
 
 

 

Ministry of Higher Education and Scientific Research 

University of Baghdad 

Institute of Laser for Postgraduate Studies 

 

 

 

Investigation of Mechanical Effects on the 

Performance of Mach-Zehnder 

Interferometer Filters 

A Thesis Submitted to the Institute of Laser for 

Postgraduate Studies, University of Baghdad in Partial 

Fulfillment of the Requirements for the degree of Master 

of Science in Laser/ Electronic and Communication 

Engineering 

By 

Ayah Thabit Yahiya 

B.Sc. Electronics and Communication Engineering – 2012 

Supervisor 

Asst. Prof. Dr. Tahreer Safa'a Mansour 

 

 

 

2018 AD                                                                       1439AH 

 



 
 

 

Certification  

I certify that this thesis was prepared under my supervision at the 

Institute of Laser for Postgraduate Studies, University of Baghdad, as a partial 

fulfillment of requirements for the degree of "Master of Science in Laser/ 

Electronic and Communication Engineering".  

 

Signature: 

Name: Dr.Tahreer Safa’a Mansour  

Title: Asst. Professor 

Address: Institute of Laser for Postgraduate studies,  

                University of  Baghdad. 

Date:    /   / 2018 

(Supervisor) 

 

In view of the available recommendation, I forward this thesis for debate by 

Examining Committee. 

 

Signature: 

Name: Asst. Prof. Dr. Shelan Khasro Tawfeeq 

Title: Head of the Scientific Committee. 

Address: Institute of Laser for Postgraduate studies,  

               University of Baghdad. 

Date:    /   / 2018 

 

 

 



 
 

 

Examination Committee Certification 

          We certify that we have read this thesis “Investigation of Mechanical Effects on the 

Performance of Mach-Zehnder Interferometer Filters" and as Examination Committee, we 

examined the student in its content and in our opinion, it is adequate with standards as a 

thesis for a degree of Master in science in Laser /Electronic and Communication 

Engineering. 
 

 

Signature:  

Name: Dr.Hussein Ali Jawad 

Title: Assistant Professor. 

Address: Institute of Laser for Postgraduate Studies/ University of Baghdad 

Date:     /   / 2018 

                      (Chairman)  

 

 

 

Signature:  Signature:  

Name: Dr. Shelan Kh. Tawfeeq  Name: Dr. Alaa Jasim Mousa 

Title: Assistant Professor.                          Title: Lecturer.  

Address: Institute of Laser for 

Postgraduate Studies/ 

University of Baghdad 

Address:  Islamic University  

Date:     /   / 2018 Date:    /   / 2018 

                     (Member)                     (Member) 

 

 

 

Signature:  

Name: Dr. Tahreer Safa’a Mansour 

Title: Assistant Professor. 

Address: Institute of Laser for Postgraduate Studies,  

University of Baghdad.              

Date:     /   / 2018 

                     (Supervisor) 

 

 

 

           Approval by the Deanship of Institute of Laser for Postgradgate Studies, University of 

Baghdad. 

  

Signature:  

Name: Prof. Dr. Abdual Hadi M. Al-Janabi 

Title: Dean. 

Address: Institute of Laser for Postgraduate Studies, University of Baghdad. 

Date:    /   / 2018 

 



 
 

 
 



 
 

 

Dedication  

 

To express my gratitude to those who supported and 

encouraged me, I dedicate this dissertation  

To  

 

The one who sucked me love and tenderness  

 

.... My Mother  

 

The big heart  

 

....My Father  

 

The lovely heart  

....My Husband 

 

And my lovely daughter lolo and my sister toshy 

  

The souls which residue underneath the soil of our beloved 

Iraq  

 

…..The great Martyrs   

 

                                                                                  Ayah                                                    

            

                                                                                                           

 

 

 

 

 



 
 

 

Acknowledgement 

Firstly, I thank "ALLAH" for guiding and retaining me during my 

whole life. I would like to thank my supervisor, Ass.Prof.Dr Tahreer Safa’a 

Mansor, for his guidance in every aspect of this thesis. She has allowed me 

to choose and direct my own project. She has given me a wealth of 

experience and professional confidence, which is arguably the most valuable 

inheritance from a graduate degree. 

 

         I would like to thank Prof. Dr. Abdul Hadi M. Al-Janabi,, the Dean 

of Institute of Laser for Postgraduate Studies and all the staff of the Institute 

for their effort during this research work. Special thanks are to Asst. Prof. 

Dr. Mohammed K. Dhaher, Asst. Dean of the Institute of Laser for 

Postgraduate Studies and Dr. ZiyadAyad Taha, head of the Engineering and 

Industrial Applications Department, for his continuous advice and support. 

Many thanks go to all the faculty members and staff of Institute of Laser for 

Postgraduate Studies, University of Baghdad, especially to Asst. Prof. Dr. 

Hussein A. Jawad for his valuable suggestions and advice. Great 

appreciation to Asst. Prof. Dr. Shelan Khasro Tawfeeq, for her 

encouragement. Special gratitude to, Eng. Yuosif Ibrahim, Ibrahim Luay, 

Hassan Falah and Saif Aqeel whose gave me great assistances to complete 

this work. 

 

          Finally, my words are unable to express my real happiness to my 

family especially my father and my husband for their patience and assistance. 

                                                                               

 

 

                                                                                                 Ayah



 
 

 

 



i  

Abstract 

            Optical filters are very important component in optical systems. 

They are used to control the magnitude and phase of incoming signals. 

Different tunable optical filters were designed in this work (in-line and 

two arms all fiber Mach-Zehnder interferometers). These optical filters 

were investigated by experimental and simulation by optiwave system 

software Version (7.0). 

           The designed Mach-Zehnder interferometers (MZIs) can be  used 

as tunable filter and phase shift by controlling their dimensions after 

applying two mechanical effects (the force and the strain). 

           The experimental results of in-line MZI with single mode -

multimode -single mode Mach-Zehnder interferometer (SMS-MZI) setup 

the tunability range was (1554.721-1554.953) nm and phase shift  range 

was (2.48-9.91)      ,When the similar setup was used but with two 

arms MZI the tunability range was (1545.737-1547.862) nm and phase 

shift was (2.42-9.85)      . 

                The second configuration that is in-line single mode –fiber Bragg 

grating-single mode Mach-Zehnder interferometer (SFBGS-MZI) the 

tunability range was (1545.602-1545.631) nm, and phase shift was (0.1245-

2.26)     , when the similar configuration was used but with two arms 

MZI, the tunability range was (1545.501-1545.562) nm, and phase shift 

range was (0.274-1.58)     . 

                Finally for two arms multimode Mach-Zehnder interferometer the 

tunability range was (1548.509-1548.516) nm and phase shift range was 

(4.45-16.9)      . 

           While  The simulation results of in-line MZI with single mode 

.multimode .single mode Mach-Zehnder interferometer (SMS-MZI)  the 

tunability range was (1554.730-1554.900)  nm and phase shift  was 
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(2.46-9.84)      , When the same setup was repeated but with two arms 

MZI the tunability range was (1545.737-1547.862)  nm and phase shift 

was (2.42-9.85)      . 

                The second configuration that is two arms single mode –fiber 

Bragg grating-single mode Mach-Zehnder interferometer (SFBGS-MZI) 

the tunability range was (1545-1545.06) nm, and phase shift was (4.735-

16.311)     . 

                  Finally for two arms multimode Mach-Zehnder interferometer 

the tunaility range was (1548.509-1548.516) nm and phase shift range was 

(4.45-16.9)    rad.    

                  From these results it was concluded  that the Maximum 

tunability was obtained with two arms single mode –multimode –single 

mode  Mach-Zehnder interferometer (SMS-MZI) equal to(2.131 nm) and 

acceptable Phase shift was obtained with two arms multimode- Mach-

Zehnder interferometer (MM-MZI)configuration in the  experimental  and 

simulation work respectively. 
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Chapter One      

Introduction and Basic Concepts 
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1.1 Introdction  

In optical communication systems, the three main components are optical 

transmitters, optical fibers, and optical receivers. The main component in the 

optical transmitter is optical modulator that has function of converting an 

input electrical signal into an optical signal and then launch it into an optical 

fiber. The major component of optical transmitters is an optical source, which 

is generally divided into two types; that is, light-emitting diodes (LEDs) and 

lasers. 

The second component in optical communication system is optical fibers 

which transmit the optical signal to the third part of communication system 

that is a photo detector. The function of photo detector is to convert the 

received optical signal into a photocurrent.  

Along these components, many types of impairments are added to the signal. 

These impairments result in a fluctuation to the signal; thus, the statistical 

properties of the signal are changed. The impairments are categorized into 

four types; that is, thermal noise, shot noise, signal-dependent noise, and 

intersymbol interference [1].  In-line fiber Mach-Zehnder interferometers 

have been one of the most important  optical  interferometers that may be 

constructed using many types of optical fiber like conventional fibers (single 

mode, multimode fibers), fiber Bragg grating , and photonic crystal fiber[2-

5]. 

  A typical conventional  fiber Mach-Zehnder interferometer consists of two 

fiber arms which are split and combined by two optical couplers. The first 

coupler splits the incident light into two fiber beams. Usually the lengths of 

the two fiber beams are controlled to be different to introduce an optical path 

difference (OPD) between the two light paths. At the second coupler an 

interference spectrum is obtained as the two beams combine together with a 

certain OPD. The conventional two-beam fiber MZIs have been widely 

employed as optical filters, fiber modulators, environmental sensors. 
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However, these two beam fiber MZIs have their own limitations, such as 

complicated structure, big size and high cost. To overcome the above 

drawbacks, an in-line fiber MZI based on core-cladding-mode coupling has 

been proposed recently. Two light arms are both inside the same fiber in 

terms of core mode and cladding modes. 

 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 [2].  

Optical filters, and in particular all-fiber optical filters, are key components 

used extensively in fiber optic communications for wavelength-division 

multiplexing (WDM) and also in spectroscopy and fiber optic sensing [3- 5].  

 

1.2    The Aim of the Work 

The main of this work is to design different type of optical tunable filters 

using In-line and N-path Mach-Zehnder interferometer for enhancing the 

performance of optical communication system.  

 

1.3 Interferometers 

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 is 

presented.  

 

1.3.1 Fabry-Perot Interferometer  

 Fabry-Perot interferometer (FPI) is generally composed of two parallel 

reflecting surfaces separated by a certain distance [6, 7]. Sometimes it is 

called an etalon [8]. Interference occurs due to the multiple superpositions of 

both reflected and transmitted beams at two parallel surfaces [9]. The fiber 
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optic cases, the FPI can be simply formed by intentionally building up 

reflectors inside or outside the fibers. FPI sensors can be largely classified 

into two categories: one is extrinsic and the other is intrinsic [10, 11]. The 

extrinsic FPI sensor uses the reflections from an external cavity formed out of 

the interesting fiber [6]. Figure (1.1) a shows an extrinsic FPI sensor, in 

which the air cavity is formed by a supporting structure. Since it can utilize 

high reflecting mirrors, the extrinsic structure is useful to obtain a high 

finesse interference signal [12]. Furthermore, the fabrication is relatively 

simple and does not need any high cost equipment. However, extrinsic FPI 

sensors have disadvantages of low coupling efficiency, careful alignment, 

and packaging problem [8]. On the other hands, the intrinsic FPI fiber sensors 

have reflecting components within the fiber itself. For example, when the 

Reflectors are formed within a fiber by any means, as in Figure (1.1-b), it can  

have the intrinsic FP interference. The local cavity of the intrinsic FPI can be 

formed by a lot of methods such as micro machining [13–16], fiber Bragg 

gratings (FBGs) [17, 18], chemical etching [19, 20], and thin film deposition 

[21,22]. However, they still have a problem of using high cost fabrication 

equipment for the cavity formation. In other sense, when the cavity material 

is not the fiber itself, it is called extrinsic. However, the definition becomes 

vague due to the advent of specialty fibers and fiber devices [12]. 

 

Figure (1.1):  a) Extrinsic FPI sensor made by forming an external air cavity, b) 

intrinsic FPI sensor formed by two reflecting components, R1 and R2, along a fiber 

[12]. 
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The reflection or transmission spectrum of an FPI can be described as the 

wavelength dependent intensity modulation of the input light spectrum, 

which is mainly caused by the optical phase difference between two reflected 

or transmitted beams. The maximum and the minimum peaks of the 

modulated spectrum mean that both beams, at that particular wavelength, are 

in phase and out-of-phase, respectively, in the modulus of   . The phase 

difference of the FPI is simply given as [12]. 

 

     
  

 
                                                                                (1.1) 

 

Where λ is the wavelength of incident light, n is the RI of cavity material or 

cavity mode, and L is the physical length of the cavity. When perturbation is 

introduced to the sensor, the phase difference is influenced with the variation 

in the optical path length difference (OPD) of the interferometer. 

 

1.3.2 Sagnac Interferometer   

Sagnac interferometers (SIs) are recently in great interest in various sensing 

applications owing to their advantages of simple structure, easy fabrication, 

and environmental robustness [23]. SI 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. 2), the input 

light is split into two directions by a 3 dB fiber coupler and the two counter-

propagating beams are combined again at the same coupler. Unlike other 

fiber optic interferometers, the 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. The polarizations are adjusted by a 

polarization controller (PC) attached at the beginning of the sensing fiber. 

The signal at the output port of the fiber coupler is governed by the 
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interference between the beams polarized along the slow axis and the fast 

axis. The phase of the interference is simply given as [23]. 

 

     
  

 
                 ,         |     |                                                  (1.2) 

 

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

the sensing fiber, and    and    are the effective indices of the fast and slow 

modes, respectively [23]. 

        

 

           

 

 

 

 

 

 

 

 

 

 

 

1.3.3 Michelson Interferometer  

Fiber-optic sensors based on Michelson interferometers (MIs) are quite 

similar to MZIs. The basic concept is the interference between the beams in 

two arms, but each beam is reflected at the end of each arm in an MI as 

shown in Figure (1.3-a) [24–27]. In fact, an MI is like a half of an MZI in 

configuration. Thus, the fabrication method and the operation principle of 

MIs are almost the same as MZIs. The main difference is the existence of a 

reflector(s). Since MIs use reflection modes, they are compact and handy in 

practical uses and installation. Multiplexing capability with parallel 

Figure (1.2): Schematic of the sensor based on a Sagnac interferometer [23]. 
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connection of several sensors is another beneficial point of MIs. However, it 

is essential to adjust the fiber length difference between the reference arm 

and the sensing arm of an MI within the coherence length of the light source. 

An in-line configuration of MI is also possible as shown with Figure (1.3-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 [24-26]. 

 

 

 

 

 

 

 

 

 

 

1.3.4 Mach-Zehnder Interferometer  

Mach-Zehnder interferometers (MZIs) have been commonly used in diverse 

sensing applications because of their flexible configurations. Early MZIs had 

two independent arms, which are the reference arm and the sensing arm, as 

illustrated in Figure (1.4). An incident light is split into two arms by a fiber 

coupler and then recombined by another fiber coupler. The recombined light 

has the interference component according to the OPD between the two arms. 

For sensing applications, the reference arm is kept isolated from external 

variation and only the sensing arm is exposed to the variation. Then, the 

variation in the sensing arm induced by such as temperature, strain, force and 

RI changes the OPD of the MZI, which can be easily detected by analyzing 

the variation in the interference signal [28]. 

Figure (1.3): a) Basic configuration of a Michelson interferometer and  

b) Schematic of a compact in-line Michelson interferometer [27]]. 
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         √                                                                             (1.3) 

 

Where    and    are the intensities of reference and sensing arm. 

The phase difference between the sensing arm and reference arm is 

Described by [29]: 

   
        

 
                                                                                  (1.4) 

 

Where ΔL is the change in optical path length , λ is the wavelength in the 

vacuum, and       is the effective refractive index of the mode. 

In order to apply the force effect in optiwave software by these Equations 

[30]: 

 

                                                                                                   (1.5)                                                          

Where   the strain,   the young modulus is constant (72.5), A is a surface of 

the stripping area of the fibers. 

 

                                                                                                  (1.6) 

D: diameter of the fibers , L: length of the stripping area of the fibers. 

  
 

  
                                                                                                  (1.7) 

Figure (1.4): The scheme of using two separated arms in the MZIs has been rapidly 

replaced with the scheme of in-line waveguide interferometer since the advent of long 

period fiber gratings (LPGs) [28]. 



 
8 
 

Where (    is the OPD between the two arms of MZIs,  : the length of the 

fiber  

1.3.4.1 In-line Fiber Mach-Zehnder Interferometers 

This sub section focuses on reviewing several typical kinds of in-line fiber 

Mach-Zehnder interferometers from the recent literature. These include: 

tapered fiber Mach-Zehnder interferometer, core-offset fiber Mach-Zehnder 

interferometer, grating based Mach- Zehnder interferometer,  and Mode-

mismatch based Mach-Zehnder interferometer [2]. 

 

1.3.5 Types of In-line Fiber Mach-Zehnder Interferometers  

There are five types of In-line MZIs summarize in the sub sections below. 

 

 1.3.5.1 Tapered Fiber Mach-Zehnder Interferometer 

Tapering is an effective way to convert a relative large ratio of energy in the 

fundamental mode to the high-order cladding modes in optical fiber. As light 

travels along the tapered fiber region where the diameter of the tapered fiber 

can be only a few microns over a length of a few centimeters, the original 

fiber core becomes so small that it has no significant influence any more. 

Thus, the energy loss from the fundamental mode would be coupled to the 

high order cladding modes. An effective in-line tapered MZI can be 

constructed by tapering a fiber at two point along the fiber as shown in Figure 

(1.5) [31]. This technique is cost effective and simple but weak mechanically 

essentially at the tapering region. This type of interferometer is widely used 

in sensing applications, especially in temperature and refractive index sensors 

since it is very sensitive to external disturbance [31]. 

 

Figure (1.5):  Profile of tapered fiber Mach-Zehnder interferometer [31, 32]. 
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1.3.5.2 Core-Offset Fiber Mach-Zehnder Interferometer 

Core-offset structure is formed by fusion splicing two segments of fibers with 

a pre-set offset value i.e. usually several micrometers. As shown in Figure 

(1.6), a part of the beam guided into the lead-in fiber the in form of core 

mode will be split into two parts. The first part represents the modes still 

guided within the core and the core mode give-up some of its energy to excite 

the cladding modes. Core-offset MZI has been used as an optical attenuator 

in optical communication systems [33]. 

 

 

1.3.5.3 Grating Based Mach-Zehnder Interferometer 

This type of in-line fiber MZI have a pair of FBGs in which a part of the light 

beam guided as a fundamental mode within the core of optical fiber is 

converted to cladding modes by the first FBG, now the core and the cladding 

modes are excited, and then the core and cladding modes are recoupled again 

to the fundamental mode (core modes) by the second FBG [31]. In general, 

there are two categories of this interferometer, short period FBG with 

submicron period and long period grating (LPG) with period ranging 100 

μm-1 mm. The structure of a LPGMZI is depicted in Figure (1.7) This 

interferometer is preferred in refractive index sensing applications. The main 

challenge of this interferometer, it is working in limited bands of wavelength  

because of the phase matching phenomenon of fiber gratings and the LPG 

should be identical to have maximum performance. 

Figure (1.6): a schematic profile of core-offset fiber Mach-Zehnder 

interferometer [33]. 
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1.3.5.4 Mode-Mismatch Based Mach-Zehnder Interferometer 

 Another technique for splitting the beam in optical fiber is to employ fibers 

having different core sizes or actually different mode field diameters (MFDs) 

as illustrated in Figure (1.8). In this figure, a short length of MMF is fusion 

spliced between two standard SMFs to form single mode-Multi-mode-single 

mode (SMS) structure. The MMF has a larger core size compared with 

standard SMFs. However, the difference in MFDs between the fundamental 

core mode of the SMF and MMF leads to the decomposition of the 

fundamental core mode from SMF and excitation of the first few modes 

supported in MMF. These modes will be combined again in the second 

spliced region [30]. Among the other types of in-line fiber MZIs, mode-

mismatching MZIs may have notable advantages such as ease of fabrication 

at relatively low cost and can be formed using different types of fibers. Core-

mode mismatching can be widely utilized as optical filter, a strain sensor, and 

displacement sensor [34]. 

 

 

 

Figure (1.7): LPG based Mach-Zehnder interferometer (LPGMZI) [31]. 

 

Figure (1.8): a typical structure of Mode-mismatch based MZI [30]. 
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1.3.5.5 Fiber Bragg Grating Mach-Zehnder Interferometer 

Fiber Bragg grating (FBG) embedded in a fiber Mach-Zehnder interferometer 

(MZI) is presented for sensing multi-parameters such as temperature, force, 

and strain. Various configurations of MZI combined with fiber Bragg grating 

have also been explored to measure ambient force and strain respectively.  

The formation the   MZI has been illustrated using only one fiber Bragg 

gratings [34-36]. Figure (1.9) presented Mach-Zehnder interferometer with 

50 mm long fiber Bragg grating with 6m interferometer arm. This 

interferometer was used for measurement the optical path deference duo to 

two Mechanical effects that are force and strain which applied of the central 

part of in-line fiber interferometer. This structure of interferometer is denoted 

as SFBGS-MZI [35]. 

 

 

  1.3.6 Two-Path Fiber Mach-Zehnder Interferometers 

This type of interferometer can be employing with commercial two (12) 

couplers and two identical lossless optical fibers [36].The two lossless fiber 

can be two single mode fibers, two multimode fibers, two photonic crystal 

fibers and two fiber Bragg gratings. Figure (1.10) shows the schematic 

diagram of two path MZI interferometer.  

Figure (1.9):  a typical structure of fiber Bragg grating   MZI. 
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1.3.6.1 Single Mode Multimode Single Mode Machzehnder 

Interferometer  

This type of interferometer based on coupled mode theory describe the 

interference pattern between single mode and multimode fibers. In This case 

a mode mismatch was occurred duo to different fiber core size [37]. 

 

1.3.6.2 Fiber Bragg Grating Machzehnder Interferometer 

The simplest method to measure the signals of FBG is using a spectrometer. 

This method is very popular and widely used in the laboratory for a 

preliminary experiment or analysis. But the spectrometers are very expensive, 

in particular in the case where a wavelength resolution of ~1 pm is required 

to resolve a temperature change of ~0.1℃, or a strain change of 1 μstrain. In 

addition, conventional spectrometers are very large, which limits its 

application in practical fields. 

A wide variety of techniques have been demonstrated for monitoring Bragg 

wavelength shifts, only certain techniques appear to have the potential for 

being reduced to a practical, cost-effective instrumentation system for use in 

‘‘real-world’’ applications.  

Figure (1.10): The schematic of two-path fiber MZI [36]. 
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The most frequently utilized method for the interrogation of FBG sensors is 

based on passive broadband illumination of the device: light with a broad 

spectrum which covers that of the FBG sensors is input to the system; either 

the narrowband component reflected by the FBG is directed to a wavelength 

detection system, or the spectral ‘‘notches’’ in the transmitted are analyzed 

Demodulation techniques are mainly based on the edge filter, tunable filter, 

or interferometric scanning methods.  

The edge filter method is based on the use of an edge filter which has a linear 

relationship between wavelength shifts and the output intensity changes of 

the filter, as shown in Figure (1.11-a) [38]. By measuring the intensity 

change, the wavelength shift induced by the measuring is obtained. 

 The measurement range is inversely proportional to the detection resolution. 

Tunable filter can be used to measure the wavelength shift of the FBG and 

the output is a convolution of both the spectrum of the tunable filter and that 

of the FBG, as shown in Figure (1.11-b). When the spectrum of the tunable 

filter matches that of the FBG, the convolution equals one, i.e. a maximum 

output occurs. By measuring this maximum point and the corresponding 

wavelength change of the tunable filter, the wavelength shift of the FBG is 

obtained.  

The resolution is mainly determined by the signal-to-noise ratio of the return 

FBG signal and both the line widths of the tunable filter and the FBG. 

Normally, such an approach has a relatively high resolution plus a large 

working range. The FBG wavelength shift induced by strain and/or 

temperature can be detected with a scanned interferometer, which has been 

demonstrated for high-resolution dynamic and quasi-static strain 

measurements, termed the interferometric scanning method [39]. The 

normalized interference signal from a scanned interferometer (SI), as shown 

in Fig. (1.10-c), can be expressed as: 

 

                                                                        (1.6) 
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Where     is the intensity of the incident light and B is the visibility of the 

interference signal.      is the thermally induced phase drift in the SI. The SI 

acts as a wavelength scanner for FBGs when the optical path of the SI is 

modulated. The strain- or temperature-induced change in the reflected 

wavelength from a FBG produces a change in the optical phase     : 

 

                                                                (1.7) 

 

Where ΔY is the variation in strain applied to the FBG and      is the optical 

path difference (OPD) of SI. ᶘg is the normalized FBG sensitivity for strain 

or temperature, given by: 

          
   

  
                                                                         (1.8) 

Hence, the phase sensitivity in response to strain (
   

  
) is directly 

proportional to the OPD in the SI [40]. 

 

 

 

 

 

 

 

 

 

 

Figure (1.11): a) Principle of the edge filter method; b) principle of the tunable filter 

method; c) principle of the interferometric scanning method [38]. 
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1.3.6.3 Multi-mode Mach-Zehnder Interferometer 

Finally in these subsections the two arm of Mach-Zehnder interferometer 

consist of multimode fiber. A new method was presented with tunable all-

fiber compact multimode fiber (MMF)-based filter and its applications in 

fiber sensors. The expression of the transmission of the optical filter is the 

same as that of a regular Mach–Zehnder interferometer (MZI) but with an 

additional optical phase shift in the sinusoidal function, which makes the 

MMF-based filter tunable. The phase shift could be changed by properly 

adjusting of a mechanical effect i.e. (force and strain). The proposed tunable 

filter has been employed for intensity interrogation of a fiber Bragg grating 

(FBG)-based temperature sensor where the MMF-based filter serves as an 

band pass filter. With the tuning technique [41]. 

 

1.4 Optical Filters 

In the receiver side the basic component that must be used to rejection the 

optical noise in the received signal is optical filters which can be designed 

using different types of interferometers [42,43].   

 

1.4.1 Types of Optical Filter 

There are three type of optical filter will be explained in this sub section 

 

1.4.1.2 Tunable Fabry-Perot Etalon Filter 

 The tunable Fabry-Perot etalon filter is made of two highly reflective 

mirrors separated by a distance of (λ/2), the distance causes the filter output 

spectral characteristic to peak sharply over a narrow band of 

wavelengths that are multiples of the (λ/2) distance, thus, the Fabry-Perot 

filter is used as a band-pass filter. This optical transmission system stores 

light energy at the selected frequencies by incorporating the feedback light 

with the light that was repeatedly or reflected within the system and thus 

circulates the light without escaping from the system. The tuning can be done 
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by changing the distance between R1 and R2 (mirrors) corresponding to the 

desired wavelengths shown in Figure (1.12) [44,45]. 

 

 

 

 

 

 

 

1.4.1.2 All Optical Photonic Crystal Fiber Filters 

Photonic crystal fiber (PCF) has been widely used in many applications like 

amplifiers, switching and tunable filters , all optical PCF filter can be 

achieved due to the optical properties of a PCF, which provides an 

opportunity to create tunable fiber-based devices by infiltrating high-index 

materials such as polymer, oil , and liquid crystal (LC) into the air holes. By 

filling the Hollow core-PCFs (PBG) with a liquid having a specific refractive 

index, the transmitted light will occur only over a certain wavelength ranges 

corresponding to the band gap of the cladding for the HC-PCF, these range of 

band gap can be tuned or shifted depending on the refractive index in the 

holes of the PCF so that, the optical properties of PBG can be changed by 

changing the liquids that are filled inside the PCF [46] 

 

1.4.1.3 Tunable Optical Filter 

Tunable optical filters (TOFs) may be constructed with passive or active 

optical components. The main characteristic of TOFs is their ability to select 

the range of filtered wavelengths. To be useful in optical communication 

systems, however, they must satisfy certain requirements [47]. 

 

i. Wide tuning range 

ii. Constant gain 

Figure (1.12): Basic concept of Fabry-Perot Etalon Filter [45]. 
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iii. Narrow bandwidth 

iv. Fast tuning 

v.  Insensitivity to temperature (no frequency drift with temperature variations) 

In telecommunication networks, TOFs can be used for amplified spontaneous 

emission (ASE) suppression of optical signals, for single channel 

demultiplexing from a multichannel WDM optical signal stream, and in 

flexible and dynamic wavelength add/drop applications.  

Tuning speed directly determines the switching speed between different 

circuits, and therefore, high speed is a fundamental requirement for tunable 

filters. For circuit-switched networks, tuning time of no more than  few 

milliseconds is essential very high-speed tunable filters, in the microsecond 

and nanosecond range, are a must in packet- and cell-switched networks [6].  

Bandwidth and tuning range become more and more critical with the 

increased deployment of DWDM systems. Using filters of a very narrow 

bandwidth and a large tuning range is, so far, the most effective way to 

increase the channel capacity and to reduce the crosstalk in DWDM 

networks.  

TOFs are occasionally used in fiber optic sensing applications for wavelength 

demultiplexing of fiber Bragg grating sensors for wavelength shift and 

spectral scanning in interferometric sensors. 

 Bandwidth is from sub-nanometer up to above ten nanometers, and tuning 

range from tens of nanometers to above 100 nm, varying from system to 

system.  

Tuning speed also varies, but generally slow. For example, a scanning time of 

a few second may be enough for the measurement of static and very slow 

signals, such as temperature, strain, and chemical or biomedical 

concentration. However, in most application areas, fiber-optic sensors have to 

face fierce competition from their electronic counterparts available extremely 

cheap in the market.  
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Repeatability and stability are equally important parameters as those 

mentioned above in all applications. Highly repeatable and stable TOFs mean 

high resolution and accuracy in measurement instruments, and high reliability 

or low bit-error-rate (BER) in communications, and high quality in video 

distribution networks. Any survivable tunable filter technology must be 

highly repeatable and stable in long terms [47]. 

 

1.5  The Mach-Zehnder Interferometer Filter 

The Mach-Zehnder filter is based on the interference of two coherent 

monochromatic sources that are based on the length difference, and thus the 

phase difference, of two paths, thus contributing positively or negatively. In 

fiber-optic systems, a phase difference between two optical paths may be 

artificially induced. Consider an input fiber with two wavelengths    and   ' 

the optical power of both wavelengths is equally split (directional coupler 1), 

and each half is coupled into a waveguide, one of which is longer than the 

other Land (ΔL). The two halves arrive at a second directional coupler or 

combiner at different phases and, based on the phase variation and the 

position of the output fiber, each wavelength interferes constructively on one 

of the two output fibers and destructively on the other. That is, wavelength     

interferes constructively on the first fiber and wavelength    on the second 

Figure (1.13) [47]. 

 
Figure (1.13): The principle of a Mach-Zehnder filter [47]. 
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This arrangement is used to construct an integrated device that functions as a 

filter or as a wavelength separator, known as a Mach-Zehnder filter, 

according to which two frequencies at its input port are separated and appear 

at two output ports. A more detailed description of the Mach-Zehnder filter 

follows [47]. 

 

1.6 Tunability of the Mach-Zehnder Filter 

If the quantity of optical path different between two arms (ΔL) can be 

adjusted at will, it is clear that the Mach-Zehnder filter can be tuned. The 

purpose of the quantity ΔL is to introduce the desired phase shift at the entry 

point of directional coupler 2. Thus, the phase shift is controlled by 

controlling the propagation delay of the path L + ΔL with respect to path L. 

This is accomplished either by altering the refractive index of the path (and 

thus the effective optical path), by altering its physical length, or by both 

means [47]. 

The phase may be controlled by one of several methods  

 

i. Mechanical compression, by means of a piezoelectric crystal, alters the 

physical length of the waveguide segment and its refractive index. 

 

ii.  Certain optical materials alter their refractive index when exposed to heat; a 

thin-film thermoelectric heater placed on the longer path would control the 

refractive index of the path. A polymer material known to change its 

refractive index when exposed to heat is per-fluoro-cyclo-butane (PFCB). 

 

 

 

 

 

 

Figure (1.14): A Mach-Zehnder filter can be tuned by controlling the temperature of the 

L +ΔL path [47]. 
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Thus, by controlling the refractive index of the path, the phase on the 

effective optical path L + ΔL is controlled and the wavelength selectability of 

the device is accomplished, making the Mach-Zehnder filter a tunable optical 

frequency discriminator (OFD) [47]. 

 

1.7 Literature Survey 

 

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

research works in the field of all optical filters that are most 

related to this work.   

 

 

2004 D. Gauden, E. Goyat, C. Vaudry, P. Yvernault and D. Pureur [48]. 

Tunable Mach-Zehnder-based add-drop multiplexer   

 Fiber type              twin core fiber 

Effect type              heating  

Tunability               1.7 nm 

 

 

 

                           

 

 

 

 

Twin core fiber based MZI 
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2007 ZHANG Zhi-guo**, ZHANG Min, and YE Pei-da [49]. 

MZI-based wavelength interrogation system with tunable-FBG  

Fiber type              FBG 

Effective  type              Temperature 

Tunability               0.02 nm 

 

2010 Ai-Ping Luo1, Zhi-Chao Luo,1,2 Wen-Cheng Xu,1,* and Hu 

Cui1[50]. 

Wavelength switchable flat-top all-fiber comb filter based on a double-loop 

Mach-Zehnder interferometer 

Tunability     0.98 nm 

  

 

  

 

 

 

 

 

 

Schematic of the proposed flat-top comb filter. 
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2010 J. E. Antonio-Lopez,1 A. Castillo-Guzman,2 D. A. May-

Arrioja,3,* R. Selvas-Aguilar,2 and P. LiKamWa4[51]. 

Tunable multimode-interference band pass fiber filter 

Fiber type              MMF 

A capillary tube filled with refractive-index-matching liquid is used to 

effectively increase the length of the MMF 

Tunability               30  nm 

 

        

 

      

 

____________________________________________________________ 

2015 Y. Li, B. Zhou, L. Zhang, and S. He[52]. 

Tunable Fabry–Perot filter in cobalt doped fiber formed by optically heated 

fiber Bragg gratings pair 

Fiber type              FBG 

Effective  type              Heating 

Tunability               0.6 nm 

 

 

    

 

 

 

 

(Color online) Schematic of the tuning mechanism for the tunable MMI 

fiber filter. 

 

Wavelength division multiplexer (two channels: transmission channel, 

1550710nm; reflection channel, 1260_1610nm except1550 10 ±nm); 

EDFA, L. 
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2016 Long Huang, Peng Xiang, Dalei Chen, Peng Wang, Tao Pu, and 

Xiangfei Chen[53]. 

A Linearized Tunable Single Band pass Microwave Photonic Filter 

Fiber type                    phase-shifted fiber Bragg grating (PS-FBG) 

Effective  type              Pc 

  the frequency-tunable range of the single band pass MPF are 80 MHz and 

5.5 GHz               

 

 

 

   

 

 

 

 

 

 

 

 

Experimental setup of the proposed MPF. (b) Principle to achieve 

An MPF with a single pass band. TLS, tunable laser source; PC, 

PM, PS-FBG, PBS; BPD. 
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 Experimental setup of FBG-TF utilizing strain technique. 

     

2016  Farid Ahmed, Vahid Ahsani, Akram Saad, and Martin B.G. 

Jun.[54]. 

Bragg Grating Embedded in Mach-Zehnder Interferometer for Refractive 

Index and Temperature Sensing. 

Fiber type    FBG  

Sensing type   RI &Temperature 

 

        

              

 

  

 

Schematic of integrated MZI and FBG sensor: Structural configuration of the 

sensor (a) and schematic of point-by-point fabrication of FBG in microfiber spliced 

between SMFs (b) 

____________________________________________________________ 

2017 Samar Kareem Ibrahim [30]. 

BUILDING TUNABLE SPECTRAL FILTER USING FIBER BRAGG 

GRATING 

The tunability is about 0.519 nm for thermal technique 

The tunability for strain technique is about 0.561 nm  

Type fiber     uniform FBG  
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Zhou[55]. 

Tunable Multimode Fiber Based Filter and Its Application in Cost-Effective 

Interrogation of Fiber-Optic Temperature Sensors. 

Fiber type        MMF  

Sensing effect  PC 

Tunability =1.275 

 

 

 

 

 

____________________________________________________________ 

2017 Anwaar A.AL-Dergazly,Farah S.Al-Thahaby[56]. 

 Tunable Fiber Bragg Grating for Magnetic Field Sensor 

Fiber type             Pcf  

Sensing effect      PC 

Tunability           0.042 

 

 

 

 

 

 

 

 

Experimental setup of all-fiber MZI. SMF1 and SMF2: single mode fiber; 

MMF: multimode fiber; PC: polarization controller; BBS: broadband source; 

OSA: optical spectrum analyzer. 

 

The experimental arrangement diagram of magnetic field sensor. 
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1.8 Thesis outline 

This thesis is divided into three chapters. 

 

Chapter One: Is an introduction into the topic. After the theoretical 

background on the tunable optical filter and interferometers. Brief literature 

survey related to this work is provided. 

 

 

Chapter two: Covers Procedures of this Work. Then, the simulation and 

experimental setups are given. The simulation results in this chapter 

considers as the theoretical framework required designing TOFs with MZI. 
 

      Chapter three: Contains deep investigation and discussion of the simulated 

and practical results. 
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2.1 Introduction 

In this chapter, the simulation and experimental work for optical tunable 

filters are demonstrated and constructed respectively using MZIs. The 

simulation work was carried out by optisystem software (version 7.0).The 

details of the research work is illustrated in Figure (2.1).   

           

 

 

Figure (2.1): Block diagram for the work                      
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2.2 The Simulation Work Components Specifications 

The specifications of the components used by optiwave simulation software 

are presented in the following sections. 

2.2.1 The Optical Sources 

The Continuous Wave Laser Source  

The specifications of this source are shown Table (2.1): 

 

  

 

 

 

 

 

 

 The spectrum of the CW Laser Source shown in Figure (2.2) 

 

 

 

 

 

 

 

 

 

Table (2.1) the specification of Continuous laser source 

Parameters Values Units 

The operating wavelength (λ) 1554.730    

Power 1.85    

Figure: (2.2): The optical spectrum of CW Laser Source 
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The Broad Band Optical Source 

Specifications of the broad band source are shown in Table (2.2) 

Table (2.2) The specifications of the broad band source  

Parameters Values Units 

The operating wavelength (λ) 1545    

Power 31.2    

 

 The spectrum of the broad band source shown in Figure (2.3) 

 

 

 

 

 

 

2.2.2. The Optical Fibers  

Single Mode Fibers  

 Table (2.3) shows the specifications of a single mode fiber (SMF). 

 

 

 

Table (2.3): Specification of SMF 

Parameters Value Units 

Operating wavelength 1550          

Fiber length 50 cm 

Core diameter 8.3    

Cladding diameter 125    

Figure: (2.3): The optical spectrum of the broad band source   
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Multimode Fibers 

Table (2.4) shows the specifications of a multimode fiber (MMF). 

Table (2.4): Specification of MMF 

Parameters Value Units 

Operating wavelength 1550    

Fiber length 20 cm 

Core diameter 62.5    

Cladding diameter 125    

 

2.2.3 Fiber Bragg Gratings 

Table (2.5) shows the specifications of fiber Bragg gratings. 

Table (2.5) shows the specification of fiber Bragg gratings 

Bragg wavelength [nm] Frequenc

y [THz] 

Band width 

[nm] 

Grating 

length [mm] 

Reflectiv

ity % 

1545.559 193.958 0.206 10 94.37 

1545.670 193.956 0.212 10 95.26 

 

2.3 The Experimental Work Components and Equipment 

The specifications of the components and equipment used in the 

experimental work are presented in the following sections. 

2.3.1 The Optical Sources  

The Continuous Wave Laser source  

The spectrum of the CW Laser source is shown in Figure (2.4) 
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The spectrum of the continuous laser source must have a wavelength (1550 

nm) as specified in the data sheet in Appendix (I) but when measured by 

optical spectrum analyzer (OSA), the wavelength  was (1549.688) nm, 

because the room temperature was about      and the  optical fibers 

connected between the laser source and the OSA for spectral  measurement 

are very sensitive to high temperature, accordingly there was a difference 

in the wavelength  . The optical output power at (1549.688) nm   was equal 

to (1.85) mW.  

Broad Band Source (BBS)  

The spectrum of the BBS is shown in Figure (2.5). The optical spectrum of  

BBS extends from (1450) nm to (1650) nm. The maximum optical power 

of the BBS is (31.2)     

Figure (2.4): the spectrum of the continuous laser source 
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The BBS consists of Ic chipset which is the basic element that generates the 

optical signal. Laser diode controller (LDC) gives the required power for 

the emitted optical signal. Temperature electric control (TEC) controls the 

emitted wavelengths and the optical output power.  

2.3.2 The Optical Fibers  

The optical fibers used in the experimental work have the same specifications 

as those used in the simulation work. 

2.3.3 Fiber Bragg Gratings 

Specifications of the fiber Bragg gratings used in the experimental work are 

listed in Appendix (H). 

2.3.4 Mechanical Effects  

Two mechanical effects were used in the experimental works which are 

force and strain. The details of these two mechanical effects are listed 

below.  

 

Figure (2.5): The optical spectrum of the BBS 
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Force Effect 

The force effect was achieved by applying different weights.  The structure 

that was used to apply these weights  consists of different dimensions of 

bases made  from aluminum as shown in Figure(2.6). The ground base 

dimensions are (27*27*1.5) cm. The pieces over the ground base are 

considered as bracketed tool. It consisted of two pieces of polished carbon 

steel or aluminum with dimensions of (5.5*3*1.5) cm.  

The dimensions of balanced base are (19*19*0.5) cm. This design 

involves reset process for parts of the system over a bracketed tool. The 

purpose of reset process is to ensure that the weights are zero on the MMF 

and that the structure used to apply the force effect is calibrated.  

 

 

 

 

 

 

 

 

The Strain Effect  

The micro strain is used to stretch the FBG to validate the strain technique 

for shifting the Bragg wavelength. The micrometer should be set to zero 

before using it in the experiment. The fiber Bragg grating  is positioned 

between two blocks and fixed by screws. The movable block is used to 

apply the strain effect. Figure (2.7) shows the micrometer used in the 

experiment. 

Figure (2.6): Schematic diagram of force effect structure 
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2.3.5 The Optical Spectrum Analyzer (OSA) 

The OSA, 202C, used in these experiments is from THORLABS. The 

specifications of the OSA are listed in Appendix (F). 

2.4 Simulation and Experimental Works 

As it was listed in Figure (2.1), a simulation study for each part in the block 

diagram was carried out followed by an experiment for that part. In the 

following sections the details of all the simulation studies and experiments 

are presented. 

2.4.1 In-line Mach-Zehnder Interferometers 

Two types of In-line MZI have been used in the simulation and 

experimental work to design tunable band pass and notch optical filters. 

The details will be presented below.  

2.4.1.1 Single Mode –Multimode-Single Mode Mach-Zehnder 

Interferometer (SMS-MZI).  

Simulation Work 

The model of tunable optical band bass filter carried out by optisystem 

software is shown in Figure (2.8). The model is based on SMS-MZI. 

 

Figure (2.7): Micrometer used for strain effect. 
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In order to apply the force effect in optiwave software Equations (1.5), 

(1.6) and (1.7), were used to find the amount of the fiber length 

corresponding to the applied force. 

The phase shift in the output optical signal for the simulation models and 

the experimental work was calculated by applying Equation (1.4).  

Experimental Work 

Figure (2.9) shows the schematic diagram for experimental setup for the 

tunable optical band pass filter.  

The CW LASER source was used in this setup. In this experiment a 20 cm 

MMF was spliced from its two ends with 05 cm SMF.  

SM and MM fibers were spliced by fusion splicing machine (740) from 

(DVP), Appendix (J).  

The parameters of splicing machine are shown Table (2.6):  

Figure (2.8): The model of  in-line SMS-MZI band pass optical filter system. 

Figure (2.9): Schematic diagram of a tunable optical in-line SMS-MZI 

filter with weight effect system. 
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The splicing regions gave minimum losses as shown Figure (2.10).   

                                                                                                    

                                 

  

 

 

 

With no weight applied the OSA gave a central wavelength of (1554.721) 

nm with an optical power of (1.85)  . 

 In this experiment the weight was changed from (0-1) kg in steps of 

0.250 kg. 

The transmitted signal from SMS-MZI was transmitted to the OSA 

to check the transmission spectra. In the transmitted wavelength, more than 

one change will be obtained because of the MMF that has been influenced 

Table (2.6) parameters of fusion splice SMF and MMF                                                    

Fiber type AOTO 

Mode Title1 AUTO 

Mode Title2 SM/NS/DS/MM 

Cleave limit      

Loss limit 0.20dB 

Arc Time Auto 

Cleaning Arc 150ms 

Figure (2.10): Fusion splicing of SMF and MMF. 
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by the external effect (weight). These effects changed  the transmitted 

wavelengths. 

OSA measured the signal and then it displayed the results on a 

computer screen. The shift of a central wavelength in the transmitted signal 

can be observed.  

A picture of this experiment shown in the Figure (2.11). 

 

 

 

 

 

 

 

Figure (2.11):  the experimental setup for In-line SMS-MZI. 
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2.4.1.2 Single mode –Bragg grating-Single mode Mach-Zehnder 

Interferometer (SFBGS-MZI) 

The schematic diagram of in-line SFBGS -MZI setup is shown in Figure 

(2.12): 

 It consist of a broad band source, SMF with a length of (3) m, FBG with 

grating length 10 mm, SMF with length (3) m connected to the optical 

spectral analyzer (OSA). 

The phase shift in the output optical signal for the simulation models and 

the experimental work was calculated by applying Equation (1.4).  

Figure (2.13) shows the picture of the experimental setup of In-line 

SFBGS-MZI. 

 

Figure (2.12): Schematic diagram of a tunable optical in-line SFBGS-MZI filter 

with weight effect. 
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2.4.2 N-Path Mach-Zehnder interferometers  

Three types of two-path MZI have been used in the simulation and 

experimental work to design tunable band pass and notch optical filters. 

The details will be presented below.  

2.4.2.1 Single mode-Multimode-Single mode Mach-Zehnder 

Interferometer (SMS-MZI). 

Simulation Work 

The model of tunable optical band bass filter based on SMS-MZI is 

presented in Figurer (2.14). The model is based on SMS-MZI in the upper 

and the lower paths. 

Figure (2.13): The experimental setup for SFBGS-MZI. 

 

Figure (2.14): The model of simulated tunable optical two-path SMS-

MZI band pass filter system. 
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Experimental work 

The schematic diagrams of the experiments for the force effect and the strain 

effect are shown in Figures (2.15) and (2.16) respectively. 

 

 

Figure: (2.15): Schematic diagram of a tunable optical filter based on two-path 

SMS-MZI with force effect. 

 

Figure: (2.16): Schematic diagram of a tunable optical filter based on two-

path SMS-MZI with strain effect. 
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The setups  consist of  (1 2) and (21 )   single mode couplers at the input 

and the output respectively two split and recombine at the input and the 

output of the device respectively. The upper arm consists of  MMF as a 

reference arm and the lower arm consists of MMF with the strain effect. 

The lower arm is the sensing arm. When force or strain is applied on the 

lower arm of SMS- MZI, the optical path difference between the two arms 

will be obtained. 

The pictures of these experiments are shown in Figures (2.17) and (2.18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.17): The experimental setup for two-paths SMS-MZI with force 

effect 

Figure (2.18): The experimental setup for two-paths SMS-MZI with strain 

effect 
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2.4.2.2 Single mode-Fiber Bragg Grating-Single mode Mach-Zehnder 

interferometer (SFBGS-MZI). 

Simulation Work 

 The model of tunable optical notch filter based on SFBGS-MZI is presented 

in Figurer (2.19). The model is based on SFBGS-MZI in the upper and the 

lower paths. 

 

 

 

 

 

 

 

Experimental work 

The schematic diagrams of a SFBGS-MZI are presented in Figures (2.20) 

and (2.21) with force and strain effects respectively. 

 

 

 

 

 

 

 

Figure (2.19): The model of simulated tunable optical two-path SFBGS-

MZI notch filter system. 
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Figure (2.20): Schematic diagram of a tunable optical filter based on two-path 

SFBGS-MZI with force effect. 

 

Figure (2.21): Schematic diagram of a tunable optical filter based on two-path 

SMS-MZI with strain effect. 
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These setups are the same as those of two-path SMS-MZI, but the MMF 

were replaced by FBGs in both arms of the two setups. In addition, the CW 

LASER source was replaced by BBS.  

Pictures of these experiments are shown in Figures (2.22) and (2.23). 

 

                                                                                 

Figure (2.22): The experimental setup for two-paths SFBGS-MZI with force effect 

 

Figure (2.23): The experimental setup for two-paths SFBGS-MZI with strain 

effect 
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2.4.2.3 Multimode Mach-Zehnder interferometer 

Simulation Work 

The model of tunable optical band pass filter based on MM-MZI is 

presented in Figurer (2.24). The model is based on MM-MZI in the upper 

and the lower arms. 

 

 

 

 

 

 

Experimental work 

The schematic diagrams of the experiments for the force effect and the 

strain effect are shown in Figures (2.25) and (2.26) respectively. 

Figure (2.24): The model of simulated tunable optical two-path MM-

MZI band pass filter system. 

Figure (2.25): Schematic diagram of a tunable optical filter based on two-path 

MM-MZI with force effect. 
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The setups consist of (1 2) and (21)   multi- mode couplers at the input 

and the output respectively two split and recombine at the input and the 

output of the device respectively. The upper arm consists of MMF as a 

reference arm and the lower arm consists of MMF with the force effect.  

The setups of these experiments are shown in Figures (2.27) and (2.28).  

 

Figure (2.26): Schematic diagram of a tunable optical filter based on two-path 

MM-MZI with strain effect. 

 

Figure (2.27): The experimental setup for two-paths MM-MZI with force effect 
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Figure (2.28): The experimental setup for two-paths MM-MZI with strain effect 
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3.1 Introduction 

In this chapter, simulation and experimental results for the tunable filters 

designed in Chapter two are presented and discussed. 

3.2 Simulation and Experimental Results 

In the following sections the simulation results and experimental results are 

are illustrated for all types of the optical filters presented in Chapter two.  

3.2.1 In-line Mach-Zehnder Interferometers 

In-Line MZI filters,   SMS and SFBGS -MZIs results are presented in the 

following sections.  

 3.2.1.1 Single Mode-Multimode-Single Mode Mach-Zehnder 

Interferometer with force effect  

Simulation Results  

The output spectra for In-line SMS-MZI due to force effect that was 

obtained by applying different values of weights on the MMF. From Figure 

(3.1), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored   by the OSA of the Optiwave system.  
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0 kg    0.250 kg 

0.500 kg 0.750 kg 

1 kg 

Figure (3.1) Wavelength shift for In-line SMS-MZI due to different values of 

applied force. 
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Experimental results  

Figure (3.2) shows the output spectra for In-line SMS-MZI for different 

weights applied on the MMF are visualized by the OSA.  

Table (3.1) lists the values of the shift in the central wavelength shifted, the 

FWHM, the output optical power and the phase shift in the output optical 

signal. From this table, the central wavelength shift and the output optical 

power are inversely proportional, while the phase shift of  SMS-MZI are 

directly proportional to the applied weights. In addition, FWHM  has a  

non-linear variation. The same behavior can be seen for both simulation 

and experimental results.    

Table (3.1) shows that the simulated results are slightly different from 

experimental results due to the laboratory environments.  

  

 

 

Figure (3.2) Tunable optical band pass filter when applying different sets of 

weights on the cross section area of MMF. 
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3.2.1.2 Single Mode-Bragg Grating-Single Mode MZI (SFBGS-MZI) 

Experimental Results with Force Effect 

Figure (3.3), it is clear that there is a shift in the central wavelength for the 

output optical signal monitored  by the OSA.  

 

 

 

Table (3.1) the weight effect on the central wavelength, FWHM, output optical 

power and phase shift for in-line SMS-MZI 

Weight

(kg) 

Central wavelength shift 

(nm) 

FWHM (pm)                

Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. 

0 1554.730 1554.721 

 

200000 

 

273.204 6.402 16.1 0 0 

0.250 1554.731 1554.723 200000.04 275.681 6.40197 16.7      2.48 

0.5 1554.732 1554.725 200000.05 272.301 6.40196 17      4.96 

0.75 1554.733 1554.727 200000.055 271.078 6.40194 16.9      7.57 

1 1554.900 1554.953 200000.06 269.737 6.40029 17.1      9.91 

(Note: Sim stands for simulation , Exp stands for experimental) 
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Table (3.2) lists   the effect of different values of weights (forces) on the 

central wavelength, FWHM, output optical power and phase shift of the 

output optical signal for in-line SFBGS-MZIs.These same behavior for 

central wavelength, FWHM, output optical power and the phase shift of the 

output optical signal  with the change of the applied weight can be seen for 

in-line SFBGS-MZI as was obtained for in-line SMS-MZI. 

 

 

 

 

 

 

 

Figure (3.3) Tunable optical notch filter when applied different sets of weights 

on the cross section area of FBG for one arm SFBGS-MZI 
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Table (3.2) Effect of different values of weights on the central wavelength, 

FWHM, output optical power and phase shift for in-line SFBGS-MZI. 

Weight(Kg) Bragg wavelength 

(nm) 

FWHM(pm)                

0 1545.602 215.729 14.6 0 

0.250 1545.603 172.908 14.5        

0.500 1545.604 175.123 14.5       

0.750 1545.611 189.368 14.3 1.24 

1 1545.631 201.312 14.4 2.26 

 

3.2.2 Two-path Mach-Zehnder interferometers  

Two-path MZI filters,   SMS, SFBGS and MMF -MZIs results are 

presented in the following sections.  

3.2.2.1 Single mode -Multi mode -Single mode Mach-Zehnder 

interferometer  

Simulation results with force effect 

Figure (3.4) shows the output spectra for two-path SMS-MZI due to force 

effect that was obtained by applying different values of weights on the 

MMF. It is clear that there is a shift in the central wavelength for the output 

optical signal monitored   by the OSA of the Optiwave system. 
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0 kg   
0.250 kg 

   0.500 kg 0.750 kg 

0.750 kg 

Figure (3.4) Wavelength shift for two-path SMS-MZI due to different 

values of applied force. 



 
55 
 

Experimental results with force effect 

Figure (3.5), it is clear that there is a shift in the central wavelength for the 

output optical signal monitored  by the OSA. 

The output spectra for two-path SMS-MZI due to force effect that was 

obtained by applying different values of weights on the MMF. From Figure 

(3.5), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored by the OSA. 

Table (3.3) lists the values of the shift in the central wavelength shifted, the 

FWHM, the output optical power and the phase shift in the output optical 

signal. From this table, the central wavelength shift and the output optical 

power are inversely proportional, while the phase shift between the  two 

arms of  SMS-MZI are directly proportional to the applied weights. In 

Figure (3.5) Tunable optical band pass filter when is applying different sets of weights 

on the cross section area of MMF. 
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addition, FWHM  has a  non-linear variation. The same behavior can be 

seen for both simulation and experimental results.    

 

Simulation results with strain effect 

The output spectra for In-line SMS-MZI due to strain effect that was 

obtained by applying different values of strain on the MMF. From Figure 

(3.6), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored   by the OSA of the Optiwave system.  

 

Table (3.3) the weight effect on the central wavelength, FWHM, output optical 

power and phase shift for two-path SMS-MZI 

Weight

(kg) 

Central wavelength shift 

(nm) 

FWHM (pm)                

Sim Exp Sim Exp Sim Exp Sim Exp 

0 1547.862 1547.862 200000.05 

 

239.341 6.58231 13 0 0 

0.250 1545.744 1545.737 200000.06 157.135 6.56714 11.2      2.47 

0.5 1545.742 1545.743 200000.06 156.853 6.56713 11.5      4.95 

0.75 1545.739 1545.733 200000.07 160.758 6.56710 11       7.58 

1 1545.737 1545.731 200000.08 166.465 6.56709 11.7      9.89 
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        (b ) 0.09 mε              

 

        

             

 

     

 

  

 

 

 

 

 

 

 

Experimental results with strain effect 

The output spectra for two-path SMS-MZI due to strain effect that was 

obtained by applying different values of strain on the MMF. From Figure 

(3.7), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored by the OSA. 

0 mε  0.09 mε 

0.24 mε  0.31 mε 

Figure (3.6) Wavelength shift for two-path SMS-MZI due to different 

values of applied strain. 
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Table (3.4) lists the values of the shift in the central wavelength shifted, the 

FWHM, the output optical power and the phase shift in the output optical 

signal. From this table, the central wavelength shift and the output optical 

power are inversely proportional, while the phase shift between the two 

arms of SMS-MZI are directly proportional to the applied strain. In 

addition, FWHM has a non-linear variation. The same behavior can be seen 

for both simulation and experimental results.   

Table (3.4) the strain effect on the central wavelength, FWHM, output optical 

power and phase shift for two-path SMS-MZI 

Strain 

(mε) 

Central wavelength shift 

(nm) 

FWHM (pm)                

Sim Exp Sim Exp Sim Exp Sim Exp 

0 1548.425 1548.425 200000 321.070 7.00636 13 0 0 

0.09 1548.288 1548.276 200000.03 140.132 7.00480 11.2      0.53 

0.24 1548.287 1548.274 200000.05 133.269 7.00478 11.5      1.42 

0.31 1548.286 1548.273 200000.06 133.271 7.00477 11      1.85 

Figure (3.7) Tunable optical band pass filter when different sets of strain is 

applied on the cross section area of MMF. 
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3.2.2.2 Single mode –Fiber Bragg Grating -Single mode Mach-Zehnder 

interferometer  

Simulation results with strain effect 

The output spectra for two-path SFBGS-MZI due to strain effect that was 

obtained by applying different values of strain on the FBG. From Figure 

(3.8), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored   by the OSA of the OptiGrating system. 

           

         

 

 

 

                                       

       

  

 

 

 

                                           

 

 

 

 

0 mε  0.09 mε  

 0.24 mε  0.31 mε  

Figure (3.8) Wavelength shift for two-path SFBGS-MZI due to 

different values of applied strain. 
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Experimental results with strain effect 

The output spectra for two-path SFBGS-MZI due to strain effect that was 

obtained by applying different values of strain on the effected arm of 

SFBGS-MZI. From Figure (3.9), it is clear that there is a shift in the central 

wavelength for the output optical signal monitored  by the OSA. 

 

Table (3.5) lists the values of the shift in the central wavelength shifted, the 

FWHM, the output optical power and the phase shift in the output optical 

signal. From this table, the central wavelength shift and the output optical 

power are inversely proportional, while the phase shift between the two 

arms of SMS-MZI are directly proportional to the applied strain. In 

addition, FWHM has a non-linear variation. The same behavior can be seen 

for both simulation and experimental results.    

 

Figure (3.9) Tunable optical notch filter when a different set of strain is applied 

on the cross section area of FBG for two-path  

SFBGS-MZI 
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Experimental Results with force effect 

The output spectra for two-path SFBGS-MZI due to force effect that was 

obtained by applying different values of weights on the FBG. From Figure 

(3.10), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored by the OSA. 

 

 

 

 

 

 

Table (3.5) the strain effect on the central wavelength, FWHM, output optical 

power and phase shift for two-path SFBGS-MZI 

strain 

(mε) 

Central wavelength shift 

(nm) 

FWHM (pm)                

Sim Exp Sim Exp Sim Exp Sim Exp 

0 1545 1545.725 100000 

 

197.529 20.8 22 0 0 

0.09 1545.02 1545.736 120000 216.389 20.6 21.17       5.37 

0.24 1545.04 1545.750 120000 233.607 18 20.6        9.47 

0.31 1545.06 1545.765 120000 238.081 16.56 20.9        10.6 
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In case of two-path SFBGS-MZI, different sets of forces are applied and 

the most important parameters of the optical filter are varied as shown in 

Table (3.6)   

Table (3.6) Effect different sets of forces on the central wavelength, 

FWHM, and output optical power for two-path SFBGS-MZI. 

Weight (kg) 

 

Bragg wavelength 

(nm) 

FWHM( pm)                

0 1545.601 169.455 42.52 0 

0.25 1545.501 185.234 27.5 0.274 

0.5 1545.511 291.743 27.8       

0.75 1545.556 280.418 26.4      

1 1545.562 295.712 26.1      

 

Figure (3.10) Tunable optical notch filter when is applying different sets of force 

on the cross section area of FBG. 
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3.2.2.3 Multimode- Mach-Zehnder Interferometer  

Simulation results with force effect 

The output spectra for two-path MMF-MZI due to force effect that was 

obtained by applying different values of weights on the MMF. From Figure 

(3.11), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored   by the OSA of the Optiwave system. 

 

 

 

 

 

 

 

    

                                                                      

 

   

 

 

 

 

 

      

                                               

0 kg 0.250 kg 

  

0.500 kg   0.750 kg  

       1 kg 

Figure (3.11) Wavelength shift for two-path MM-MZI due to different 

values of applied force. 
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Experimental results with force effect 

The output spectra for In-line SFBGS-MZI due to force effect that was  

(3.12), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored  by the OSA. 

Table (3.7) lists the values of the shift in the central wavelength shifted, the 

FWHM, the output optical power and the phase shift in the output optical 

signal. From this table, the central wavelength shift and the output optical 

power are directly proportional, also the phase shift between the two arms 

of SMS-MZI are directly proportional to the applied weights. In addition, 

FWHM has a  non-linear variation. The same behavior can be seen for both 

simulation and experimental results.    

 

 

 

Figure (3.12) Tunable optical band pass filter when is applied different sets of 

weight on the cross section area of MMF for two-path MM-MZI 
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Simulation results with strain effect 

The output spectra for two-path MMF-MZI due to strain effect that was 

obtained by applying different values of strain on the MMF. From Figure 

(3.13), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored   by the OSA of the Optiwave system 

Table (3.7) the weight effect on the central wavelength, FWHM, output optical 

power and phase shift for two-path MM-MZI 

Weight

(kg) 

Central wavelength shift (nm) FWHM (pm)                

Sim Exp Sim Exp Sim Exp Sim Exp 

0 1548.509 1548.509 200000.02 

 

145.216 7.00725 16.18 0 0 

0.250 1548.510 1548.511 200000 143.276 7.00727 17.4      4.155 

0.5 1548.512 1548.512 199999.96 129.653 7.00728 17.9     8.31 

0.75 1548.513 1548.513 199999.93 138.227 7.00729 18.7      12.7 

1 1548.516 1548.515  199999.91 135.233 7.00731 18.9      16.6 
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Experimental results with strain effect 

The output spectra for two-path MM-MZI due to strain effect that was 

obtained by applying different values of strain on the MMF. From Figure 

(3.14), it is clear that there is a shift in the central wavelength for the output 

optical signal monitored by the OSA. 

0 mε      0.09 mε  

0.24 mε      0.31 mε    

Figure (3.13) Wavelength shift for two-path MM-MZI due to different 

values of applied strain. 
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Table (3.8) lists the values of the shift in the central wavelength shifted, the 

FWHM, the output optical power and the phase shift in the output optical 

signal. From this table, the central wavelength shift and the output optical 

power are inversely proportional, while the phase shift between the two 

arms of SMS-MZI are directly proportional to the applied weights. In 

addition, FWHM has a  non-linear variation. The same behavior can be 

seen for both simulation and experimental results.    

 

 

 

 

 

 

Figure (3.14) Tunable optical band pass filter when applied different sets of 

strain on the cross section area of MMF for two arms MM-MZI 
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3.4 Comparison between simulation and experimental results for all 

MZIs systems. 

A compression between simulation and experimental results for all MZIs 

systems is shown in Table (3.9). 

Table (3.9) Compression between all types of MZIs with Tunability 

and Phase shift 

In-line MZI Type of Mechanical 

effect 

Tunability 

(nm) 

          

a. SMS-MZI 

Simulation work  

Experimental work 

 

Force 

Force 

 

0.170 

0.232 

 

(0-9.84) 

(0-9.91) 

b. SFBGS-MZI    

Table (3.8) the strain effect on the central wavelength, FWHM, output optical 

power and phase shift for two-path SFBGS-MZI 

strain 

(mε) 

Central wavelength shift 

(nm) 

FWHM (pm)                

Sim Exp Sim Exp Sim Exp Sim Exp 

0 1547.438 1547.438 200000 

 

169.616 6.99239 16.2 0 0 

0.09 1548.513 1548.512 200000.01 135.830 7.00730 18.9      0.52 

0.24 1548.511 1548.509 200000.03 129.199 7.00728 17.1      1.42 

0.31 1548.509 1548.506 200000.05 144.145 7.00726 15.1      1.84 
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Experimental work Force 0.029 (0-2.26) 

Two-Path MZI 

a. SMS-MZI 

Simulation work  

Experimental work 

 

 

Force 

Force 

 

 

2.118 

2.131 

 

 

(0-9.85) 

(0-9.89) 

 

    SMS-MZI 

Simulation work  

Experimental work 

 

 

Strain 

Strain 

 

 

0.139 

0.152 

 

 

(0-1.89) 

(0-1.85) 

b. SFBGS-MZI 

Experimental work 

 

Force 

 

0.1 

 

(0-1.58) 

          SFBGS-MZI 

Simulation work 

Experimental work 

 

Strain 

Strain 

 

0.06 

0.04 

 

(0-16.311) 

(0-10.6) 

c. MM-MZI 

Simulation work 

Experimental work 

 

Force 

Force 

 

0.007 

0.006 

 

(0-16.9) 

(0-16.6) 

MM-MZI 

Simulation work 

Experimental work 

 

Strain 

Strain 

 

1.075 

1.074 

 

(0-1.87) 

(0-1.84) 
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3.5 Conclusion  

Two types of photonic devices were constructed by using different fibers 

MZIs ( in-line and two-path MZIs). These devices are optical tunable filters 

(notch and band pass filters). 

During the experimental and simulation works, several points were 

concluded which are: 

1-  It is successfully building band pass and notch optical filters using 

all fiber Mach-Zehnder interferometer (MZIs). 

2-  Tunable notch filter was obtained only with single mode –fiber 

Bragg grating- single mode Mach-Zehnder interferometer (SFBGS-

MZI) with one and two-path configurations. 

3-  Maximum tunability was obtained with two-path single mode –

multimode –single mode  Mach-Zehnder interferometer (SMS-MZI) 

equal to(2.131) nm in experimental work while the tunability in 

simulation work was obtained (2.118) nm with force effect. 

4-   A Phase shift was obtained with two-path multimode Mach-

Zehnder interferometer (MM-MZI) configuration, it is equal (0-

16.6)      while the phase shift in simulation work was obtained 

(0-16.9)       with force effect. 

5- There are differences between the simulation and experimental 

results due to the simulation program was done in optiwave system 

version (7.0), the splicing losses between two fibers were not 

considered. 
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  3.6 Future Work 

1- Designing a Fabry-Perot micro cavity array fiber Bragg filters.  

2-Using photonic crystal fiber instead of fiber Bragg grating and 

multimode fiber to design tunable optical filter and phase modulators. 

3- Applying another physical effect (temperature) to obtain fine tunable 

optical filter for each type. 

4- Using the designed notch fiber Bragg grating filter for WDM/OCDA 

systems.   

5- Building two-path Mach-Zehnder interferometer using SSFBG and array 

FBG. 
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OSA (YOKOKAWA, Ando AQ6370) is a check device designed to 

measure and display the distribution of power of an optical signal over 

a specified wavelength span. An OSA trace displays power in the 

wavelength domain Figure below shows the image of OSA that used in 

the two experiments. The specification of this device are:  

- High wavelength accuracy:      
  nm  

- High wavelength resolution: 0.02 nm.  

- Wide level range: +20 dBm to -90 dBm.  

- Fast measurement: 0.2 sec.(100 nm span).  

- Wavelength range: 600 nm to 1700 nm.  
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Fiber Bragg Grating 

 

 
 

 

Reflectivity = 94.37% 

Band width =0.206 nm 

Bragg Wavelength =1545.559 nm 

Grating length =10 mm 
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 الخلاصة

 

انؼذّذ ين انًششحاث انضٌئْو صًًج بأسخخذاو  .انًششح انضٌئِ ىٌ ػنصش ييى جذا فِ اننظاو انبصشُ ّسخخذو نهسْطشة ػهَ يمذاس ًطٌس الاشاسة انماديو

نًظ  ًالاخش ىٌ انٌاع يخخهفت ين يخذاخلاث ين نٌع ياخضّنذس اًنيًا ىٌ انهْف انبصشُ انًخؼذد الانًاط  انًحصٌس بْن نْفْن بصشّْن يخًاثهْن احادّْن ان

ًلذ .ًنَ بًساس ًاحذ ًانثانْو بًساسّنصًًج ىزه الانٌاع بطشّمخْن الاحْث .نْف بشاؽ انًحضص انًحصٌس بْن نْفْن بصشّْن يخًاثهْن احادّْن اننًظ كزنك 

 .ًين ثى ػًهْا optisystemحى ححمْك ىزه انخصايْى نظشّا بأسخخذاو بشنايج 

ين خلال حسهْظ لٌٍ اً شذ ػهَ يساحت طشّك انسْطشة ػهَ  ابؼادىا نلأشاساث انماديو ػن  سخخذيج كًششحاث ضٌئْو صًًج ىزه  انًخذاخلاث انخِ ا

 .انًمطغ انؼشضِ نهْف انضٌئِ 

يؼْنْن بكم نٌع ين انٌاع انًششحاث انضٌئْو  لابهْت حنغْى ًفشق بانطٌسػنذ حسهْظ لْى يخخهفت ين انمٌٍ ػهَ ىزه الانٌاع ين انًخذاخلاث حصهنا ػهَ 

خؼذد الانًاط انًحصٌس بْن نْفْن بصشّْن يخًاثهْن احادّْن اننًظ  رً ين نٌع انهْف انً ىِ ػنذ انًخذاخم طٌست حنغْى حصهنا ػهْيا  نهًكانج افضم لابهْ

 (2.313فشق بانطٌس لًْخو حساًُ) نانٌ يخشًحصهنا ػهَ  ( 132.2ًكانج لًْت انخنغْى حساًُ)  يساسّن
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