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 الإهــــــــــداء
الى مؼلم الامة وامشفِع المرتجى حبَب الله س َدنا محمد خاتم الانبِاء والمرسلين )صلى الله ػلَو وػلى اله 

 وصحبو امغر المَامين وسلم جسليما نثيرا (

لى من كدر ػلَو مفاركتي باهرا في ىذه الحَاة , مخبلى روحو حاضرثنا , ويحَا في شغافي  مـى  مـن  ما حَِتا  , ا 

لى روح والدي امشيَد الحبُب  شـارنني أ حـلام نجاحي مؼتزا بي ولم ٌشأ  املدر ان ٍكون حاضري الحظة , ا 

 رحمو الله

لى مصدر كوتي وشرًــــكة نجـاحي و لى مـن حزرع  ال مـــــــل في  اغظم نؼم الله ػلً,ا  وطرًق جنتي , ا 

لـــــي دوماً  بمناجاتها ودغواتها والدثـي جوف فؤادي  حفظـــيا أ لله.  طرً

لى أ خوتي انلذٍن وىبهم الله لي سببا مؼونو لي  وفلــــــــــــــيم أ لله.  ا 

 الى اخواتي انلواتي انؼم الله بهن ػلَة مختم سؼادتي  امؼزٍزات ػلى كلبي اسؼدهم الله  

 الى وطني الجريح اغاثم الله رب امؼالمين 

 الى شيداء وطني المظلومين رحميم الله 

 اىدي ثمـرة جهـدي ىذه                                                                  

 اسماء انعام                                                       
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Abstract 

                     Rapid detection is one of the most important process that can be gotten  

from full width  at half  maximum (FWHM spatially ).For the future it could be  used in 

many advanced optical communication systems for high data rate applications . 

In this work inline fiber interferometer as  a rapid reusable  detection system  was 

designed using etched multimode Mach Zehnder fiber interferometer  as in line nested 

configurations.  

Two simulators were used to implement the  detection system. The etched  multimode 

fiber, and sensing head , were designed with different thicknesses  and different 

surrounding media using Opt grating Version ( 4.2.2).  

The performance of the designed system was investigated   practically using pulsed diode 

laser operating in C-band centered at 1546.74nm ,with 10ns pulse width  and 1.23 mW 

peak power . The designed system was used for both chemical and biological 

applications .First for chemical application, two organic materials  (C2 H5 OH)and 

acetone(CH3-CO-CH3) in addition to  distilled water are utilized  . The  FWHM was 196 

pm for distilled water at fiber diameter of 112.9 µm ,292 pm for ethanol  at fiber diameter 

of 118.7 µm and 365 pm for acetone at fiber diameter of 112.9 µm . For biological 

applications ,three samples of pregnant urine( preg 1,preg2 ,preg3) compared with non-

pregnant urine sample were investigated to ability of the designed  interferometer for 

pregnancy test. The  FWHM was 243 pm for non-pregnant at fiber diameter 112.9 µm, 

147 pm for preg1 at fiber diameter 72.5 µm , 317 pm for preg2 at fiber diameter 112.9 

µm and 237 pm for preg3 at fiber diameter 118.7 pm. 

In  conclusion rapid detection was obtained in the case of  nested  at minimum  full width 

at half maximum FWHM of 209 pm , central wavelength 1547.2 nm and peak power  

66.7 µW .In biological applications , rapid full width at half maximum FWHM was 

detected with 333 pm at central wavelength  1546.85 nm and peak power  7.66 µW  in  

case of preg3 . 
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CHAPTER ONE 

Introduction and Basic Concept 

1.1 General Introduction and Motivation 

Optical fiber sensor networks (OFSNs) are a strong tool for improved communications 

approaches sensing, and they can monitor temperature, strain, and other physical 

characteristics in a distributed or quasi-distributed manner [1].The multiplexing 

technology of the optical fiber sensor is very simple to implement, which can lower the 

cost of a single point sensor, dramatically enhance the cost performance of the sensing 

system, and give optical fiber sensors more advantages than traditional sensors [2]. 

Multiplexing technology in communication employs the same interrogation system to 

query the measurement information of many sensors, considerably simplifying the 

system's complexity while also ensuring measurement accuracy and reliability. Time 

division multiplexing (TDM), frequency division multiplexing (FDM), wavelength 

division multiplexing (WDM), code division multiplexing (CDM), and space division 

multiplexing (SDM) are the most widely used multiplexing technologies [3-6]. Due to 

the short coherence length of laser interference, numerous sensors do not interfere with 

each other in their respective fields. 

First, it provides considerable advantages in the multiplexing of fiber sensors capable of 

measuring absolute length and time delay [7,8]. Second, the short coherence length of the 

sensor signal reduces time-varying interference from stray light in the system [9]. Finally, 

many sensory signals can be coherently multiplexed into one signal without the need of 

complicated time division multiplexing or frequency division multiplexing algorithms 

[10, 11]. The  sensor has an ability to measure different parameters such as pressure, 

force, strain, temperature, and others, as well as, has high sensitive  immunity into 

electromagnetic interference and a simple structure. All advantages are  used  for 

different arrangements of in-line fiber interferometers in communications, optical 

modulation, pulse compression, and sensing applications. [12-15].A typical conventional 

fiber Mach-Zehnder interferometer  MZI consists of two fiber arms which are split and 

recombined by two optical  
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couplers. The conventional fiber Mach Zehnder interferometers have been widely 

employed as optical filters, fiber modulators, environmental sensors[7-9]. However, these 

two arms of MZIs have their own limitations, such as complicated structure, big size and 

high cost. To overcome the previous drawbacks, an in-line fiber MZI based on core-

cladding-mode coupling has been proposed. Two light arms are both inside the same 

fiber in terms of core mode and cladding modes [16]. The cladding modes which have 

energy distributed in both core and cladding regions are excited by particular light 

steering elements, i.e. taper, core-offset, mode-mismatch, etc. Using only one piece of 

fiber, the in-line structure provides several advantages over conventional one such as 

compactness, high integrity, light weight, low cost and high stability [17]. It is feasible to 

determine the cladding refractive index variation with great precision by knowing how 

the two propagating modes will react to the cladding change and monitoring how much 

the phase difference between the two modes has changed. If the sensing waveguide is bio 

functionalized, this interferometer could be employed as a bio sensing device[18].Nested 

MZI configuration phase shifters are stacked in parallel along a line, which  appropriate 

for hybrid construction is a revolutionary approach for implementing (OFSNs) [19]. 

nested has been designed using multi optical couplers for many applications such as 

switch based on balanced nested MZI .In communication, rapid detection is one of the 

most important requirements in the design  of detection devices in all fields ,so in 

previous design not reusable for different rapid detection applications [20,21].This work 

introduced an In-line Nested Mach-Zehnder Interferometer  using  double clad with three 

different cladding thickness of multimode mode fiber fabricated using etching method .A 

double clad  was implemented using three different refractive indices  of chemical and 

biological  liquid materials on the etched section area of the MM fiber to change the 

interference cavity refractive index. 

1.2 Aim of the work 

Design a  rapid reusable  detection system using etched multimode Mach Zehnder fiber 

interferometer  as in line nested configurations. 
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1.3 Multimode Fiber (MMF) 

Multimode Fiber (MMF) is a particular type of fiber that is typically utilized in short-

distance communication and has major core diameters and numerical aperture to given 

functional coupling  process to light emitting diode LEDs " incoherent light sources like". 

Depending on the materials used and the manner of manufacture, the performance 

characteristics of this fiber type can vary significantly. These fibers are best suited for 

short-haul, low-cost applications with limited bandwidth. The attenuation of MMF fiber 

at wavelength of 850 nm, 40 dB /km
 
 ,while roughly losses 0.4 dB /km  at a wavelength 

of 1310 nm. Two types  of multimode fiber  are multimode step index fibers and 

multimode graded index as shown in fig(1.1-a,b)  [22] . Multimode fiber offers a broad 

range of purposes outside of the communications industry. Fiber-based sensors are used 

in medicine to aid in disease diagnosis, and they are also used in industry to monitor fluid 

movement and determine the distribution of temperature. fiber bundles are used as laser 

delivery systems, illumination light sources, and endoscopes, which have a long history 

in medical applications and are also used for remote viewing in dangerous areas such as 

nuclear reactors and network systems [23].  

 

(a) 

 

(b) 

Fig (1.1) schematic of multimode fiber ,(a) –step index,(b)-graded index [24] 
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1.4 In Line Fiber Interferometers 

Interferometers operate according to the principle of scraping incidence of light [13]. 

Typically, an interferometer's to generate an interference pattern, a light beam is 

separated into two or more halves and then recombined. The constructive spots in the 

interference pattern correspond to the  optical path difference between the two paths is an 

integer value of half wavelengths, while the destructive points correspond to the odd 

number of half wavelengths. If the difference in optical routes is an odd number of half 

wavelengths ,constructive and destructive interference[25]. There exist representative 

four types of fiber optic interferometers, called Fabry-Perot, Sagnac, Michelson, and 

Mach-Zehnder. For each type of interferometer, the operating principles and the 

fabrication processes are  presented. 

1.4.1  In Line Fabry-Perot Interferometer  

In general, a Fabry-Perot interferometer (FPI) comprise of two parallel reflecting surfaces 

separated by a certain distance [26]. Interference occurs due to the multiple 

superpositions of both reflected and transmitted beams at two parallel surfaces [27,28]. 

It's also known as an etalon. Extrinsic and intrinsic Fabry-Perot interferometers are the 

two types of Fabry-Perot interferometers. 

 

1- The intrinsic Fabry-Perot interferometer (IFPI) fiber sensors have reflecting 

components within the fiber itself. [29].The extrinsic structure is excellent for 

obtaining a high fineness interference signal since it can use high reflecting 

mirrors. Furthermore, the fabrication is straightforward and does not necessitate 

the use of expensive machinery. EFPI has the drawbacks of careful alignment, 

limited conjugation functionality , and packing issues[30]. 

2- Reflective components are built into the intrinsic Fabry-Perot interferometer                    

(IFPI) fiber sensors. For example, inherent FP interference can occur when  

reflectors are generated within a fiber by various methods. Manufacturing, fiber 

Bragg gratings (FBGs), chemical etching, and thin film deposition are all examples 

of thin film deposition techniques. can all be used to create the intrinsic FPI's local 

cavity [30], as shown in Fig (1.2)The existence of the MMF as an FPI at a  
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given length can collimate the divergent light beam and compensate the light loss 

inside the FP cavity.  

 

1.4.2  In Line Michelson Interferometer 

A schematic of conventional Michelson Optical Fiber Interferometer (OFI) is depicted in 

Figure (1.3-a,b), a part of the core mode beam is coupled to the cladding mode(s), which 

is reflected along with the uncoupled core mode beam by the common reflector at the end 

of the fiber [25].  

1.4.3  In Line Sagnac Interferometer 

Sagnac interferometer consists of an optical fiber loop, along which two beams are 

propagating in counter directions with different polarization states. As schematically 

illustrated in Figure (1.4), the input light is split into two directions by a 3 dB fiber 

coupler  two counter-propagating beams are combined again at the same coupler. Unlike 

other fiber optic interferometers, the  Optical path difference OPD is determined by the 

polarization dependent propagating speed of the mode guided along the loop. To 

maximize the polarization-dependent feature of SIs, birefringent fibers are typically 

utilized in sensing parts. 

6 

Fig (1.2) Fabry Perot interferometer a) Extrinsic FPI, b) intrinsic FPI sensor created by, R1 ,R2[30]  

 

Figure (1.3) In line Michelson interferometer ,a) A compact in-line Michelsonn interferometer ,b) 

Basic setup of  Michelson interferometer [25]. 

 



 

 

Figure(1.4) Schematic of a Sagnac fiber interferometer [32] 

A polarized control system (PC) attached to the beginning of the sensor fiber adjusts the 

polarizations. The signal at the fiber coupler's output port is determined by interference 

between beams polarized along the slow and fast axes. The interference phase is simply 

expressed as [32]. 

     
  

 
                 ,         |𝑛  𝑛 |                                           (1.1) 

Where B is the Birefringent coefficient of the sensing fiber, L is the length of the sensing 

fiber, and 𝑛  and 𝑛  are the effective indices of the fast and slow modes, respectively. 

The clockwise (CW) and counterclockwise (CCW) modes are in phase with one another. 

in a non-spinning Sagnac interferometer, but the optical paths of one of the modes are 

shortened and the other is lengthened in a rotating Sagnac arrangement due to the rotating 

velocity. The Doppler frequency difference between the CW and CCW modes can be 

used to perform analysis. The beating frequency of The detector output frequency can be 

switched between CW and CCW modes. When the rotating axis is aligned with the 

optical fiber coil axis, the phase difference of CW is decreased and CCW modes is: 

 

                                     (1.2) 

where 𝜆c is the central wavelength  , A is the sectional area of interferometer , N is the 

fiber trip number  , ɷ is the angular velocity . 

1.4.4  In Line Mach-Zehnder Interferometers (MZI)  

Mach-Zehnder interferometers have been utilized in a wide range of sensor perposes due 

to their versatility. Incident light is separated into two arms by a fiber coupler, which are 
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 then recombined by another fiber coupler [33] .The sequenced light has an obstruction 

element according to the path length distinction between the two arms. (1.5-a). In line 

MZIs, there are many different sorts of designs that use the same types of fibers, such as 

PCF, SMF, MMF, NCF, etc.  

The collapsed region in the current MMF between two single mode fibers causes the 

input light to split into the MMF's core and cladding, resulting in light propagating as 

core and cladding modes, respectively. and obtained high sensitivity that described by 

equation(1.3) with generated phase shift, ∆φ, between the two interferometer’s arms [33]. 

         √                                                                            (1.3) 

Where    and    are the intensities of reference and sensing arm. The different in phase  

between the sensing arm and reference arm is described by : 

   
        

  
                                                                                                (1.4) 

Where ΔL is the change in optical path length ,       is the "effective refractive index" of 

the mode and it will be given as  

∆n eff =n  1eff  core–n 2 eff  cladd  (1.5) 

Figure (1.5-b) shows a schematic diagrams of the in-line fiber MMF MZI ,the first 

collapsed region acts as a beam splitter coupler where the core and cladding modes are 

excited in MMF simultaneously while the second collapsed region acts as combiner 

coupler. The core mode and cladding modes travel along the MMF length (L) with 

different speeds. Since these modes are characterized by their effective refractive indices 

(ncore and nclad)  therefore, a relative group delay is developed after the propagation 

therefore the number of modes because of the usage of different refractive indices, it is 

necessary to obtain the number of excitation of higher modes according to the following 

equation in the sensing area of the design [ 34]. 

M=V
2 
/2                                                                                           (1.6) 

where V is normalysed  frequency which calculated from following equation  

    
  

  
√𝑛                                                                              (1.7) 
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Where a is core radius,n1 is core refractive index and neff  is an effective of cladding 

refractive index  ,λc is central wavelengh in (nm)                                                       

A well-known idea in communication is that a narrower pulse in the time domain has a 

wider spectrum in the spatial domain. As a result, the compression factor (CF), which is 

the ratio of the input signal full width at half maximum to the output signal full width at 

half maximum [12].                          

 

 

 

(a) 

 
(b) 

Fig. (1.5) a)A schematic configuration of MZI ,b) in line MMF as MZI [33] 

 

1.5  The operation principles of  Nested  Mach-Zehnder Interferometer 

 
In communication systems high-speed switching, the phase shifter of a MZI switch is 

typically designed to higher interconnect bandwidth . The rapid growth of data increased 

pressure on data center therefore it require larger switching capacity, data switching 

technologies develop high-performance optical switching technologies for data center  

communication applications.  In MZI the optical power in the two interferometer arms of 

 the switch is unbalanced, leading to a large crosstalk at the cross output port [35]. In 

9 

CF = 
FWHMi p

FWHMo p
 = 

 FWHM−i p−

 FWHM−o p−
                                                          (1.8) 



 

 order to suppress crosstalk, the optical power inside a MZI switch needs to be balanced. 

Recently, a solution using a nested MZI structure with a variable optical attenuator was 

proposed [36]. presented a Nested Mach- Zehnder interferometer (MZI), which was built 

by putting a smaller MZI in the upper arm of a larger MZI [37] as shown in Fig (1.6). 

 

 

Fig  (1.6 ) A schematic of  N-path MZI 

 

 The structure  of  Nested Mach-Zehnder interferometer (NMZI) is including  N× N  

optical coupler, operating an input  and output shown in Fig (1.7)  

 

Fig  (1.7) Nested MZI ,a) Tow arm nested ,b )Four arm nested [38] 

 

 

Because of mods in core were a greater refractive index  than modes in cladding  [39], 

the interference modality  which is dependent on the extent of the optical path, indicates 

the displacement between two arms of the interferometer in fig(1.6) a phase tuner will 

apply an outline ∆φ, i.e., 1, 2, or 3, to the photon via one of the three paths (PT) we can 

control whether the three channels' influence is productive or detrimental by adjusting 

these three external phases [37]. In the absence of polarization altering devices, the 

coupler can be described 
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 by a N× N matrix for linear polarized (LP) fields.. According to eq (1.9) the amount of 

intensity of N×N is given as  

   
  

 
⟦                                         ⟧    

n=1,2,3                                                                                                               (1.9) 

where (θ1, θ2, θ3) = (0, −2π/3, 2π/3). In the presence of loss or gain in optical fibers, the 

optical path matrix is P  where n = 1, 2, 3  is the transmission coefficient of the nth 

optical fiber branch. Since the slopes and main peaks are steeper in an N-path 

interferometer, it’s sensitivity is higher than a conventional MZI. In addition, the phase 

differences φij being sensitive to the environmental parameters such as temperature and 

strain. Also the higher cladding sensitive modes are change  in the rounding environment.   

In MMF different modes of multimode fibers have different velocities and the modal 

interferometers are established on the basis of this effect (dispersion). Typically, LP01 and 

LP11 modes or HE11 and HE21 modes of step index optical fibers can be employed to 

design the modal interferometers From the wave equation[40].  : 

Ex=Eo    𝑝  (  -kx )                                                                             (1.10) 

where the k  is wave number is known as  

k =w/v = 2π /λc ,                                                                                     (1.11) 

 

1.5.1 Nested Mach Zehnder Interferometer based on Double Clad Multimode Fiber  

 

The techniques of  double clad are purely based on the  excitation to higher order modes  

of fibers. They are applied to pulses that are initially chirped, bandwidth not limited. The 

invention of double-clad (DC) active optical fiber initiated the rapid development of 

high-power fiber laser systems ,also new approach for the suppression of undesirable 

modes in DC optical fibers with an increased core-to-cladding diameter ratio. 

 Most method is based on the introduction of high-index absorbing inclusions  into the 

first fiber cladding. Properly adjusted inclusion parameters disturbed the undesirable 

modes shape and increased their propagation losses due to absorption of the power  
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located inside the inclusions . The most recent  in the development of large-mode-area 

(LMA) fiber allowed further scaling of the peak power to the MW level directly after 

optical fiber amplifiers and to the GW level after compression of nanosecond to 

femtosecond pulses durations [41] . Linear and non –linear properties of different 

refractive indices  of liquids have been achieved to  etched MMF to improve DC fiber 

have been proposed . 

1.6 The Degradation of Signals in Optical Fiber 

The main reason for degradation of optical signals after propagated are described in the 

block diagram which is shown in figure(1.8) 

 

 

Figure (1.8) The reasons of degradation of optical signal[42] 
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1.6.1 Transmission loss (attenuation) 

The losses of optical signals transferred over the optical fiber are the most important 

factors in optical communication system. The minimal loss for fused silica, whose 

wavelength is around 1550 nm, is slightly less than 0.2 dB/km[43,44].These losses were 

classified into intrinsic and extrinsic losses as shown in Figure(1.9) 

 

Figure (1.9) The attenuation losses[42,43]. 

13 



 

Figure (1.9) of  the Attenuation  is divided  into two kinds: Intrinsic and Extrinsic losses, 

as which are presented in  equ (1.12), so that the attenuation or the loss (α) represent 

energy loss during the transmission of the data in the fiber and it can be defined as  

 (1.12)  Loss (α)= -10 log(Po  /Pi ) 

Where:  

 P i is the input power ,P o is the transmitted (output) power.  

1.6.2 Dispersion  

In the field of optical waveguides, dispersion is a general term referring to all phenomena 

causing these pulses to spread while propagating and they ultimately overlap ,light pulses 

could not be distinguished by the receiver [44]. There are essentially three causes of 

dispersion.                                                                                                              

1.6.2.1 Chromatic Dispersion 

Chromatic dispersion is an important phenomenon in the propagation of short pulses in 

optical fibers[45]. It is caused by delay differences among the group velocities of the 

different wavelengths composing the source spectrum[46]. The consequence of the 

chromatic dispersion a broadening in the transmission of the impulses .                         

Chromatic dispersion is essentially due to two contributions, mat-erial dispersion and 

waveguide dispersion as shown in Fig (1.10-a,b)   

 

(a) 
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(b) 

Figure (1.10)Dispersion spectrum  a)Waveguide dispersion , b)Material dispersion[45] 

  As presented in Figure (1.10-a,b) material dispersion (MD) occurs when the refractive 

index varies the optical frequency. The dispersive features of the waveguide cause 

waveguide dispersion (WD) [47].  

1.6.2.2 Intermodal Dispersion 

Intermodal dispersion is that type of dispersion that results from the varying modal path 

lengths in the fiber[45]. In multimode fiber the propagation delay differences between 

modes occurs because rays follow various paths through the fiber and consequently  at 

different times reach the other end of the fiber[46]as shown in Fig(1.11-a,b).                                                                            

 

(a) 

 

(b) 

Fig(1.11) Intermodal dispersion a)in MMF step index, b) in MMF graded index 
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In a step-index multimode fiber, the center ray with a 0° incident angle travels fastest 

straight down the fiber.  The ray which is incident at the critical angle travels slowest. 

The time delay between these two modes is given by following equation : 

       -       -                                                                           (1.13) 

where n1 is refractive index of the core, n2 is refractive index of the cladding, L is the 

length of the fiber, V is normalized frequency . 

 In graded-index profile multimode fiber, the modal dispersion calculation becomes a 

little more complicated since we have to account for the inhomogeneous velocity of the 

light in the fiber as well as the sinusoidal paths. Although the higher-order modes need to 

travel longer path lengths, their average velocity is also higher than the light ray at the 

center (graded-index fiber has highest refractive index at the center and then gradually 

decreases toward the cladding).When comparing the modal delays of step-index and 

graded-index fibers, the modal dispersion of graded-index fiber is less than that of step-

index fiber. The fact that a graded-index multimode fiber has a graded index above a 

step-index multimode fiber of the same size is one of its main advantages [45]. 

1.6.2.3 Polarization Mode Dispersion 

A fundamental property of an optical signal is its polarization state. Polarization refers to 

the electric-field orientation of a light signal, which can vary significantly along the 

length of a fiber, as illustrated in Figure (1.12). 

 

Figure (1.12) Variation in polarization states of light pulse  

inside the fiber [46]. 
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A varying birefringence along its length will cause each polarization mode to travel at a 

slightly different velocity and the polarization orientation will rotate with distance. The 

resulting different in propagation modes will result in pulse spreading that called 

Polarization Mode Dispersion (PMD) [48,49].  

1.6.3  Nonlinear phenomena 

When a material is exposed to a powerful electromagnetic field, the material's response is 

nonlinearly dependent on the strength of the applied optical field. The polarization P 

generated by electric dipoles is not linearly proportional to the electric field E, but it 

fulfills the more general relation by writing P as a power series in E as in equation (1.14). 

P=ƐO (χ
(1) 

E +χ
(2)  

EE +χ
 (3) 

EEE +  ….)                                                              (1.14) 

 χ (χ = 1,2,...) is the χ
 th

 order susceptibility and a tensor of rank χ + 1 of the medium, 

where ƐO  is the permittivity of free space. The linear susceptibility 1 is the most 

important factor in P. Nonlinear effects such as third-harmonic production, Four wave 

mixing  FWM, two-photon absorption, and NL refractive index are all caused by the term 

E[50]. The only nonlinear component that is meaningful for us is E as the higher order 

terms in the power series become less and smaller. The varied impacts of the PCF, such 

as intensity dependent refractive index, self-phase modulation (SPM) effective length, 

and cross section area, will be briefly explained in the following subsections caused by  

χ
3.
 

1.6.3.1 Refractive Index Based on Intensity 

Refractive Index Based on Intensity in the presence of this type of nonlinearity can be 

described as: 

n (ω, E
2 
)=n (ω)+ n2  (ω) E2                                                                                                       

(1.15)    

where n (ω) is the linear, weak-field refractive index and n2 (ω) is the nonlinear refraction 

coefficient, and equation (1.15) is the linear, weak-field refractive index. To avoid 

confusion with the ordinary, weak field refractive index, a bar is placed over the 

 refractive index n. By analogy with the electro-optic Kerr effect  in which changes in the 

refractive index of a material are proportional to the square of the strength of an applied 

static field. 
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1.6.3.2 Self-Phase Modulation 

SPM (self-phase modulation) is a NL Interactions of light and matter. When an ultra-

short pulse of light travels through a medium, the optical Kerr condition caused the 

medium's refractive index to fluctuate. The pulse's phase shifts due to the change in 

refractive index, resulting in a shift in the pulse's spectrum. [51].  

Many optical materials' refractive index n has a pedestrian relationship with light  

intensity Ieff (equivalent to optical power density in the fiber) provided by [50,51]: 

n =no + n2 Ieff  = no + (n2 p/Aeff )                                                               (1.16) 

where no is the material's ordinary refractive index and n2 is its non-linear refractive 

index The factor (n2) for silica ranges from 2.2 to 3.4 10-20 m
2
/W, while the factor (n2) 

for air is 241021 m
2
/W [52]. The intensity of a light  domain  modulates the phase of the 

optical domain, and the optical domain  modifies its own phase [53]. The pulse's 

nonlinear phase shift is calculated using the equation NL: 

ΦNL = (2πn2 Leff I)/λ                                                                                                         (1.17) 

 where   𝑓𝑓 is the fiber effective length. The total phase shift φ experienced by the optical 

field .This phase shift varies with time for pulses and each optical pulse become chirped, 

which means a pulse propagates along the fiber, its spectrum changes because of SPM as 

shown in Fig (1.13)  

 

Fig (1.13 )The effect of SPM on un-chirped pulse [50]. 
 

 

1.6.3.3 Stimulated Raman Scattering  
  

The nonlinear process of stimulated Raman scattering (SRS) can result in the formation 

of new spectral lines. The third-order susceptibility is responsible of SRS. It is caused  
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by a mechanism known as stimulated inelastic scattering, in which the optical field 

transmits some of its energy to the medium, resulting in the generation of a photon [51]. 

The Spontaneous Raman effect happens when a beam of light illuminates any molecular 

medium and the scattered light is spectroscopically investigated. The energy levels of the 

process) The Raman Effect scatters just a small fraction of the incident optical field into 

other fields. The new frequency components that have been transferred to lower 

frequencies are referred to  as the Stokes lines and the anti-Stokes lines are those that 

have been moved to higher frequencies. The vibrational modes of molecules control the 

degree of frequency shift. [50]. 

 

1.6.3.4 Effective length  

 

The nonlinear interaction is determined by the fiber's length of transmission and cross-

sectional area. The higher interaction sharper and the longer link length are effect of 

nonlinearity. However, the fiber attenuation, signal's power drops it travels over the link. 

As a result, the majority of NL effect Early in the fiber span, effects appear and diminish 

away as the signal travels. A simple model that assumes the power is constant along a 

specified effective length can be used to characterize the impact of nonlinearities., as 

indicated by Leff. Suppose that P0 is the power delivered into the fiber, and that p(z) = po 

exp (-z) signifies the connection, and that is the fiber a attenuation[51]. 

 

1.6.4 Nonlinearities phenomena in MMF –MZI 

 

We established the first physical case addressed by Manakov's equation generalized is 

propagation in a degenerate group of randomly correlated spatial modes of a multi-mode 

optical fiber. The equation's of nonlinear parameter was defined in terms of a generic 

optical fiber's standard parameters. 

Mathematical form serves as a beginning step  for research of NL effects in MMF 

transmission, both analytically and numerically. Its significance, as well as recent interest 

in spatially multiplexed transmission using multi-mode and multi-core optical fibers. As 
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a result, Manakov's equation was shown as following  equation[54] : 

  

  
    

  

  
  

   

 
 
   

   
    | |                                                                              

The terms ′ and ′′ are the inverse group velocity and the dispersion coefficient,   is 

usual non-linearity coefficient .  

The physical process due to saturation of absorption near 980 nm. a phase shift occurs at 

the signal wavelength causing switching. With only a few mill watts of pump power, on 

the other hand, phase changes of or more can be created. The  cross phase modulation 

XPM-induced phase shift should be differentiated from this mechanism Nonlinear. 

In nonlinear MZI applications, phase shifts caused by SPM or XPM are exploited. The 

biggest benefit is that many MZIs can be cascaded because the remaining channels 

appear at the MZI's output end (rather than being reflected).The disadvantage is that, in 

order to eliminate oscillations caused by environmental changes, active stabilization is 

frequently required [50,51].  
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1.8 Literature survey of Nested structure 

In the following, a literature survey is given for some important  research works in the 

field of all optical sensors  using Multimode fiber  as a sensor head  that are most  related 

to this work . 
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1- J. E. Anthony, Casal-Guzman, D. A. May, R. Silva's-Aguilar, and P. 

LiKamWa.2010) [52]. 

 

 Fiber interferometer type :Mach Zehnder interferometer  

 Technique used : increase the length of the MMF, a cuvette filled with refractive-

index-matching material is used.  

 Fiber type: MMF 

 Experimental result :Tuneability 30 nm 

 Experimental work 

 

 
 Schematic of the tuning mechanism for the tunable MMI fiber filter. 

(2012)[53]Deming Liu -2 

 Fiber interferometer type : Mach Zehnder interferometer  

 Technique used : single mode MMF thinned  SMTMS (multimode-thinned-

multimode-single-mode) fiber 

- Experimental result : Sensitivities of -16.1936 nm/RIU and 0.053 nm/Co and 23.0473 

nm/RIU and 0.0575 nm/Co. 
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3- Xiaoliang Wang , Daru Chen; Haitao Li; Gaofeng Feng; Junyong Yang 

.(2017)[55] 

Fiber interferometer type : Mach-Zehnder Interferometer (MZI) 

Technique used: an extremely sensitive glucose detection refract meter has been 

developed.) 

 Fiber type : seven-core fiber (SCF) and two segments (MMFs  ) 

Wavelength :1550nm 

The temperature and curvature sensitivities are 55.81 pm/°C and   :Experimental result

respectively. , 
1-

 31.54 nm/m 

-Experimental work 

  

a)Schematic diagram of the proposed MZI based-on SCF. (b)A 

cross sectional view of SCF. (c) Micrograph of the SCF 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ayah Thabit Yahiya ,(2018)[97] 
 

-Technique used : In-line MZI with single mode -multimode -single mode (SMS-MZI) , 

In-line single mode –FBG-single mode Mach-Zehnder interferometer (SFBGS-MZI) 

-Fiber type: arms of  single mode –multimode –single mode 

-Wavelength: tunability  range  (1554.721-1554.953) nm   

-Experimental result : the Maximum tunability was obtained with two arms single 

mode –multimode –single mode  (SMS-MZI) equal to(2.131 nm) and acceptable Phase 

shift was obtained with two arms multimode (MM-MZI) 

-experimental and simulation work 
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4- yi liu, guoqiang wu, renxi gao,  and shiliang qu.(2017)[56] 

 Fiber interferometer type : Mach-Zehnder Interferometer (MZI) 

 -Technique used : liquid RI sensing  

 -Fiber type : single-multi-single mode fiber (SMSF) 

 -Wavelength :femtosecond laser  

 -Experimental result:, Ultrahigh sensitivity (9756.75 nm/RIU) 

 -Simulation work 

 

 
(a) A segment of the MMF was spliced in between two SMF sections. (b) The SMSF's splicing 

result. (c) Setup for femtosecond laser-induced water breakdown micro cavity fabrication in the 

SMSF .d) Laser focus scanning track for creating micro cavity in each layer of the SMSF in the 

x–y plane. (e) A bird's eye view of a manufactured micro cavity was created 

 

 5-Ayah Thabit Yahiya ,(2018)[57] 

 Fiber interferometer type : Mach-Zehnder Interferometer (MZI) 
 

 Technique used: weight effect 

 Fiber type: arms of  single mode –multimode –single mode 

 Wavelength: tunability  range  (1554.721-1554.953) nm   

 Experimental result : the Maximum tenability was obtained with two arms 

single mode –multimode –single mode  (SMS-MZI) equal to(2.131 nm) and 

acceptable Phase shift was obtained with two arms multimode (MM-MZI) 

 Experimental and simulation work 
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6-XiaoliZhao
a
MingliDong

b
,FeiLuo

 a
 LianqingZhu ,(2019)[58] 

 Fiber interferometer type : Mach–Zehnder interferometer  

 -Technique used :A fiber Bragg grating (FBG) is used in conjunction with an 

in-line Mach–Zehnder interferometer to create the sensor (MZI) 

 Fiber type: thinned core fiber  (TCF) (MMF) 

 -Experimental result : Maximum sensitivity is 2.14 pm/, 35.2 pm/C, and 

32.93 nm/RIU, respectively. 

 experimental and simulation work 

7-Yufei Cheng; Wenhua Zhu; Rongxin Tong; Manli Hu; Tingting Gang (2020) 

[59] 

 Fiber interferometer type: : Mach–Zehnder interferometer 

 Technique used : two sections of MMF are etched with hydrofluoric acid, then 

sodium alginate is coated on the corroded areas and immersed in calcium 

chloride solution to form calcium alginate (CaAlg)  

 Fiber type: three sections of single mode fiber (SMF) and two sections of 

etched  multimode fiber (MMF) 

 Experimental result : While humidity is between 15%~80%, the sensitivity of 

the sensor can reach 0.48346 dB/%RH. 

Experimental work  

 

Schematic diagram of an optical in-line SMF-MMF-SMF  MZI  for humidity sensing system 

 

https://www.sciencedirect.com/science/article/abs/pii/S0030401818309738#!
https://www.sciencedirect.com/science/article/abs/pii/S0030401818309738#!
https://www.sciencedirect.com/science/article/abs/pii/S0030401818309738#!
https://www.sciencedirect.com/science/article/abs/pii/S0030401818309738#!
https://www.sciencedirect.com/science/article/abs/pii/S0030401818309738#!
https://ieeexplore.ieee.org/author/37088395745
https://ieeexplore.ieee.org/author/37088396361
https://ieeexplore.ieee.org/author/37088394885
https://ieeexplore.ieee.org/author/38238185100
https://ieeexplore.ieee.org/author/37085893694
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CHAPTER TWO 

 

Simulation  and Experimental Setups 

Introduction  

In this chapter optical sensor network system would be designed using opt 

grating (version 4.2.2)and opt wave version (15)after using  Multimode Fiber –

Nested Mach Zehnder Interferometer (DC-MMF-NMZI) and then constructed in 

the lab .This Scenarios was summarized as shown  in Figure(2.1).                        

                                    

 

Fig(2.1) Scenarios of the work's steps 
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2. 1 The Simulation  Work    

In these sections we using two simulators ,one for design etching multimode fiber by 

using opt grating Version (4.2.2).opt wave Version 15 was second simulator which using 

as virtual lab for nested design.     

2.1.1 Etched Multimode fiber using opt grating 

Double clad multi-mode optical fiber was designed using opt grating software, This was 

done by using a single-mode fiber .The parameters were changed to suitable to multi-

mode fiber parameters. The RI of both core and cladding of MMF was selected according 

to standard fibers data sheet [60]. The multimode fiber core and cladding   diameter were 

50 µm,125μm respectively .Reducing amount of layers from cladding diameter was 

method to obtained double clad  multimode fiber. Fig (2.2) shows the step of etching  

MMF  

 

Fig (2.2) Etched MMF using optgrating 

72   



 

2.1.2 The design of nested Mach-Zehnder interferometer using opt system  

The simulation setup  in Fig (2.3-a) consist of  pulsed laser source, this source re design 

by simulation opt wave system 4.2.2 with center wavelength of 1546.74nm,10ns  and 

1.23m W [Appendix A] .The sensing head  has been represented using opt grating 

component which was characterized as shown in Fig(2.3-b,c). 

 

 

 

 

 in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig (2.3) Simulation setup , a) Etched MMF MZI using opt wave  ,b)EDFA properties ,c)Opt 

grating properties 

 

 

28 

 

a 

 
b c 



 

 

The Nested network was building  using three levels of Double Clad  MZI .First, 

1:4optical power splitter was used to split laser beam input power between three MZIs' 

equally likely  and the forth arm will be taken as an arm of comparison  second, 4:1 

coupler has been re combined three output signals. Erbium doped amplifier simulated to 

get 38.01 m W to satisfied  nested condition as shown in Fig(2.4) .  

 

Fig (2.4)  simulation setup of NMZI  

2.2 Experimental work   

       Two experimental setups  were performed using different fiber cladding diameter off 

MMF 118.7 μm,112.4 μm and 72.5 μm. The first with different refractive indices 

chemical  liquids and the second setup with different refractive indices of biological 

samples . The optical components and devices in the experimental work will be presented 

in the following subsections as shown in Fig (2.5-a,b).  
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Fig (2.5) DC-MMF  NMZI with Chemical and Biological tests -a) The schematic diagram , -b)The 

 experimental setup  

2.2.1 The Optical Laser Source  

The implement low signal amplifier electronic circuit can convert the incoming pulse 

duration from 66 μs to 10 ns. Narrow pulse generation could be achieved by controlling 

the voltage level above and below the lasing threshold of . The biasing resistor is used for 

controlling the  electronically chop  CW laser diode. after chopping this signal [61]. The 

new properties of laser used is illustrated in Table (2.1) and more detailed is shown in 

datasheet [Appendix A] .  
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Table (2.1) Parameters for Pulse laser source  

Unit  Value  Parameter  

Nm 1546.74 Central Wavelength  

Ns 10 FWHM Temporal  

Pm 286 FWHM Spatial  

 

2.2.2 Erbium Doped Fiber Amplifier (EDFA) 

EDFA is an optical amplifier, gives 18 dBm  gain for each of four channels which is in 

fact, generating a laser pumped by another laser with Erbium-doped fiber. Erbium-doped 

fiber amplifier (EDFA) is an important optical component .It supports low power optical 

signals and elevating it to the level where it is possible to stimulate Kerr effect.  This 

component works as a Pump lasers ,Where it known as "pumping bands". Amplification  

occurs  when there was an interaction between material and the phonons, which  leads to  

vibrating all atomic  in structures. In other hand  an important factor is amplification rate 

. This rate  is based on the range of  optical wavelength amplified and it determined by 

the dopant ions' spectroscopic properties, the pump laser wavelength ,the source power 

and the ,optical fiber structure . Optical amplifiers work optically without converting 

from optical to electrical signals and back again [61]. For more information see 

[Appendix B]. 

2.2.3  Optical couplers 

In this work 1x4 WDM Dual-Window Fiber Optic Couplers are  used . This types  has 

been based on splitting  input signals at wavelength range 1310 nm or 1550 nm equally, 

also it   has ±40 nm band width range and has coupling ratio  25.04 %. A maximum 

power of 1 W with connectors or  fiber   and 5 W needed couplers for spliced  .  The 

ranges bandwidth of this type of couplers are±15nm, ±40 nm  for Narrowband  also 

bandwidth around each center wavelength respectively. and a ±50 nm or ±100 nm 
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 wideband couplers. Light wave Circuit s (PLC) are used to combine optical signals. It's 

characteristics  with  circuit technology  which provides a cost effective light splitting  

solution with small form factor ,space saving product suitable to the ever changing 

networking requirements, high reliability also with it's compact size, see [Appendix C]. 

In this work we will use 1×4,1×3 WDM  optical couplers  as shown in Fig (2.6).  

 

Fig(2.6)  Schematic of Optical Coupler 

2.2.4  Etched multimode fiber -Mach Zehnder interferometer  

2.2.4.1 Multimode fiber (MMF) 

Multi-mode optical fiber is a form of optical fiber that is mostly used for  transmission 

signal for near distance . Its features is a comparatively floppy  core diameter that allows 

many light modes to be transported but also limiting the extreme length of a transmission 

connection . Traditional 50 um core ,125 um  cladding MMF type (OM2) was commonly 

used. These fibers readily supported applications ranging from Ethernet (10 Mbit/s) -(1 

Gbit/s) and were suitable for use with LED transmitters due to their comparatively large 

core size. The optical specifications of MMF are presented in Table (2.2) [see appendix 

D]. Figure (2.7) shows the front view for the MMF fiber under microscope. 

 

 

32 



 

Table (2.2) The optical specifications of MMF 

Parameter  Value Unit  

Operating λ range  850/1310 n m 

D-core  50 µ m 

D- cladding   125 µ m 

Dispersion  1310≤3.5 
[(ps/(nm*km)]  

 

  

 

Figure (2.7) Front view for the MMF fiber under microscope. 

2.2.4.2 Etching process of MMF   

The standered multi-mode fiber 50/125 (µm) core to clad diameter size was immersed in 

HF acid of 40% concentration as shown in experiment setup Figure (2.8 ) . Because of its 

propensity to etch silicon synthesis  hydrofluoric acid HF is a common used in research 

and industry .Aqueous inorganic acid solution fabrication of chips and electronics, 

mineral processing and glass etching are all examples of applications. Aside from its 

helpful features. In the silica pattern, the HF diffuses progressively as well. As a result, 

the modification in fiber mass can be chosen by assuming a dissolution rate that is 

dependent on the dissolution constant, the transfer surface area, and the acid 

concentration that cause dissolution as shown in Fig (3.8)and a MMF etching with 

different thickness under microscope were shown in Fig (3.9-a,b,c) .  
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 Figure (2.8) Etching process experiment set up 
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Time of etching 

5 min 

10 min 

20 min 



 

 

 

 

 

 

 

 

 

Fig (2.9) MMF under microscope after etching (a)-5 min etching time and reminding fiber 

diameter 118.696 μm ,(b)- 10 min reminding fiber diameter 112.3927μm,(c)- 20 min etching time 

and reminding fiber diameter and reminding fiber diameter  72.5321 µm 

 

2.2.5 Optical spectrum visualizer ( FBGA Interrogator  (OSA))                                     

The optical signal was visualized by optical spectrum analyzer (OSA), it is a device that 

measures and displays the power distribution of  an optical signal over a given 

wavelength range . The measuring parameters of this device are the detection window 

from 1525nm-1560 nm, Frequency response time  5 Hz , and   Fixable wavelength range, 

allowed for single-mode, multimode and PCF fibers. OSA was used to monitor the 

interference spectra . Bay Spec Sense 20/20 Software Development Kit (SDK) supplies 

the interface for the software developer to access the Bay Spec Super Gamut TM and 

Nunavut TM series spectral engines. The Dynamic Link Library (DLL) in the SDK can 

be used under different programming environments: C, C++, Visual Basic and Lab 

VIEW. The SDK provides a set of functions that allow user to configure and control the 

spectral engines, acquire spectra and post-process the spectrum data.  The OSA  shown in 

Fig (2.10) having properties illustrated ,and more detailed in datasheet shown in [ 

appendix E]. 
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Fig(2.10)Optical spectrum analyzer FBGA interrogator 

2.2.6 Power Meter 

  

The power meter (FPM-300\FLS-300\FOT-300) that is used to measure  the input and 

output of  light source of 1550 nm wavelength in range C-band ,the detection  power at 

the wavelength  range  850,1310,1550nm and fiber coupled Fc connector  ( see appendix 

F).  

 

  2.3 Chemical liquids  

In this section we will numerate the chemical liquids which has  different refractive 

indices  and it's optical properties ,these materials  were applied  on  MMF –MZI  etched 

section to construct double clad of MMF and study overall effects on the output 

properties .                                                                                     

2.3.1-Distilled Water    

 Distilled waters  are a witch's ferment of dissolved and particulate particles. These 

solutes and particles have substantial optical properties and are very changeable in terms 

of type and concentration. As a result, natural waters' optical qualities vary greatly over 

time domain and frequency domain and never resemble those of clear water. The great 

variability of natural waters' optical properties is the distraction of those investigations  

accurate and simple computed data  it is the connections between the biological, chemical  
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and geological constituents of natural water with optical properties as well as the 

substantial  medium , that define the critical electromagnetic plane-wave propagation.  

[62].  The absorption spectrum shown in Fig (2.11)  

 

Fig (2.11) Optical Spectrum of Water[96] 

2.3.2-Ethanol                                                                                                                        

       Ethanol  is a  colorless ,volatile, flammable, liquid with a distinctive odor. Ethanol 

chemical formula C2 H5 OH  its chemical properties are listed in  [Appendix G]. Ethanol 

properties listed in Table( 2.3) ,The  absorption spectrum of ethanol is show in Fig (2.12)  

Table( 2.3) Ethanol properties [63,64] 

Value Property 

0.7893 g/cm3 at 20 °C Density 

78.24 ± 0.09°C Boiling point 

1.353 at 20
o 
C Refractive index (n) at 1546 nm 

1.2mpa.s(at20
o 
C) Viscosity 

-0.010906 μm-1 Chromatic Dispersion (dn/dλ) 

GVD = 40.409 ps/(nm km)           

  

Group Velocity Dispersion 

n=1.349+0.00306λ¯2+0.00006λ-3 Dispersion Formula 
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Fig (2.12) Absorption spectrum of ethanol [65] 

2.3.3 Acetone  

 Acetone is a transparent clear colorless liquid with a fruity and sweetish odor has 

chemical formula is CH3-CO-CH3  . Acetone chemical properties are listed in [Appendix 

H],and . Acetone  properties are listed in table (2.4),Absorption spectrum of acetone is be 

shown in Fig (2.13) 

Table (2.4) Optical properties of Acetone[66,67]  

Value Property 

0.7845 g/cm3 at 20 °C Density 

56.05 °C (132.89 °F; 329.20 K) Boiling point 

1.36 at 20 °C Refractive index (n) at 1546 nm 

0.36 cp (at 20 °C) Viscosity 

-0.0103359 μm-1 Chromatic Dispersion (dn/dλ) 

GVD = 65.805 fs/(nm km) Group Velocity Dispersion 

n=1.349+0.00306λ¯2+0.00006λ¯

4 

Dispersion Formula 
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Fig (2.13) Absorption spectrum of acetone[67] 

2.4 Refractive Index Measurement for Biological Samples 

The refractive index of the urine samples was measured by PAL-BX/RI refract meter 

which has refractive index measuring range 1.3306 to 1.5284(5.0to 54C
o 
)  as shown in 

Fig (2.14) and see more details  [Appendix I] . 

 

Figure (2.14) Digital refract meter   
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CHAPTER THREE 

Results, Discussion, and Conclusions 

               In this chapter, simulation and experimental results for Nested Mach-Zehnder 

interferometer using  etched  multimode fiber  will be presented and discussed.  Many 

affected parameters on the shape , pulse width and peak power  of output pulse after 

using etched MMF –MZI are studied. The changed in the central wavelength of  etched  

MMF's and refractive indices that applied on the  etched MMF cross section. Nested was 

using to test different refractive indices of  biological and chemical liquids as a  

surrounding media  to etching fiber section. The characteristic spectra (center 

wavelength, FWHM and transmission power) were measured by observing the shift 

occurs for the transmission  spectrum. These results were taken under specific laboratory 

conditions and the room temperature was 25℃.  This chapter we will discussed and 

analyze NMZI results in the following sections: 

                                                                                                                                              

3.1  Simulation and experimental results of design etched multimode fiber  Nested Mach 

Zehnder Interferometer  

3.2  Experimental results of  NMZI at  chemical liquids . 

3.3  Experimental results of  NMZI at biological liquids .  

3.4 Conclusions 

 

3.5  Future works 
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3.1 The results of simulation work .     
 Multimode fiber was etching using opt grating simulation Version (4.2.2) by reducing 

fiber thickness .As result in section 3.1.1 ,three fiber thickness were obtained from this 

simulation . In section 3.1.2 ,nested MZI was tested using opt wave simulation at 

different refractive indices .                           

3.1.1 Simulation results of design  etched MMF 

Three different  multimode fibers thickness  have  been designed using opt grating 

version (4.2.2)simulation . In this work , these  multimode fibers ,the clad thickness is    

varied by reducing  cladding layers gradually for 10,20,30 μm. The modes distribution  

has been observed by this simulator as shown in Fig (3.1-a,b,c).  

 

 

 

 

 

 

 

 

 

 

Fig (3.1) Simulation results to design MMF etching segment , a) for 5min  ,b) for 10min ,c) for 

20min  
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b 
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MMF has been designed  by opt grating simulator  and  remove amount of cladding 

layers to obtain different fiber thickness  115,105,95 μm . Fig (3.1)  show that the red 

color is refer to the strength amount of power central in core, also the yellow color refer 

to the power less than peak power .  Opt wave simulation was using as in section 2.1.2 

with Fig (2.3-a) to obtain pp, λc ,FWHM  as shown in Table (3.1) 

Table (3.1 )  simulation results of etched MMF-MZI using Opt wave  

Etching 

time(min)    

MMF thickness 

(μm) 

Peak power of MZI  

(µ W) 

       λc        (nm) FWHM 

(pm) 

5  115 661.87 1546.75 156.56 

10 105 638.25 1546.76 156.61 

20 95 614.63 1546.78 156.65 

From table (3.1) the effect of etching of cladding thickness  was reducing in output power 

with respect to input power  ,this because of index contrast which has been accrued in 

MMF etching cross section with length 5cm. The power  was decreased with rough 

change in the central wave length .The output spectrum of etched MMF in Fig(3.2)  

 

Fig (3.2)Opt wave spectrum of etched MMF 
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3.1.2 Simulation results of nested etched MMF-MZI 

Nested was effected  by the etching ratio for each fiber thickness .MMF with fiber 115 

μm connected nested  the peak power has been reduced rapidly ,this mean the evanescent 

wave will be increasing . At MMF thickness 105 um and 95um ,if we compared the 

nested MZI results with  single MZI  we found that the nested results more effective 

spatially FWHM more effect . high excitation to higher order modes play important role 

to reduce the output FWHM  as shown in Table (3.2). 

Table (3.2)  Opt wave result  of nested etched MMF-MZI  

Time of 

etching(min

)  

MMF diameter 

μm 

 Nested Peak power (μ 

W) 

NMZI wavelength 

(nm) 

FWHM 

(pm) 

5  115 702.8 1546.73 90 

10 105 356.3 1546.74 70 

20 95 346.4 1546.738 40 

 

3.2 Experimental results of  the  Characterization for the Pulsed Laser Source with 

MMF  

 pulse laser source was obtained of the output power 1.23mW , where the central 

wavelength of 1546.74 nm, full width at half maximum (FWHM) of 286 pm. This pulsed 

laser source is performed to operate at pulse duration of 10 ns as illustrated in Fig(3.3).  

 

Fig (3.3) pulse laser source spectrum visualized with FBGA 
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In Fig(3.3) the value of the wavelength has been shifted to become 1547.18nm also 

decreases in the peak  power  value was observed 48.8µ W  . Experimentally, multi-mode 

fiber has been etched by removing varying numbers of layers of the cladding using 

chemical etching method by hydrofluoric acid with  a concentration of 40% for a period 

of 5, 10 and 20 min. The pulsed laser source with the characteristics before  was applied 

on the multi-mode optical fiber  as illustrated in Table (3.3) .  

Table (3.3)  Experimental  results of  etched MMF-MZI  

Time of 

etching(min)  

MMF diameter (μm) Peak power (µ W)        λc        (nm) 

 

FWHM (pm) 

5  118.7 445.76 1547.10 130 

10 112.3 186.33 1547.09 174 

20 72.5 188.23 1547.07 203 

 

From Fig(3.4) shown below the effect of  multimode fiber etching are observed of  

5,10,20 min compared with same fiber but without etching .The wavelength shifting at 

these cases has been obtained clearly especially at case 5min etch .  

 

Fig(3.4) Etched MMF  compare with pulse laser source spectrum visualized with FBGA 

  3.3 Experimental results of  linear test  NMZI for  chemical liquids  

Experimentally different chemical liquids material were  used  different with  refractive 

indices  on etched MMF segment  . Each sample was testing for 5min,10min,20 min with 

input power of 1.23 m W . From Table (3.4) the wavelength shifting was obtained 
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according to different fiber thickness .This different fiber thickness in addition to change 

in refractive index of surrounding media caused decreasing in output power and FWHM. 

Maximum wavelength shifting was obtained  in the case of 20min  with fiber diameter 

72.5µm. In ethanol liquids rapid detection were found at FWHM of 292 pm. Double 

peaks were appeared  almost in case of 20 min for all refractive indices.  

Table (3.4)Experimental results of  etched –MMF-MZI at using chemical liquids 

Material  

 

Time of 

etching(min) 

MMF diameter 

μm 

Peak power μW        λc        nm 

 

FWHM 

pm 

 Distaled 

Water 

1.317  

5 118.7 918.19 1547.97 192 

10 112.9 281.9 1547.98 196 

20 72.5 905.5 

884.3 

1547.78 

1548.16 

135 

107 

Ethanol 

1.352  

5 118.7 922.87 

878.30 

1547.88 

1548.01 

286 

292 

10 112.9 720.18 1547.93 262 

20 72.5 1048.85 

1221.12 

1547.66 

1548.24 

164 

158 

Acetone 

1.358  

5 118.7 799.6 

 

1547.96 161 

10 112.9 842.97 

999.09 

169.68 

1547.78 

1548.17 

1548.31 

113 

79 

365 

20 72.5 996.63 

834.11 

1547.70 

1548.23 

153 

140 

 

From table(3.5) water and ethanol were behaved differently from other liquid substances 

, Since both liquids showed a double-peaked sign in their results at the wavelength range 

(1547.23-1548.23)nm ,also the maximum ∆λc  was obtained at case of ethanol NMZI.  
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Table (3.5) Experimental results of  NMZI using chemical liquids 

 

Chemical 

liquids   

Central 

wavelength 

(nm) 

Peak power 

(µW) 

FWHM 

spatially(pm) 

FWHM 

temporally(ns)  

Compression 

factors 

∆λ 

(nm) 

Water 

1.317 

1547.59 

1547.88 

66.53 

58.55 

89.7 

100.8 

11.14 

9.92 

0.31 

0.35 

0.89 

1.186 

Ethanol  

1.352 

1547.23 

1548.23 

66.77 

59.30 

209 

208 

4.74 

4.76 

0.73 

0.72 

0.539 

1.626 

Acetone 

1.358 

1547.95 64.99 140 7.14 0.48 1.25 

 

Fig (3.5-a,b,c) show NMZI  for three different material each one is nested for three 

different fiber thickness. 

 

a 

 

b 
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c 

Fig (3.5)Output spectrum of NMZI for three different fiber diameter ,a)  for distilled  water, b)for 

ethanol ,c)  for acetone 

 swith the refractive index of three different  liquidwavelength he relationship of  T 

. (3.6)  igurein  F showsas  materials 

 
 

Fig (3.6) Relationship between NMZI wavelength and three different refractive indices of  liquids 

 

3.4 Experimental results  of etched MMF-MZI  at biological liquids  . 

Three pregnant  patient urine samples  refractive indices were measured using digital 

refract meter ,these values  illustrated in Table(3.6)   

    Table (3.6) Refractive indices of pregnant patient urine samples 

 

Case of patients Refractive 

 Index 

Patient 0(non -pregnant) 1.34005 

Patient preg 1 1.34235 

Patient preg 2 1.34135 

Patient preg 3 1.34123 
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Three pregnancy samples were tested by using etched MMF-MZI to improve  the 

sensitivity ability of sensor network .the different pregnancy urine  samples refractive 

indices were effected as  double clad , simultaneous detection and sensing  of refractive 

index with respect to varied fiber thickness were obtained .These refractive indices were  

proven the efficiency of etched segment for MMF, in addition to the possibility of 

reusing the same fiber for different cases as illustrated in Table (3.7)    

 Table (3.7) Experimental  results of  etched–MMF-NMZI at using urine  pregnancy samples  

Measured  nested  parameters 

 

Calculated nested parameters  

                                                   

patients  

Etching 

time(min) 

Po    μW λc (nm) FWHM 

(pm) 

CF 

 

Normalized 

frequency(V) 

Number of 

modes  

Non-

pregnant  

1.3405 

5 139.5 1546.804 230 0.45 143 10190 

10 124.1 1546.803 243 0.84 122 7506 

20 100.4 1546.51 

1547.12 

135 

176 

0.94 88 3932 

pregnant 1 

1.34135 

5 832.3 

866.6 

1546.60 

1547.15 

115 

143 

0.45 144 10841 

10 47.15 1546.95 32 0.11 147 10374 

20 116.2 

839.3 

1546.53 

1547.24 

152 

147 

0.522 29 416 

Patient 2 

1.34235 

5 628.6 1546.81 60.16 0.65 146 10863 

10 374.6 1546.81 317 1.108 145 10473 

20 429.8 1546.83 189 0.66 64 2047 

Patient 3 

1.34123 

5 153.9 1546.85 237 0.82 145 10791 

10 354.8 1546.87 196 0.68 143 10170 

20 375.7 1546.90 195 0.67 90 4053 

 

The higher peak power will be obtained in case of 10min etching at fiber diameter of 

112.9µm for urine samples, also the phase shift was varied  simultaneously with 

refractive index  of urine samples and MMF cladding thickness. Nested parameters for 

urine pregnancy samples  have been  calculated using eq.(1.5),(1.6),(1.7),(1.8). Figure 

(3.7-a,b,c)shows the  phase shift between three pregnant samples compared with 

reference sample ,non-pregnant .The effect of refractive index change was appeared  in 

these result .                    
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a 

 

b 

 

c 

Fig (3. 7) peak power spectrum of three pregnant samples with compared with  non-pregnant at 

fiber, a) at fiberdiameter118.69μm,b) at fiber diameter112.3927μm,c) at fiber diameter72.532μm 

Maximum value of  FWHM has been obtained  at NMZI , each  pregnant sample  was 

tested by nested for each thickness at the same time. In results of  the Po, λc, FWHM 

were obtained with the simultaneous variance in the refractive index and cladding 

thickness ,at input power amplified by 38.01mW using EDFA, as shown in Table (3.8).  
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Table  (3.8)  The results of  NMZI  parameters 

FWHM (pm)  λc ( nm) Po(NMZI) 
μW 

Refractive 

indices   

283 1546.821 7.873 1.34235 

267 1546.820 7.514 1.34135 

333 1546.851 7.66 1.34123 

 

The effect of RI of pregnancy urine samples and non-pregnancy on the etching MMF 

among NMZI  has  high phase shift  ,FWHM. These different values gave us an 

indication about ability of NMZI to distinguish between multi samples (refractive 

indices) with same fiber (reusable).The following figure show four samples have 

investigated using nested MZI  as shown in Fig (3.8).   

 

Fig (3.8) The  peak power of nested DC-MMF NMZI (urine   pregnancy1,2,3  samples)compared 

with nested non-pregnant 

 

3.5Conclusions 
From  the obtained results ,the rapid detection was improved in case of nested Mach 

Zehnder interferometer at FWHM of 209 pm of ethanol liquid .Reusable sensing head 

was proved and efficient ability to distinguish between multi different refractive indices 

(signals) 
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3.6 Future works 

1.Design NMZI using femtosecond laser source +-+- . 

2.Design NMZI using photonic crystal fiber . 

3. Using double clad  PM fiber to construct Nested Mach-Zehnder interferometer for 

detection and sensing . 

4. Using double clad FBG fiber to construct Nested Mach-Zehnder interferometer for 

detection and sensing network. 

5. Using double clad PM  fiber  and FBG to construct  hybrid Mach-Zehnder 

interferometer. 

6. Using hollow core fiber to construct Mach-Zehnder interferometer. 

7.Obtain the ratio  power clad to power core for different In line fiber MZI using comsol 

multiphisics . 
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EAppendix  

OSA  (FBGA) properties 

 

Specifications  
 

Unit 

 

Data 

 

Standard Wavelength Ranges*  
 

Standard: 1525-1565  

Extended: 1510-1590 

Nm 

 

Wavelength Repeatability  
 

 

+2 

Pm 

 

Wavelength Readout Resolution  
 

1 Pm 

 

Minimum Detectable 

Wavelength Change  
 

 

+ 1  
 

Pm 

 

Frequency response time (typ.)  
 

 

Standard: ~5 Hz (RS232/USB1.1)  

Fast: ~5 kHz (USB2.0)  
 

 

 

IRS - Internal Reference Source  
 

 

Integrated  
 

Yes 

 

Channel Input Power Range  
 

 

-60 to –20 or specify  
 

dBm 

 

Power Resolution  
 

0.1 Db 

 

Size  
 

Standard: 113.5 x 84 x 47.5  

Thin: 148 x 142 x 29.1 

  
 

mm
3
 

 

Interface 
 

 

RS232 or USB  

(Fast board USB only)  
 

 

 

Operating Temperature  
 

 

-5 to +70  
 

C
o
 

 

 

 

 

E1 



 

 

FAppendix  

 

 

F1 



 

GAppendix  

Ethanol chemical  properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chemical formula C2H6O 

Molar mass 46.069 g·mol−1 

Appearance Colourless liquid 

Odor Methanol-like[2] 

Density 0.78945 g/cm3 (at 20 °C)[3] 

Melting point −114.14 ± 0.03[3] °C (−173.45 ± 0.05 °F; 
159.01 ± 0.03 K) 

Boiling point 78.23 ± 0.09[3] °C (172.81 ± 0.16 °F; 
351.38 ± 0.09 K) 

Solubility in water Miscible 

log P −0.18 

Vapor pressure 5.95 kPa (at 20 °C) 

Acidity (pKa) 15.9 (H2O), 29.8 (DMSO)[4][5] 

Magnetic 
susceptibility (χ) 

−33.60·10−6 cm3/mol 

Refractive index (nD) 1.3611[3] 

Viscosity 1.2 mPa·s (at 20 °C), 1.074 mPa·s (at 
25 °C)[6] 

Dipole moment 1.69 D[7] 

G1 
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HAppendix  

Acetone chemical  properties [65] 

Property Value Unit  Value Unit  Value Unit  Value Unit 

Acidity (pKa1) 20           

Autoignition 
temperature  

738 K 465 °C 869 °F   

Boiling Point 329.2 K 56.08 °C 132.9 °F   

Critical density 4.70 mol/dm
3
 273 kg/m

3
 0.530 slug/ft

3
 17.0 lb/ft

3
 

Critical pressure 4.69 MPa=MN/m
2
 46.9 bar 46.3 atm 681 psi=lbf/in

2
 

Critical temperature  508.1 K 235.0 °C 454.9 °F   

Critical volume 213 cm
3
/mol 0.00366 m

3
/kg 1.89 ft

3
/slug 0.0587 ft

3
/lb 

Density 13507 mol/m
3
 784.5 kg/m

3
 1.522 slug/ft

3
 48.97 lb/ft

3
 

Flammable, gas and 
liquid 

yes        

Flash point  256 K -17 °C 1 °F   

Gas constant, individual 
– R 

143.2 J/kg K 0.03977 Wh/(kg 
K) 

856.1 [ft 
lbf/slug 

°R] 

26.61 [ft lbf/lb 
°R] 

Gibbs free energy of 
formation (gas) 

-153 kJ/mol -2634 kJ/kg -1133 Btu/lb   

Heat (enthalpy) of 
combustion (gas) 

-1821 kJ/mol -31354 kJ/kg -13.5 Btu/lb   

Heat (enthalpy) of 
combustion (liquid) 

-1789 kJ/mol -30803 kJ/kg -13.2 Btu/lb   

Heat (enthalpy) of 
formation (gas) 

-
218.0 

kJ/mol -3753 kJ/kg -1614 Btu/lb   

Heat (enthalpy) of 
formation (liquid) 

-249 kJ/mol -4287 kJ/kg -1843 Btu/lb   
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Digital PAL-BX/RI refract meter 

 

 

I1 



 

 الخلاصة

ٌٚزٌه . ( FWHM spatially)عشػت اٌىشف ً٘ ٚاحذة ِٓ اُ٘ اٌؼٍٍّاث اٌخً ٌّىٓ اٌحصٛي ػٍٍٙا ِٓ خلاي لٍّت اي 

 أظّت ٚحطبٍماث الاحصالاث اٌّخمذِت  ٔظشا ٌّا حٛفشٖ ِٓ عشػت بٍأاث ػاٌٍت . لاعخخذاِٙا فً

حُ حصٍّّٗ  ي فً ٘زا اٌؼًّ ٌغخخذَ ِمٍاط اٌخذاخً اٌضٛئً وٕظاَ وشف عشٌغ ٚلابً ٌلاعخخذاَ ػذة ِشاث ٚاٌز

 اػخّاد طشٌمت سبظ ايٚحُ  ٔٛع ِاخ صٔذس  cladحُ ٔمؼٗ ٌخخذٌش طبمت اي باعخخذاَ اٌٍٍف اٌضٛئً ِخؼذد الأّاط

nested . ٌىً حؼًّ وشبىت ححغظ ضٛئٍت 

حُ اعخخذاَ بشٔاِجٍٓ ٌٍّحاواة ٌخٕفٍز ٔظاَ اٌىشف ٔظشٌا .اٌٍٍف اٌضٛئً ِخؼذد الأّاط ٚاٌزي ٌؼًّ وشأط ِخحغظ حُ  

ِخخٍفت  ٚرلاد ِؼًّ أىغاس ٍِخش  ِاٌىشٚ 55ِاٌىشٍِٚخش 105ٍِٚخش , ِاٌىشٚ 115 حصٍّّٗ بزلارت اعّان ِخخٍفت ,

  Opt grating Version اٌمششة اٌّحٍطت بشاط اٌخحغظ ٚرٌه باعخخذاَ بشٔاِج اٌّحاواةٚاٌخً حّزً بذٚس٘ا 

ً٘   FWHM  ٚوأج اػٍى لٍّت ًٌ Version 15حُ لٍاط ٔخائج حطبٍك باعخخذاَ بشٔاِج اٌّحاواة . .4.2.2

 .ِاٌىشِٚخش 55 اٌٍٍف اٌضٛئًبٍىٍِٛخش ػٕذ عّه 156

بطٛي ِٛجً  C-band  ٔظاَ اٌىشف ححممج ػٍٍّا باعخخذاَ ِصذس ٌٍضس ٌؼًّ ضّٓ ٔطاق ايوفاءة اداء 

ًٍٍٍِ ٚاط .إٌظاَ اٌّصُّ اعخخذَ ٌىلا  1.23بطالت ِمذاس٘ا  ٔأٛ رأٍت 10ٔاٍِِٛخش ٚبؼشض ٔبضت 1546.54

  and(C2 H5 OH)اٌؼضٌٛت اٌخطبٍمٍٓ اٌىٍٍّائً ٚاٌبٌٍٛٛجً .اٚلا بإٌغبت ٌٍخطبٍك اٌىٍٍّائً حُ اعخخذاَ اٌغٛائً 

(CH3-CO-CH3) بالإضافت اٌى اٌّاء اٌّمطش حٍذ اْ لٍّت اي  FWHM  ً٘ ػٕذ  بٍىٛ ٍِخش 156ٌٍّاء اٌّمطش

 ِاٌىشٍِٚخش118.5ػٕذ عّه اٌٍٍف اٌضٛئً بٍىٍِٛخش252ٌٚلإٌزأٛي ً٘  ِاٌىشٍِٚخش112.5عّه اٌٍٍف اٌضٛئً

 َِاٌىشٍِٚخش .اِا ٌٍخطبٍماث اٌبٌٍٛٛجٍت  حُ اعخخذا112.5بٍىٍِٛخشػٕذ عّه اٌٍٍف اٌضٛئً 365 ً٘  ٌٚلأعٍخْٛ

ِماسٔت ِغ ػٍٕت ادساس ٌغٍش اٌحاًِ ٚرٌه ٌٍخحمك ِٓ لابٍٍت اداء ٔظاَ اٌىشف )اخخباس رلاد ػٍٕاث ِٓ ادساس اٌحٛاًِ 

ِاٌىشٍِٚخش  112.5اٌضٛئً  بٍىٍِٛخش ٌؼٍٕت اٌغٍش حاًِ ػٕذ عّه اٌٍٍفFWHM  ً٘243.وأج لٍّت  حًّ(

ٌؼٍٕت اٌحاًِ اٌزأٍت   بٍىٛ ٍِخش315ِاٌىشٍِٚخش ,52.5بٍىٍِٛخش ٌؼٍٕت اٌحاًِ الاٌٚى  ػٕذ عّه اٌٍٍف اٌضٛئً 145,

 ِاٌىشٍِٚخش.112.5ػٕذ عّه اٌٍٍف اٌضٛئً 

الً لٍّت ي حٍذ اْ  nestedٔغخٕخج اْ عشػت اٌىشف ٚجذث ػٕذ حاٌت سبظ اي  اٌخً حُ لٍاعٙا ِٓ خلاي إٌخائج

FWHM ٘ ً205 ًِاٌىشٚٚاط .اِا اٌخطبٍماث 66.5ِأٍِٛخش  ٚلذسة ِمذاس٘ا 1545.2بٍىٍِٛخش ػٕذ اٌطٛي اٌّٛج

ِاٌىشٚاط  5.66ٔأِٛغخش ٚلذسة 1546.85بٍىٍِٛخش ػٕذ طٛي ِٛجً 333حُ وشفٙا  FWHMاٌبٌٍٛٛجٍت  اعشع 

 ػٕذ ػٍٕت اٌحاًِ اٌزاٌزت .
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