  Schematic of different kinds of MZI  (a) a pair of LPGs, (b) core mismatch, (c) 

PCF air-holes collapse region, (d) Multi-Mode fiber, (e) SMF small core, and (f) fiber 

tapered.[67] 

 

1.8 Humidity sensing 

         Humidity refers to the ratio of the water vapor content in the atmosphere 

of air to the saturation value or other gases. It is a very important physical 

amount to be measured. So it has significant importance in a range of various 

areas from daily life as shown in figure (1.12) including the food industry,  
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chemical manufacturing, civil engineering, weather prediction, and 

meteorological services[70]. Relative humidity (RH) is the ratio of the partial 

pressure of water vapor show in the air at a particular temperature to the 

maximum vapor pressure of water at the same given temperature. The RH is 

determined as a percentage, using the expression (1.4) [70] [96]:  

 𝑅𝐻 =
 𝑃𝑉

𝑃𝑠
× 100%                                                                                              (1.4)                  

Where 𝑃𝑉 the partial pressure of the water is vapor and  𝑃𝑠   is the saturation 

water vapor pressure. RH is a relative measurement because it is a function of 

temperature. 

The sensitivity of the sensor (𝑆) is calculated , using the expression (1.5) 

𝑆 = (
△ 𝜆

△ 𝑅𝐻
) 

Where  △ 𝜆 𝑖𝑠 the change in wavelength and △ 𝑅𝐻 is the change in a relative 

humidity. 

 

Fig (1.12): applications of humidity sensors in variety of areas [70]. 
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1.9 Operating Principle of the RH Sensor based on SNCS 

         No core fiber (NCF) is used for a single-mode multimode single-mode 

(SMS) fabrication. To provide a good RH sensitivity to the device increase the 

evanescent waves by fiber etching and coating, when the incident light 

propagates from the input SMF to NCF, the higher-order modes will be exited 

[7]. During propagation along NCF part, they will experience interference 

which leads to a multimode interference (MMI). To  have a self-image right at 

the output of the SMF, the performance of the proposed sensor is essentially 

related to the variation in the refractive index of the surrounding medium of 

NCF. By changing the relative humidity, the RI around NCF region would 

change which leads to shifting in output wavelength [71]. 

 

1.10 Literature survey  

         Various optical fiber humidity sensors such as multimode interference 

(MMI) have been demonstrated for different applications such as   bacterial 

growth, food processing, weather monitoring and industrial operation. 

Because, they have the advantages of small size and weight, low cost, simple 

fabrication [3]. Number of research papers were used to build and study 

various relative humidity optical fiber sensor, some of previous works and 

contributions in the field of thesis interest have been introduced in table (1-1) 
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Table (1-1): Summary of the Published Works in OFHS 

Year Author Structure and illumination 

source and coating  

Sensitivity Ref. 

May 2011 Qiang 

Wu et 

al. 

SMF-small core of SMF- 

single mode fiber structure 

(SMF-SCSMF-SMF) , 

Broad band source (1500-

1600)nm coating with 

polyethylene oxide (PEO) 

   0.436 

nm/%RH in 

humidity 

ranged from 

40% to 95% 

RH 

[76] 

July 2011 Yu 

Zhao 

et al. 

SMS, amplified spontaneous 

emission ASE (1520-

1534)nm, PVA 

  

0.18nm/RH 

in ranged 

80% to 89% 

[77] 

April 2013 Jiali 

.An 

SMS coating with PVA , 

(ASE) (1520-1580), ranging 

From 30% to 80% RH 

  

0.09nm/%RH 

[78] 

 August 

2014 

Jiali 

An et 

al. 

SMS with two waist-

enlarged tapers coating 

With PVA, in humidity 

ranged from 35%-85% RH 

 

 

0.223 nm/RH  

[79] 

 

 

Octobr    

2015 

  

 

Chujia 

Huang 

porous anodic alumina 

(PAA) coating on tip of 

SMF   tip by using 1550 

nm Super Luminescent 

Diode with range of  RH 

from (20%–90%)RH 

 

 

 

 

 

 

0.31nm/%RH  

  

 

 

 

[80] 
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Year Author Structure and illumination 

source and coating 

Sensitivity Ref. 

August 

2017 

Wei 

Xu 

SNCS, broad band source 

(1500-1600)nm coated with 

Agarose 

0.149nm/%R

H 

   

[81] 

  

 

2017 

 

 Diego 

Lope.

Torres 

SMF-PFC-SMF, SnO 2  

thin films on to PCF, A 

multi-LED light 

(HP83437A) source   

 

0.96nm/%RH 

 

 

[82] 

 2017  

Haitao 

Yan 

D-shaped fiber, PVA-Au 

coating , amplified 

spontaneous emission (ASE) 

source (1525 to 1610 nm) 

5.4nm/%RH    

 

[83] 

 

February 

  

2018 

Y.Zho Interferometer U-shaped 

microfiber(MF) coated with 

PVA, ranged from 30%RH 

to 95%RH, spontaneous 

emission source (ASE) 

186.5 

  

pm/%RH 

 

 

 

[84] 

 

  

December

2018 

 

  

Y.Zho 

 

 

 Fabry–Perot RH sensor 

coating with polyimide(PI) 

on The end of MMF system, 

Tungsten Halogen Light 

Sources with Wavelength 

range (360–1050 nm) 

 

 

0.164 

nm/%RH 

  

 

 

 

[85] 

Oct – Dec 

2018 

 Huda 

.A  

 SNCS fiber  structure 

coating with CuO-PVA 

,Broad band source 

(BBS),range from 30% to 

100% 

-0.581 

nm/%RH 

[86] 
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Year Author Structure and illumination 

source and coating 

Sensitivity Ref. 

2019   Y.Zho  hollow core fiber coating 

with GQDs-PVA film 

,Broadband(ASE),Range 

from 11.3–81.34%RH 

 0.11725 

nm/%RH 

 

[87] 

 

 

1.10 Aim of the work:- 

 The  motivation  for  this  work  is  to  fabricate  a  humidity  sensors based  

on multimode interferometer using NCF, The specific objectives of the work 

are as follows: 

1. Enhancement of the optical fiber humidity sensor utilizing a multimode no-

core optical fiber with a metal oxide Al2O3/PVA coating layer 

2. Study the influence of reduction of NC fiber diameter in the enhancement 

of the sensor sensitivity. 

3. Study the influence of the change of  NCF length on the sensitivity. 

4. Study the effect of the Al2O3 NPs coating layer on the active segment of the 

sensor parameters. 
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2.1 Introduction  

          In this chapter, all parts of the system were explained. The experimental 

setup and work procedure for the fabrication of a humidity sensor based on 

SNCS fiber structure were illustrated. The sensors under investigation were 

based on Multimode Interferometer (MMI) based on a collapsing technique 

which was used in this work as a modal interferometer. SNCS fiber sensors 

was fabricated and constructed by cleaving and splicing different lengths of 

NCF (from Thorlabs) with conventional optical fiber (SMF-28). 

        Sensor sensitivity was enhancement by etching process which applied to 

NCF to tune its diameter or coated of the active segment of the sensor with a 

nanomaterial.   

The schematic block diagram summarizes the experimental work as shown in 

figure (2.1). 

 

  

 

 

 

 

 

 

Figure (2.1) The schematic block diagram of experimental work 

 

 

Enhancement Humidity Sensor Based on SNCS structure 

 

Without Coating Coating  

Different diameter 

(125, 100, 75, 50, 25)µm 

 

Fixed length  

(20mm) 

 

Different length  

(20, 40, 60) mm 

 

Fixed diameter 

 (50µm) 

 

Different diameter    

 of NCF(75, 50)µm 

 

Fixed length  

(20mm) 
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2.2 System Layout:- 

         The relative humidity sensor based on SNCS system layout is shown in 

figures (2.2) and (2.3).  

 

Figure (2.2) the experimental setup for measuring the RH based on SNCS fiber structure 

(a)SNCS fiber structure (b) Etched SNCS fiber structure (c) Etched SNCS coating fiber 

structure 

 

Figure (2.3)The photographic picture for the SNCS humidity sensor set up. 

BBS 
OSA 

SMF-28 

NCF 

Humidity 
controller 

Humidity chamber  
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2.2.1 Broadband source (B.B.S):- 

             In this work, a butterfly-packaged Super-Luminescent Diodes 

(Thorlabs SLD1550s-A1) with 1400-1600 nm emission range has been used 

as a broadband light source, as shown in figure (2.4).  This source has an 

excellent power, near-Gaussian with flat-top optical spectrum as well as low-

ripple.  

This device is constructed into a 14-pin butterfly package with a combined 

thermoelectric cooler (TEC) and a thermistor to confirm the stability of the 

output light. The output is coupled into an SMF that ended with a 2.0 mm fine 

knob FC/APC adapter.(Appendix A) 

 

Figure (2.4) Photo-image of Broadband source (B.B.S) 

 

2.2.2 Single - Mode Fiber (SMF-28):- 

          (SMF-28) is considered the "standard" optical  fiber  for  submarine, 

cable television,  telephony,  and  private  network  applications  in  the  

spread  of  video, data and\ or voice services. the capacity of fiber aimed at  

carrying the information is the highest in  the  transmission  window  of  1310  

nm  (the  wavelength  region  ),  and also the dispersion  in  this  wavelength   
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region  is  the  lowest. The SMF-28 has robust geometric characteristics such 

as low attenuation and high strength. Corning single mode fiber can be used 

for excellent deliver performance and high precision [Appendix B]. Top view 

of SMF-28 under a microscope shown in figure (2.5), which shows the quality 

of the cleaved end of SMF. 

 

Figure (2.5) Top view for the SMF under microscope with magnification power (10x) 

 

2.2.3 No-core fiber (NCF) (Thorlabs):- 

            NC fiber (FG125LA from Thorlabs Company) has been used in this 

experiment. It considers special type of multimode fiber with outer diameter 

125 µm could be spliced to the ends of SMF. 

 Moreover, NCF consider a special type of multi-mode fiber when it's spliced 

to the ends of SMF . NCF operated with a wide wavelength range with return 

loss > 65 dB. NCF has a different operating wavelengths at different refractive 

indexes, where NCF has RI about 1.444 at wavelength 1550 nm. The optical 

specifications of NC fiber are given in the table (2.1) [Appendix C]. 
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Table (2.1): Optical specifications of  NC Fiber [from Appendix C]. 

Wavelength range (nm) 400-2400 

Glass Diameter (μm) 125±1 

Coating Diameter (μm) 250±5% 

Operating Temperature C 
ο -40 to 85 

 

Glass Refractive index and 

operating wavelength 

1.444 @1550 nm 

1.467287 @ 436 nm 

1.458965 @ 589.3 nm 

1.450703 @1020 nm 

 

2.2.4 Optical spectrum analyzer (OSA):- 

          Optical spectrum analyzer OSA (YOKOKAWA, Ando AQ6370) has 

been utilized to monitor the variation in the interference spectra of the OFHS. 

It is a precision device used to measure and displays the distribution of power 

of the optical source over a certain wavelength span.  And it trace displays the 

wavelength in the horizontal scale and the power in the vertical scale. figure 

(2.6) shows the photograph of OSA used in the experiment. 

The main properties of OSA are tabulated in table (2.2). 

Table (2.2): OSA Characteristics used to perform this work. 

  Wavelength range 600 nm to 1700 nm 

  High wavelength  

accuracy 

± 0.01nm 

Wide Dynamic range 78 dB typ. 

Fast measurement 0.2 sec. (100nm span) 

Wide level range +20 dBm to -90 dBm 

High wavelength resolution 0.02 nm 

applicable to SMF,  MMF Patch cable fibers 
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Figure (2.6): Photo-image of optical spectrum analyzer (OSA). 

 

2.2.5 The Humidity Chamber:- 

 To study the humidity response of the SNCS sensor, a sealed cuboid-shape 

chamber made from Polyvinyl chloride (PVC) plastic with  dimensions  

(length  =40cm,height= 27cm, and width=17cm) is used. The chamber has 

three fans. One of them is used to pump dry air form container with silica gel 

to accelerate the humidity diffusion in the chamber access, the second fan is 

used to pump a wet air from a container filled with deionized water heated by 

70watt heater, to supply the humidity to the chamber. The last fan is used for 

chamber discharge and cooling, as illustrates in figure (2.7). A calibrated 

electronic humidity (XMT9007-8 temperature & humidity control instrument) 

is used for monitoring the temperature and humidity inside the chamber. 
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(a)                                                                 (b) 

Figure (2.7) Photo-image of the humidity chamber (a) front view (b) top view 

 

2.3 Principle of Operation  

        The sensor structure is composed of an NCF fiber spliced between two 

SMFs. When the incident light propagates from the input SMF to NCF, the 

higher-order modes will be exited. During propagation along the NCF part, 

these modes will experience interference which leads to a multimode 

interference (MMI) [61]. In order to have a self-image right at the output of 

the SMF, the length of the NCF has to be precisely chosen. The MMI effect 

has been previously studied and the length of the NCF can be given as [62-

63]. 

𝑳NCF = 𝒎 (
𝟑𝑳𝝅

𝟒
)  With m = 1,2,3,…                                                (2.1) 

Where 𝑚 refer to self-imaging number and 𝐿𝜋 is the beat length, 

𝑳𝝅 = 𝟒 𝒏NCF 𝑫NCF/𝟑𝝀𝟎                                                                    (2.2) 

According to MMI theory, the interference wavelength can be given from the 

following formula [63]: 

𝝀𝟎 = 𝒎 (
𝒏𝐍𝐂𝐅  𝑫𝐍𝐂𝐅 

𝟐

𝑳𝐍𝐂𝐅
)                                                                             (2.3) 
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Where DNCF, 𝐿NCF , 𝑛𝑁𝐶𝐹 and m are the diameter of NCF, length of NCF, the 

effective refractive index and interference number, respectively. 

The performance of the proposed sensor is essentially related to the variation 

in the refractive index of the surrounding medium of NCF. By changing the 

RH, the RI around the NCF region would change leading to a shift in the 

output wavelength [88]. 

 

2.4 Experimental Procedures 

Experimental procedure follows  two steps to fabricate  an optical fiber 

humidity  sensor  based on SNCS fiber structure, it is as follows: 

 

2.4.1 Singlemode-NC fiber-Singlemode (SNCS) structure. 

 

 

Figure 2.8 Schematic of the SNCS structure. 

SNCS sensors have been designed and constructed by cleaving and splicing 

NCF (FG125LA Thorlabs, 20 mm in length) between two conventional 

optical fiber (SMF-28), as shown in figure (2.8). The SMFs have a core and 

clad diameters of 9 µm and 125 µm, respectively. While the NCF has the 

same cladding diameter of 125 µm, then tests the optimum diameter with  
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different lengths of the NCF. After that, the optimum length and diameter 

were selected for coating with Al2O3-PVA. 

 

2.4.2 NCF and SMF cleaving. 

         In order to prepare the NCF and SMF for fusion splicing, Firstly 

cleaving fibers was done by removing the protective polymer coating before 

splicing to minimize splicing loss and obtain good splicing characteristics. 

Removing the protective polymer layer could be done by alcohol or 

mechanical stripping. In this experiment mechanical Fiber Stripper (JIC – 375 

Tri – Hole) was used to remove the polymer layer. Secondly, the optical fiber 

cut with the right angle using the cleaver machine (CT-30) (Fujikura).    

 

  

                    Figure 2.9: Cleaver (CT-30)   

        The optical fiber cleaving allows the clamping of the fiber into the 

specified position, also presented to make an optical fiber flat face and 

perfectly smooth. By putting the edge of the optical fiber above the cutting 

blade of the cleaving machine, a cleaved end surface of optical fiber with 90
0
 

angle and flat cleaved surfaces can be obtained. Finally, the fiber was cleaned  
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with wet wipe or alcohol or other any solvent. figure (2.10) Top view of NCF 

under a microscope, which shows the edges of the fiber were well-cleaved. 

 

Figure (2.10): Microscope images of NCF end after cleaving. 

 

2.4.3 NCF and SMF splicing. 

            Splicing is the process of connecting two segments of optical fibers 

like NCF and SMF. In this experiment, Fusion splicer from Fujikura (FSM-

60S) splicing machine, shown in figure (2.11), is used in AUTO_MODE to 

fusion splice the SMF have core and cladding refractive index 1.451 and 

1.444  respectively. The NCF has a diameter of 125 with 1.444 refractive 

index, So the same refractive indices and diameter for the SMF and the NCF. 

This compatibility made the splicing easier and homogeneity. 
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Figure (2.11) Optical fiber arc fusion splicer type (FSM-60S). 

       the NCF ends with different diameters and lengths is  cleaved according 

to a certain length range and both ends are spliced with two standard SMFs-28 

using  electric arc technique. A fusion splicer with automatic mode was used 

to form SMF-NCF-SMF (SNCS) structure with a reiterated arc discharge 

technique to minimize the splicing loss as much as achievable as shown in 

figure 2.12. In general, fusion splicing based on electric arc technique has 

been most utilized and has been much best created than the others techniques.  

 

Figure (2.12): Fusion splicer process between NCF and SMF. 
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        A section of SMF-28 of 1 m-length and 125 µm diameter was spliced to 

the NCF of a 20 mm-length and 125 µm diameter on from both sides using the 

AUTO MODE function in the fusion splicer menu (Fujikura FSM-60S) with 

good mechanical strength and low loss. The splicing loss was about 0.01 dB 

for each splicing region, where prepared different diameter of NCF by using 

chemical etching with fixed length, after study the influence of the diameter, 

the lengths of NCF recalculated to be (40, 60) mm.  

The standard steps to fusion splicing are:  

 Remove any outer protective polymer coating from the fiber using 

stripper.  

 Using clipper to cleave ends of optical fibers at right angles with 90
o
 

then cleaned the fiber ends with lens tissue and alcohol. 

 Adjust the optical fiber ends in the V- groove in the fusion splicing 

machine accurately with a small gap in between the optical fibers. 

 Press the set mode to start the arc fusion and then protect the splicing 

region. 

 

2.4.4 NCF etching procedures 

          One of the mechanisms  used to improve the sensitivity  of SNCS 

structure is the chemical Etching process to decreasing the NCF diameter. The 

NCF was reduced  by using 40% diluted hydrofluoric acid (HF) as an etchant 

on different diameters NCF of (100, 75 and 50 )µm respectively. The purpose 

of optical fiber etching to allow more interaction of  propagating light with 

relative humidity. 

         Two important factors were carefully adjusted to control the diameters 

of the NCF which are; etching time and average etching rate. The etching time  
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needed to decrease of NCF diameter from 125µm to 100 µm, 75µm and 50µm 

were (12, 23, 35) min, respectively, such that the average-etching rate was 

about 2.14 µm/min at room temperature. 

       In this work, The SNCS fiber structure fixed on both sides and the NCF 

segment emerged in the hydrofluoric solution HF (~ 40%) using a quartz  U-

shape groove. NCF diameter was reduced to 50µm by controlling the etching 

time and average etching rate. In this step, the NCF length was fixed on 20 

mm and then, the best diameter  with different lengths (40,60)mm were ,   

tested . 

To see top view NCF after the etching process, a transmission optical 

microscope from (Euromex Company, Holland) was used, as shown in figure 

(2.13). This microscope has different magnification power (4 X, 10 X, 40 X 

and 50 X). 

 

Figure (2.13) The Transmission Optical Microscope 

 



Chapter two                            Experimental Setup and Procedures                                     37 

 

 

 

figure(2.14) shows microscopic images of NCF etching with different 

diameters imaged under an optical microscope. 

       

                           a. 100µm                   b.75µm 

      

                            c. 50µm                                                            d. 25µm 

Figure (2.14) Microscopic image of NCF diameter etching  (a)100 µm  (b)75 µm (c)50 µm 

(d)25 µm with (10X) 

 

  also figure (2.15) shows the scanning electron microscopy (SEM) image of 

the etched NCF with 50µm diameter at different magnification.   
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                (a)                                                                            (b)   

Figure (2.15): The SEM image of the etched NCF with 50 µm diameter at different 

magnification of (a) 50 μm and (b) 20 μm 

 

2.4.5 Preparation of Al2O3-PVA composite 

         After fabrication the SNCS fiber structure with the optimum NCF length 

and diameter, Al2O3 NPs embedded in PVA polymer as a sensitive film was 

coated on the surface of NCF using the cast-drop and evaporation technique. 

The properties of Al2O3 nanoparticles are presented in Appendix (D). 

          figure (2.16) shows The SEM image of the Al2O3 NPs which are around 

20 nm in size (Nano-shell), The coating process started with the preparation 

Al2O3-PVA solution, Firstly, the PVA solution was prepared by mixing 10 g 

into 100 ml deionized water. Then, the solution was heated at 90 °C and 

mixed thoroughly using magnetic agitation for 1 h. The samples were left to 

cool at room temperature. Then, 25 mg of Al2O3 NPs were added to 25 ml of 

the PVA solution with a weight ratio of 1:1. The mixture was stirred at a 

moderate rate with a magnetic stirrer time for 90 minutes to obtain a 

homogenous solution. In order to remove the effect of bubbles, the solution  
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was let to settle for 2 h. Finally, the NCF segments were coated with Al2O3-

PVA composite and left to dry for 5 h.  

        

(a)                                                            (b)   

Figure (2.16) SEM images for Al2O3 NPs at a magnification of (a) 100 μm and 

(b) 200 μm . 

 

         The Al2O3-PVA composite and coating process are shown in figure 

(2.17), the thickness of the coating after different coating numbers was about 

~8 μm, also could control the size of the film when the SNCS structures 

coated with different concentrations of Al2O3-PVA and different coating 

numbers. 
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Figure (2.17): The preparation Al2O3-PVA and coating process. 

 

2.5 Optical fiber humidity sensors based on multimode interference using 

SNCS setup: 

        The SNCS fiber structure was designed  and  fabricated as stated in 

section (2.4.1),  the  sensor  was tested  by  studied  the  influence  of  two  

parameters,  the  length  and  the diameter of NCF segment . The following 

the procedures to study the effect of those parameters were illustrated in this 

section on the optical fiber humidity sensor sensitivity. the sensor was 

fabricated using fusion splicing of three  different lengths of NCF: 2, 4 and 6 

cm  in-between two SMFs. The resultant SNCS were tested as optical fiber 

humidity sensor when the RH changed between 30% and 100%. The NCF 

diameter was changed from 125 µm to (100, 75, 50 and 25) µm by chemical 

etching. The influence of each diameter on the optical fiber humidity sensor 

sensitivity was tested. 



Chapter two                            Experimental Setup and Procedures                                     41 

 

 

 

2.6 The influence of the NCF length on the sensitivity:- 

          A transmission type SNCS in which the two ends of ( 6 cm, 4 cm, 2cm ) 

length of etched  NCF was fusion  spliced  to  lead-in  and  lead-out  SMFs , 

The humidity response of the sensors was studied by placing the SNCS fiber 

structure in  a  controlled  environment  chamber  which    was  a cuboid-

shape  sealed and connected from one side with Broad Band Source (BBS) 

(Thorlabs) with wavelength range 1500-1600 nm and from the other side with 

an optical spectrum analyzer (OSA) with a resolution of 0.02 nm, and the RH 

varied between 30% and 100% as shown in figure (2.2) with maintaining the 

temperature at 25 Cº and The result wavelength shift and sensitivity was 

recorded using OSA. 

 

2.7 The influence of the NCF diameter on the sensitivity:-  

           The SNCS structure with 2 cm of the NCF length was etched from 

125µm to (100, 75, 50, and 25) by chemical etching, then the SNCS fiber 

structures were tested as optical fiber humidity sensor when the RH changed 

between 30% and 100%. The influence of each diameter on the sensor 

sensitivity was tested.  After testing the sensor, the NCF has been coated with 

a thin layer of Al2O3-PVA which acts as a cladding for NCF instead of air 

with optimum length and diameter for furthermore enhancement of the 

sensitivity. 

 

2.8 The Rise Time Calculation:- 

Rise  time  is  the  time  required  for  the  signal  to  increase  from  low value 

(10% ) to high value ( 90% ) [72].The response of the sensor is measure to the 

changes in RH from 30% to 100%, for an SNCS fiber structure coating with 

Al2O3-PVA thin film  with optimum NC fiber  length and diameter.
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           3.1 Introduction 
        This chapter presents the results, discussion, conclusion, and future work 

of the fabricated transmission type MZI as an optical fiber humidity sensor 

based on the SNCS fiber structure. The influence of different lengths and 

diameters of NC fiber and for pare and coated NC fibers with different 

humidity values were studied. 

        To establish and implement a relative humidity sensor, The experimental 

setup is settled based on wavelength. The results of the experimental setups 

were discussed. The sensor sensitivity was calculated by dividing the 

experimentally measured SNCS fiber structure response to the relative 

humidity. Also, the rise time of the sensor was calculated for this sensor.  

        The experiments were carried out by using an optical spectrum analyzer 

(OSA) at 0.02 nm resolution and broadband source (1500-1600) nm. All the 

results in this work were taken under conditions of the scientific laboratory. 

The temperature of the room was 25˚C and normal atmospheric pressure 

 

3.2 Transition Spectra and stability for SNCS fiber 

          The schematic diagram of the experimental setup was shown in fig (3.1) 

(a) and (b). Firstly the transmission stability of B.B.S was checked to ensure 

later accurate measurements. The first side of SMF was connected to OSA 

and the other side to the B.B.S as shown in figure (3.2 bold red curve). The 

next step was carried out with SNCS fiber structure at 125 µm NCF diameter 

and length 20mm. When the SNCS fiber structure with NCF diameter of 

125µm and length of 20mm connected to the B.B.S, it worked as a band-pass 

filter where some wavelength modes were filtered out due to the MMI effect 

as shown in figure (3.1 black bold line).When the transmitted light propagates 

from SMF to NCF multiple high order modes are transmitted and exited, these  



Chapter three                                          Results and Discussion                               43 

 

 

 

modes propagate along the direction of NCF and interfere with another, 

causing rise in a multimode interference (MMI) and re-emerged into SMF.  

 

           SMF  

 

 

                                            (a) 

                         SMF        NCF          SMF 
 

 

 

                                                        (b) 

              Figure (3.1) schematic of experimental setup (a) SMF (b) SNCS. 

 

 

Figure (3.2): Output Specta of B.B.S of SMF and SNCS. 

 

B.B.S 

OSA 

OSA 

 

     

B.B.S 
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3.3 The Influence of NCF Diameter on the OFH sensor. 

       The influence of NCF Diameter on increase the sensing sensitivity was 

investigated by using different diameters of NCF with fixed length (20mm), 

The SNCS structure was fabricated by using fusion splicing of NC fiber in-

between two SMFs, which was operated by AUTO MODE; The etching 

process executed by emerging the NCF in HF acid to decrease the outer 

diameter of NCFs from 125 µm to 100, 75, 50 and 25 µm respectively. The 

transmission spectra response of the etched NCFs with the change of external 

RH was recorded.  

 

3.3.1 The 125 µm NCF diameter as OFHS 

          Firstly, the response of the SNCS fiber structure without etching (with 

125 mm of NCF diameter) to the variations of the RH was investigated. the 

fabricated sensor was placed in a relative humidity chamber equipped with an 

electronic humidity sensor (XMT9007-8 humidity control instrument) for 

observing the humidity changes from 30% to 100% inside the chamber while 

the temperature inside the chamber was kept in the range between 25 to 30
º
C. 

Figure 3.3 shows the transmission spectra response of the proposed RH 

sensor, where the sensitivity attained was 0.128 nm/%RH. The excited 

evanescent waves will interact with the surrounding RH and introduce the 

change in the output spectrum.  Also, from this figure, it can be noticed that 

the transmission spectra shifted towards longer wavelengths at each increase 

in RH. 
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Figure 3.3: The transmission spectra of the SNCS sensor with RH variation from 30% 

to 100% with a diameter of 125 µm. 

 

3.3.2 The influence of 100µm NCF diameter on the OFHS. 

       The NCF with 100µm was etched by submerging in HF acid to 12 min; 

the transmission spectra for SNCS fiber sensors of 100µm are depicted in 

figure (3.4) where the RH changes 30% RH to 100% RH. It shows that the 

NCF diameter will directly affect the sensor sensitivity. When the RH 

increased from 30% to 40% the dip in the spectrum shifted from 1492nm as 

shown in figure (3.4 black bold line)  to 1495.8nm (3.4 red bold line). The 

transmission spectra shifted towards red when the refractive index increased 

from 1 in air to 1.333 in the water. The wavelength shift was continued in red 

direction when the RH was increased. the sensitivity attained of SNCS fiber 

structure with 100µm NCF diameter was 0.164 nm/%RH. The reduction in 

NCF diameter from 125µm to 100µm contribute in an enhancement of the 

sensor sensitivity that due to the enhanced evanescent field. 
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Figure 3.4: The transmission spectra of the SNCS sensor with RH variation from 30% 

to 100% with a diameter of 100µm. 

 

3.3.3 The influence of 75µm NCF diameter on the OFHS . 

         To reducing the NCF diameter to 75µm, The NCF chemically etched by 

submerging in HF acid about 23 min. a fixed NCF length of 20mm was used 

in the SNCS structure. figure (3.5) shows the wavelength shift dependence on 

the RH for NCF segments at 75µm when the RH increased from 30%RH to 

100%RH. The position of the transmission dip was red-shifted around 13.6 

nm as the surrounding RH increases. Also from this figure, it's could indicate 

that there are longer wavelength shifts with humidity variation when the NCF 

diameter was reduced to 75µm. The wavelength sensitivity of the SNCS fiber 

sensor with 75µm NCF diameter was 0.194nm/%RH. 
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Figure 3.5 The transmission spectra of the SNCS sensor with RH variation 

from 30% to 100% with a diameter of 75µm. 

 

3.3.4 The influence of 50 µm NCF diameter on the OFHS sensitivity 

          From figure (3.6), the SNCS sensor structure with the diameter of 50 

µm shows the larger wavelength shift when the RH increased 30%RH to 

100%RH than that of 125µm basic structure. The results indicate the RH 

sensitivity was enhanced from 0.128nm/%RH to 0.262nm/%RH as NCF 

diameter was reduced from 125 µm to 50 µm. Since decreasing the diameter 

allows more interaction of evanescent waves with environment humidity [89]. 

         The NCF diameter of 50 µm has the highest sensitivity compared to 

other diameters, the sensitivities attained were 0.128 nm/%RH, 0.164 

nm/%RH, 0.194 nm/%RH and 0.262 nm/%RH for (125, 100, 75, and 50 µm) 

respectively, for the same NCF length(20mm).  

Consequently, the diameter of 50 µm has been selected as the optimum 

NCF diameter for the sitting sensor structure. figure (3.7) illustrates the  
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wavelength shifts of the RH sensor to the variations of the relative humidity 

from 30% to 100% with different NCF diameters (125, 100, 75, and 50 μm). 

We noticed that the RH sensitivity has been enhanced when reducing the NCF 

diameter. It should be noted that the etched NCF with diameter of 25μm was 

not be considered as an influenced diameter, due to difficult to handle and 

high losses in the output spectrum. 

 

Figure 3.6 The transmission spectra of the SNCS sensor with RH variation from 30% 

to 100% with a diameter of 50µm and 20mm length. 

 

 

 

 

 



Chapter three                                          Results and Discussion                               49 

 

 

 

Figure (3.7): The response sensors to variations in RH from 30% to 100% with different 

NCF diameter 

 

3.4 The Influence of NCF length on the sensitivity of OFHS 

            The influence of NCF length on OFHS sensitivity was studied in this 

experiment by using different lengths of NCF with a fixed diameter of NCF at 50 

µm. SNCS fiber structure was prepared with diameter 50µm and three different 

lengths (60,40,20) mm, figure (3.6), It’s shown that the SNCS structure with a 

diameter of  50 µm NCF and a length of 20mm will directly affect on the sensor 

sensitivity. Then relative humidity was tested with different each NCF lengths 

(40, and 60) mm as shown in figure (3.8) and figure (3.9). As expected, the 

sensor shows the higher sensitivity at NCF length of the 20 mm, which shows 

shifted towards longer wavelength at each increase in RH compared to (40,60) 

mm, this is  due to the connection between the SMF and NCF, the constructive 

interference modes occur in SNCS structure due to the multimode interferometer 

(MMI).  
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The sensitivities attained were 0.179 nm/%RH, 0.2 nm/%RH and 0.262 nm/%RH 

for (60, 40 and 20 mm) respectively. Consequently, the length of 20mm has been 

selected as the optimum NCF length for the sitting sensor structure. figure (3.10) 

illustrates the wavelength shifts of the RH sensor to the variations of the relative 

humidity from 30% to 100% with different each NCF length (20,40and60 mm). 

We noticed that the RH sensitivity has been enhanced when reducing the NCF 

length, reflecting the effect of NCF length on sensitivity. 

 

Figure (3.8) the transmission spectra response of the OFHS as a function of RH for 

40mm length. 
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Figure (3.9) the transmission spectra response of the OFHS as a function of RH for 

60mm length 

 

Figure (3.10): The response sensors to variations in relative humidity from 30% RH 

to 100% RH with different NC fiber length 
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3.5 The influence of coating on OFHS sensitivity 

           In order to enhance the sensitivity of the fabricated sensor further, 

Al2O3- PVA was selected as the sensitive film coating for 50 µm and 75 µm 

NCF diameter. The strength of the light interaction with the coated Al2O3 was 

remarkably enhanced at reduced waist diameter, and consequently, the sensor 

became more sensitive to RH changes. figure (3.11) (a, b) illustrates the SEM 

images of the etched NCF coated with Al2O3 NPs at a diameter of 50 µm at 

different magnification, the coated layer is homogeneous. 

  

                                    (a)                                                                          (b) 

Figure (3.11): The SEM images of the etched NCF coated with Al2O3-PVA thin film at a 

diameter of 50 µm with different magnification of (a) 50 μm (b) 20 μm 

 figure (3.12) and figure (3.13) shows the wavelength shift dependence on the 

RH for both coated NCF segments at 75 µm and 50µm when the RH changes 

30%RH to 100%RH. The position of the transmission dip was red-shifted 

around 38.9 nm as the surrounding humidity increases. During this process, 

more water molecules were diffused into the Al2O3-PVA film which can 

effectively modify the film refractive index [89]. Moreover, PVA is known to 

have good permeability and a high swelling ratio [90-91]. The fitted curve 

shows that the sensitivities of  the  proposed sensor are 0.587nm/% RH with  
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an R
2
 value of 0.9812 and 0.295nm/% RH with an R

2
 value of 0.96 for NCF 

diameter of 50 µm and 75 µm, respectively as shown in figure (3.14) and 

figure (3.15). As expected, the sensitivity was higher at the NCF diameter of 

50 µm compared to 75 µm due to the enhanced evanescent field. The strength 

of the light interaction with the coated Al2O3 was remarkably enhanced at 

reduced waist diameter, and consequently, the sensor became more sensitive 

to RH changes.   

 

Figure (3.12): Transmission spectra of the SNCF sensor with relative humidity 

variation from 30% to 100% with diameters of 75µm coated with Al2O3- PVA thin 

films 
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Figure (3.13): Transmission spectra of the SNCF sensor with relative humidity 

variation from 30% to 100% with diameters of 50µm coated with Al2O3- PVA thin 

films. 

 

 

Figure (3.14): Response of the coated sensors to the variations of the relative 

humidity from 30% to 100% at 75 µm. 
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Figure (3.15): Response of the coated sensors to the variations of the relative 

humidity from 30% to 100% at 50 µm. 

 

Table (3.1) summarizes the performance of 75, 50 µm coated sensors. 

 

Table (3.1): Performance of the sensors decorated with Al2O3-PVA 

         Parameter 75 µm  50 µm  

Sensitivity (nm/RH %) 0.295 0.587 

Wavelength shift (nm)             21.3            38.9    

Linearity (R
2
) (%) 96.004 98.122 
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Finally, a parametric comparison with different relative humidity sensors is 

presented in Table (3.2). It clearly shows that the  proposed sensor has a 

higher sensitivity than PVA alone, GQDs-PVA and CuO-PVA coatings and 

comparable performance to that of the GQDs-PVA hollow Core fiber sensor.  

As expect that the sensitivity could be enhanced further by reducing the waist 

diameter of NCF [92] and using an optimized concentration of the Al2O3-PVA 

composite.  

Table (3.2): Performance comparison among various types of 

fiber-based RH sensors 

Coating 

material 
Structure 

Sensitivity 

(nm/RH %) 

RH 

Measurement       

range(%) 

Ref. 

PVA SMS fiber 0.09 30-80 [78] 

Au-PVA D-shaped fiber  5.4 0-70 [83] 

Agarose  SNCS fiber 0.149 30-75 [81] 

 LiCl 
  Multimode 

fiber (MMF) 
 0.164 20-95 [85] 

GQDs-PVA HCF 0.117 11.3-81.34 [87] 

CuO-PVA  SNCS fiber -0.581 30-100 [86] 

PVA  
U-shaped 

Microfiber  
 0.1865 30-95  [93] 

Al2O3-PVA SNCS fiber 0.587 30-100 
Present 

work 
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        To estimate one of the repeatability experiment features of the RH sensor  

figure (3.16) shows the sensor has a stable and linear response for the 

investigated RH with slight fluctuation, which possibly caused by temperature 

change and reading error of the optical spectrum analyzer (OSA). Also, the 

sensor has shown the same performance in different days of testing with 

different fabricated samples. Thus, the present sensor offers a good 

reproducibility. The response time of the seeded sensor was estimated by real-

time observation from the OSA spectra when the RH of the chamber was 

increased from 30% to 100%. The measured response time was about 6s. 
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       (a) 

 

(b) 

Figure (3.16): Wavelength repeatability of the coated sensors with variations of the 

relative humidity from 30% to 100% at diameter of: (a) 75 µm, (b) 50 µm. 

  

 



Chapter three                                          Results and Discussion                               59 

 

 

 

3.6 The Rise Time of the OFHS based on SNCS fiber structure 

To calculate the rise time of the proposed RH sensor, SNCS structure 

which coated with Al2O3-PVA (with specific length 20mm and diameter 

50µm that shows the higher sensitivity to relative humidity variations) was 

exposed to an environment with rapid changes of the humidity. Firstly, keep 

the humidity inside the chamber at a low value 10% RH, and then rapidly 

increase the humidity of the chamber to a high value 100%.        

Figure (3.17) shows the rise time measurement of the OFHS. The 

response time of the seeded sensor was estimated by real-time observation 

from the OSA spectra. The sensor has a fast response to RH variations and the 

measured response time was about (6 sec) when the RH changed from 30% to 

100% 

   

Figure (3.17): The rise time of the RH sensor with length (20mm) and 50µm 

diameter of NCF coated withAl2O3-PVA thin film. 

 

3.7 Conclusion  

        An all-fiber optic for relative humidity detection based on multimode 

interference has been investigated and experimentally demonstrated. Fabrication  
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of SNCS structure involves only splicing short pieces of NCF (FG125LA from 

Thorlabs) between two standards SMF (Corning-28). 

The conclusions obtained from this work are: 

1.  The sensor sensitivity of the RH depends on the NCF length, and the 

sensor with (20mm) NCF length is more sensitive to RH variations, in the 

RH ranges of (30-100%) are 0.265 nm/%RH, however for much longer NCF 

length (40, 60) mm the sensitivity decrease.  

2. The obtained sensitivity has been improved when the diameter of the NCF 

etched from 125 µm to 50µm and obtained wavelength shift will increase 

toward the red shift. 

3. A maximum obtained sensitivity at 0.262 nm/RH when the diameter of the 

NCF decreased to 50 µm with 20 mm length when the RH changes 30%RH to 

100%RH. 

4. The obtained wavelength shift will increase toward red shift when the RH 

increases 30%RH-100RH %. 

5.  RH sensor was improved by selected the optimum NCF length and 

diameter of sensor structure and coated with Al2O3-PVA thin film. 

6. The maximum wavelength sensitivity of 0.587nm/%RH was attained for 

the RH range altering from 30% to 100%. 

7. The sensor has a fast response to humidity variations, the rise time when  

the  RH  changes  from  30%RH to 100%RH  for  this sensor  with  NCF 

length (20mm) and at wavelength (λ =1550nm) is equal (6sec). 
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3.8 Future Works 

1. Decreasing the NCF diameter by chemical etching below 50 µm with 

length. 

2. Recalculating the NCF length with the reduced diameter according to 

MMI theory to decrease the losses. 

3. Can try different concentration of Al2O3 nanoparticles 

4. Adding more layers of Al2O3-PVA.    

5. Sensing enhancement of relative humidity sensor based on single mode 

fiber bend. 
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 الخلاصة

( القائمة على التداخل متعدد الانماط RHتستخدم متحسسات الرطوبة للألياف البصرية ) 

(MMI )على نطاق واسع في مجال الاستشعار. تم بناء المستشعر  المحفور كيميائيا خالي القلب لليف

(. SMFالطور ) ( بين نوعين من الألياف أحاديةNCFعن طريق تركيب ليف ضوئي خالي القلب )

(  NCFمختلفة من الليف خالي القلب ) ، تم الحصول على اقطار لتحسس التغير بالرطوبة المحيطة 

 (NCFملم من الليف خالي القلب ) 20(ميكرومتر، مع طول ثابت قدره  50و  75و  100و  125) 

حسس بواسطة لحام تم بناء المت . ايضاHF)بعملية الحفر الكيميائي بواسطة حامض الهيدروفلوريك )

مايكرومتر  بين  50 الأمثل( مع القطر NCF( ملم من الليف خالي القلب)20،  40،  60الاطوال )

الأداء ِ.تأثير الطول على حساسية المستشعر( لدراسة SMFنوعين من الألياف أحادية الطور )

 كان لليف خالي القلب  النسبيةالأمثل لجهاز الاستشعار المقترح في استشعار التباين في الرطوبة 

وتكشف النتائج التجريبية انه تم الحصول لهيكل الاستشعار ،    ملم 20ميكرومتر  وطول  50 بقطر

أكسيد الألمنيوم  على ما يقرب اكثر من ضعفين زيادة في الحساسية للقطر الامثل المغلف مع جزيئات

تم الحصول على اعلى حساسية  (.PVA) الكحولبولي فينيل في  المضمنة ( Al2O3 NPsالنانوية )

وكانت   ٪ 100٪ إلى  30نانومتر /الرطوبة النسبية  على التوالي في نطاق رطوبة    0.587قدرها 

إنشاء   يمكن لجهاز الاستشعار المقترح . ثانية٦ِالأستجابة مع الزمن مع زمن استجابة سرعة 

 لمراقبة  التغير بالرطوبة النسبية.  مصدر واعد

  



  

 

 

  وزارة التعليم العالي والبحث العلمي 

 جامعة بغداد

 معهد الليزر للدراسات العليا

 

 

 

التداخل  على في بناءه عتمدالم النسبية رطوبةال متحسستحسين 

 أكسيد جسيماتباستخدام منزوعة القلب  للالياف المتعدد الانماط

المضمنة في بولي فينيل الكحول  النانوية الالمنيوم  
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