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ABSTRACT 

Fiber optic filter is a potentially brilliant method for tunable full waveband 

and adjustable multi-wavelength spacing in a continuous-wave (CW) Erbium-doped 

fiber laser (EDFL) and Ytterbium doped fiber laser (YDFL). Owing to their plentiful 

benefits, the simplicity, lightweight, low-cost fabrication, reliability, wide range, and 

repeatability are highly desirable features in fiber optic filters. In the present, an 

innovative all-fiber filter based on Mach-Zehnder interferometer (MZI) is planned 

and experimentally proved. The wavelength selection, channel spacing, and 

switching techniques are based on the whispering gallery mode (WGM) effect in a 

Mach-Zehnder interferometric comb-filter formed by bending a standard single-

mode fiber (SMF) into a balloon-like shape.  

By incorporating the proposed comb-filter into the laser ring cavity and 

adjusting the SMF's bending diameter to control the spectral cavity losses, the single-

wavelength lasing was tuned from 1065.26 to 1048.6 nm with a tuning range of 

16.76 nm for YDFL. Furthermore, by appropriately rotating the polarization 

controller (PC) cascaded with the filter, the laser can be switched between the dual-

and triple-wavelength lasing operations. Two sets of switchable triple-wavelength 

lasing operations around 1045 nm were obtained with a side-mode suppression ratio 

(SMSR) of 26.9 dB and 22.4 dB, respectively. Also, when the launched diode pump 

power in the fiber laser set up was increased from 110 to over 210 mW, the YDFL 

cavity lased at a dual- and triple-wavelength. The dual-wavelength laser was 

achieved at 1048.6 nm and 1046.38 nm with a channel spacing of 2.22 nm.  

The tunable full waveband EDFL operation with a wide wavelength-tunable 

range of 11.9 nm was realized by gradually varying the bent diameter of the 

interferometric filter structure. Also, when the launched diode pump power was 

increased from 110 to 195 mW, the central wavelength of the EDFL was shifted 

from 1562.9 nm to 1559.5 nm with channel spacing 2.4 nm. Moreover, by adjusting 
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the polarization state inside the cavity, the wavelength operation was switched from 

a single to multi-wavelength operation. Dual-, triple-, and quadruple- wavelength 

emissions were achieved. 

To the best of our knowledge, this is the first time that a bending SMF into a 

balloon-like MZI has been employed as an all-fiber filter to manipulate the spectral 

output characteristic of YDFL and EDFL. The proposed YDFL and EDFL output 

characteristics of tunable single / multi-wavelength can provide great potential in 

diverse photonics and communication applications. 
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CHAPTER ONE 

1.1 General introduction and motivation 

Optical fiber communication system components have been developed 

extensively due to the increasing demand for an effective technology for high-speed 

information transmission medium in both the long haul systems and the local 

networks. In recent years, spectral manipulation of fiber laser is an important issue, 

and efforts have been devoted to achieving a versatile performance such as 

tunability, switching, or spacing-tunable multi-wavelength lasers due to their wide 

broad range of applications such as in fiber communication systems, fiber optic 

sensors, etc. [1,2].  

 Tunable wavelength fiber lasers have been under intensive study in recent 

years due to their growing optical spectroscopy applications, optical sensors, and 

wavelength division multiplexing (WDM) [3,4]. In certain applications, such as 

fabrication of light source for the wavelength routers of WDM network and 

photonics systems' characterization, switching the fiber laser's operation from one 

single lasing line to another is preferable [5]. On the other hand, in some 

applications, such as (WDM) optical networks, signal processing, generation of 

soliton pulses, and multi-parameter measurement, a multi-wavelength operation is 

ideal [6,7]. 

 Moreover, in a practical view, a multi-wavelength fiber laser has more 

potential than a fixed wavelength fiber laser since the variable wavelength output 

with adjustable spacing may satisfy various applications such as in high-resolution 

spectroscopy, optical frequency metrology, microwave/Terahertz generation, optical 

sensing, and in fiber communications where the current WDM systems require 

various channels spacing depend on their specific applications [2,8]. However, most 
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of the multi-wavelength fiber lasers reported to date are not tunable or are only 

discretely tunable in spacing [2] . In addition, their advantages, like low operating 

costs, compactness, long operational lifetimes, and a high signal-to-noise ratio, are 

all benefits from these multi-wavelength fiber lasers [7,9,10] 

The basic principle behind a tunable and multi-line output characteristic of a 

fiber laser at room temperature requires an optical filter to alleviate the mode 

competition of the gain medium [11-13]. However, two main concerns need to be 

carefully handled to achieve a stable operation of tunable and multi-wavelength fiber 

lasers. The strong homogeneous line broadening and the cross-grain saturation 

induced in the doped fiber gain medium [14]. These limitations are still challenging 

to obtain stably tunable-, and multi-wavelength fiber laser outputs [15,16]. In some 

practical applications, it is also desirable to be able to enhance the functionality and 

the flexibility of a multi-wavelength fiber laser. Therefore, the tunability of the 

channel-spacing and the number of channels should be investigated [17]. 

 Up to now, there are several methods have been proposed to achieve channel 

spacing tunable operation of optical fiber comb filters [18]. Optical fiber comb filters 

are one form of these optical filters [19]. Various techniques to realize all-fiber comb 

filters have been reported, including the usage of tapered fibers [20,21], fiber Braggs 

(FBGs) in combination with tapers [22-24], Sagnac interferometers (SI) [25-27], and 

Fabry–Perot interferometers (FPI) [27,28] have been proposed to towards tunable 

and multi-wavelength doped fiber lasers generation. Therefore, high-performance 

optical filters with low cost, ease of handling, and fabrication to implement these 

types of Erbium-doped fiber laser (EDFL) and Yttrium doped fiber laser (YDFL) 

output characteristics are of great interest [14]. 
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 Mach–Zehnder interferometers (MZI) have many advantages over other 

types of interferometers, such as high reliability and environmental change 

insensitivity [29]. In this regard, many structures have been investigated in the 

literature for the construction of all-fiber MZI-based filters, such as single-mode 

multimode single-mode (SMS) fiber structure  [30], tapered fibers [31], microfibers 

[32], and photonic crystal fiber [33]. Temperature, electrical, and mechanical 

approaches are used to manipulate and tune the spectral response of these MZI comb 

filters [34]. However, the manufacturing of such MZI structures can be complicated 

and expensive  [26,35,36]. 

 Recently, MZI featuring ease of fabrication, simplicity, and cost-

effectiveness based on bending a single-mode fiber (SMF) into a balloon-like 

structure has gained a lot of interest in sensing applications [36-39]. On the other 

hand, very recently, He et al. reported the possibility to generate individually tunable 

adjacent single wavelength, dual-wavelength, triple-wavelength, quadruple-

wavelength, and quintuple-wavelength operation by appropriate adjustment of the 

polarization controllers (PC) in the laser cavity [40]. Some researchers have 

proposed and demonstrated optically tunable comb filters whose characteristics can 

be adjusted by pump light strength [41,42].  

In this work, a tunable full waveband and spacing adjustable multi-

wavelength doped fiber laser based on balloon-like bent SMF structure act as MZI 

based filter is experimentally demonstrated. First, the proposed filter's attenuation 

bands are reshaped by changing a traditional SMF's bending diameter d, achieving 

a tunable full waveband lasing operation. Second, the effect of enhancing the pump 

power on the wavelength tunability was investigated. The laser emission was tuned/ 

switched for the smallest wavelength with the blue shift as the pump power was 

increased gradually from (110–210) mW. Finally, the multi-wavelength generation 
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with spacing tunability was achieved by adjusting the state of polarization inside the 

ring cavity.  

1.2 Fiber Lasers 

Fiber lasers are a special kind of solid-state lasers in which the active medium 

(AM) is the core of an optical fiber doped with a rare-earth element. These types of 

lasers show high gain with high pump efficiency, good beam quality, high reliability, 

and compactness. Thus, they are found in potential applications for communications, 

remote sensing, and medicine. YDFL emitting near 1.0 m allows the production of 

a cost-effective and robust alternative device for several applications in biomedical, 

material processing, science, and high power laser operation [43]. 

On other hand, EDFL has many excellences such as narrow bandwidth and 

long-range tunability. It can be used in many potential applications such as sensing 

and communication because it radiates at 1.55 m lying in the third window of low 

loss in fiber-optic communications [44]. Fiber lasers were developed in the early 

days of laser demonstration, but they have become of great practical interest only in 

recent years because of the advent of techniques for fabricating doped single-mode 

silica fibers as well as the suitable diode lasers allowing efficient pumping [45]. 

 Intense absorption bands are constructed by the rare earth ion, whereas the 

low loss wave guiding features of the fiber are preserved at the emission wavelength 

of the rare earth ion. This rare-earth is optically active, therefore it can absorb light 

at one wavelength and emit light at another. The fiber core can be doped with ions 

of rare-earth elements, then it can be used as AM of a fiber laser. Such rare-earth 

ions are erbium (Er3+), neodymium (Nd3+), ytterbium (Yb3+), thulium (Th3+) or 

praseodymium (Pr3+). These ions have different absorption and emission spectra 

associated with transitions between states of energy. The suitable wavelength for 
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pumping and the wavelength of the emitted signal depends on the energy levels of 

each rare-earth element, the output of the fiber lasers can show several temporal 

operation regimes. 

In addition to the amplifying gain medium, there is a difference in passive 

fiber optics elements that are utilized in optical fiber laser systems to implement 

precise jobs. These passive elements split, redirect or combine the light signals. the 

integrated cavities and all-fiber designs have become possible with the most popular 

passive fiber optics elements that are commonly utilized are WDM, isolator, fiber 

filters, polarization controller, and coupler, complemented by the ability of direct 

pumping by semiconductor lasers diodes [46]. Therefore, silica glass represents the 

main glass host for fiber lasers which allows fiber lasers to take advantages of its 

unique properties of excellent optical transmission from ultraviolet (UV) to near-

infrared wavelengths, excellent refractive index homogeneity with a low nonlinear 

refractive index, a very low coefficient of thermal expansion, small strain 

birefringence, very high thermal stability, high mechanical strength, and resistance 

to radiation [47].  

Another inherent feature of fiber lasers is usually pumped by low-cost laser 

diodes that emit light with low-quality output mode. The wavelength of the diode 

laser should be compatible with the excitation of the selected dopant ions of the 

active medium. Fiber lasers are now competitive with solid-state and semiconductor 

sources in several domains, over which they have proved the advantage of excellent 

mode quality, high brightness, efficient coupling into an SMF, far superior 

wavelength stability with temperature, and enhanced heat dissipation because of the 

larger surface to volume ratio of the AM [48].   
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1.3 Principle of Fiber Lasers Operation  

Absorption, spontaneous emission, and stimulated emission are the operation 

processes to generate photons in the gain medium of fiber lasers. The fiber laser 

system consists of a pump source used to pumps light into the active fiber which is 

placed between two reflectors such as mirrors or FBGs. When light is pumped into 

the cavity, the light is absorbed by the ions of the doped fiber. These ions will travel 

from the ground energy level to the higher one. At the higher energy state, the ions 

will emit the absorbed light as photons. This process is called spontaneous emission.  

The mirrors reflect some of the emitted photons back and forth within the 

amplifier. One mirror is closest to the pump source, which is transparent to the pump 

wavelength and has 100% reflectivity at the lasing wavelength. The other, placed at 

the end of the amplifier with 80-99% reflectivity at the lasing wavelength. The 

reflected photons by mirrors will stimulate the ions in the higher energy level to emit 

more photons in a process called stimulated emission shown in Fig. 1.1 [49]. Fiber 

lasers can be classified according to the cavity configuration into two major types: 

fiber laser with ring cavity [50,51] and fiber laser with linear cavity [45,52]. The 

next sub-sections will describe both cavities. 

 

Fig. 1.1: Illustration of stimulated emission process [49]. 
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1.3.1. Fiber Laser with Linear Cavity  

  Typically, Fig. 1.2 shows the most common type of fiber laser with a linear 

cavity which is known as the Fabry-Perot cavity. It can be designed by placing the 

active medium between two highly reflecting mirrors. Mirrors are often butt coupled 

to the fiber ends to minimize diffraction losses. To avoid passing the pump light 

through dielectric mirrors, many alternatives can be used. For example, one can take 

advantage of fiber couplers so that most of the input pump power comes out of the 

port that is a part of the laser cavity. Such couplers are called (WDM) couplers. 

Another solution is to use fiber gratings as mirrors. FBGs can behave like a high 

reflective mirror for the laser wavelength while being transparent to the pump 

wavelength. 

Generally, the two counter-propagating signal waves in the fiber laser linear 

cavities interfere and produce a standing wave. Owing to the roundtrip character of 

the light path within the laser cavity, the interference generated by the minimum 

amplitudes of the standing wave is responsible for the spatial hole-burning influence 

that is generated inside the laser cavity. this type of fiber design with a somewhat 

lengthy cavity and great gain-bandwidth will experience prompt mode hopping 

influence resulted from the spatial hole burning [53]. As well the light travels twice 

per roundtrip cycle via the gain medium, and then the laser gain/loss is considered 

twice per cycle, In this case, the peak power alternative is quite small [54]. 
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Fig. 1.2: Fiber laser linear cavity configuration based on (a) two dielectric mirrors [53], (b) FBG 

[45]. 

1.3.2 Fiber Laser with Ring Cavity 

   Ring cavities are usually used to allow the unidirectional operation of laser 

output. In the case of fiber lasers, there is another advantage which is a ring cavity 

can be designed without using mirrors which results in an all-fiber cavity. In the 

simplest form, a WDM coupler is used to form a ring cavity containing the active 

medium as illustrated in Fig. 1.3. Because such a ring cavity resonates in both 

directions and, therefore, has a bidirectional output, its conversion efficiency is only 

half as high as that of a Fabry-Perot linear cavity.  

This problem is solved by introducing an optical isolator (ISO) in the laser 

cavity, which forces unidirectional operation and prevents the AM from any possible 

spatial hole burning to the AM [55]. A PC is required for conventional doped fiber 

that does not preserve polarization. It controls the state of polarization inside the 

cavity against the physical movement and bending. 

a 

b 
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Fig. 1.3: Fiber Laser with Ring Cavity [55]. 

The stability of laser output power is affected by several factors, such as the 

length of the active medium (the doped fiber), the coupling ratio on the output, and 

the total cavity length. It can be improved by the appropriate selection of laser 

parameters [56]. A standard ring cavity fiber laser includes doped fiber as an active 

gain medium and various related fiber-coupled devices. These devices include 

WDM, fiber coupler, optical isolator, polarization controller, and pump source. The 

following sections review the basic principles of these optical components. The 

major passive optical components of the fiber laser ring cavity are overviewed in the 

next subsections. 

1.3.2.1 Fiber Output Couplers (OCs) 

Fiber OCs are commonly used for light coupling between different fibers. 

They are directional couplers, having one or more input fiber ports and one or more 

output fiber ports. Light injected into an input fiber port will appear at one or several 

output fiber ports, but not at other input fiber ports. The most forms 2x2 or 1x2 ports 

couplers with various dividing are employed for the output of laser generations of 

OC 

Active Fiber  

WDM 

Input Pump 

Source 

 Laser Output  

PC 

ISO 
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the fiber laser [57]. The simplest form of this device is a 1×2 coupler as depicted in 

Fig. 1.4 In general, those couplers are manufactured by twisting two SMFs together 

in which their cores become so close over a specific length of the fiber. As light 

guided in one fiber may then the evanescent fields leak over to the other one. The 

output ports can splitting the signal in different present [90:10], [80:20], [70:30], and 

[50:50]. This is a coherent approach that is greatly wavelength-dependent [45]. 

  

Fig. 1.4: Schematic Diagram of Fiber Output Coupler [45]. 

 

1.3.2.2 Wavelength Division Multiplexer (WDM) 

In a fiber laser ring cavity, combining the pump and signal is achieved by an 

optical WDM. WDM elements are specified coupler kinds that permit light from two 

or more optical sources of various spectral wavelengths to be propagated in parallel 

into a single optical fiber. In a fiber laser, WDM is an ideal solution to combine 

signal and pump with little insertion attenuation, permitting the combined signal and 

pump to be traveled within the same gain fiber without interference [57]. 

 For EDFL and YDFL, 980/1550 WDM is typically used and its chromatic 

dispersion distorts the optical signals propagating along with the output port of the 

WDM by making different wavelengths propagate with diverse groups velocities. 

 

Input Port  

Output Port 2 

Output Port 1 
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1.3.2.3 Optical Isolator (ISO) 

When light propagates through fiber splices, connectors, and other optical 

elements there are several probabilities for back reflection. These reflections 

typically materialize after light propagates via an interface vertical to the direction 

of the light path.  But, an ISO is utilized to save the signal and pump sources from 

back-reflections. Generally, the ISO is a two-port passive element that permits light 

(in a specific wavelength band) to travel through with little loss in one direction, 

although isolating (giving a high loss for) light traveling in the reverse direction [57, 

58]. The operation principle of the ISO is illustrated in Fig. 1.5.  

The Faraday effect is obtained when a magneto-optic material is positioned in 

a strong magnetic field [45]. Light propagating within this material has a polarization 

state which is rotated by an amount depending on both length and strength of the 

magnetic field. This is beneficial since this effect is asymmetric. So, the light 

traveling in one direction gets its polarization rotated by 45º, while the light traveling 

in the opposite direction gets rotated in the same direction by the same angle. As a 

result, light coming back into the input is perpendicular to the original signal. 

     

 

 

 

 

 

 

Fig. 1.5: A Polarization Independent Optical ISO [57]. 
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1.3.2.4 Polarization Controller (PC) 

Polarization controller (PC) is an optical device that permits controlling the 

state of polarization of light within the fiber. The fiber polarization controller invests 

the induced birefringence by bending a fiber [45]. The PC an in-line manual device 

(Thorlabs PLC-900) consists of a rotatable fiber squeezer and two fiber holding 

clamps were used. 

The center portion of the fiber strand is sandwiched in the fiber squeezer. It 

creates stress-induced birefringence within SMF by mechanically compressing the 

fiber. This acts like a variable, rotatable wave plate. Both the angle and retardance 

of the wave plate can be continuously, independently adjusted, which permits any 

arbitrary input polarization state to be converted to any required output polarization 

state. Also, through the rotating of the fiber squeezer about the fiber, the induced 

birefringent axis can be changed as illustrated in Fig. 1.6 [59]. 

 

Fig. 1.6: In-line Polarization controller device [59]. 

1.4 Pumping Sources of Fiber Laser  

Pumping of lasers can be achieved via electrical, chemical, and optical 

pumping. Fiber lasers are optically pumped by another diode laser with a suitable 

wavelength. The main advantage of diode pumping is the high opto-optical 
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efficiency because there is a very good matching between the emission spectrum of 

the diode laser and the absorption spectrum of the active gain medium [60]. 

Compared to other kinds of lasers, diode laser offers distinct advantages, namely its 

compact size, low cost, and wide operation wavelengths. There are different types 

of diode lasers used in fiber laser technology [61].  

The most common semiconductors used in diode lasers are compounds based 

on gallium arsenide, indium gallium arsenide, phosphide, and gallium nitride. 

Different types of diode lasers can be used as a pumping source for fiber laser low 

and high power diode laser There are two main kinds of pumping: when the pumping 

radiation is coupled directly into the core of active fiber (doped fiber) it will be called 

core-pumped active fibers (which is good for a short active fiber length), and when 

pumping radiation is coupled into the cladding of active fiber so-called clad pumped 

active fibers(the main advantages include the ability to couple high-power pump 

radiation from low-brightness diode lasers ) [53]. 

1.5 Whispering Gallery Mode (WGM) 

Whispering gallery modes or waves are specific resonances (for instance, 

sound waves, electromagnetic waves, etc.) of a given resonator (a cavity) with 

smooth edges [62]. They correspond to waves that rotate around the cavity, 

supported by continuous total internal reflection off the cavity surface, that meet the 

resonance condition (after one roundtrip they return to the same point in the same 

phase (2πn, where n is an integer) and therefore interfere constructively with 

themselves, forming standing waves). These resonances depend dramatically on the 

resonator cavity geometry [63]. Consider a microsphere of radius 𝑎 with refractive 

index n and a ray of light propagating inside, hitting the surface with an angle of 

incidence ϴi , Fig. 1.7.  
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If ϴi > ϴc = arcsin(1/n), then total internal reflection occurs. Because of 

spherical symmetry, all subsequent angles of incidence are the same, and the ray is 

trapped. This simple geometric picture leads to the concept of resonances. For large 

microspheres (a >> λ), the trapped ray propagates close to the surface and traverses 

a distance ≈ 2πa in a round trip. If one round trip exactly equals m wavelengths in 

the medium (𝑚 = integer), then one expects a standing wave to occur. This condition 

translates into 2πa ≈ 𝑚 (λ/n) since λ/n is the wavelength in the medium. 

 

Fig. 1.7: Optical whispering gallery. 

One of the most important quantities that describe the performance of any 

resonator is the quality factor or Q-factor, there are many reasons why Q factor is 

important, with increasing Q factor or quality factor, so the bandwidth of the tuned 

circuit filter is reduced. As losses decrease so the tuned circuit becomes sharper as 

energy is stored better in the circuit. Filters based on optical whispering gallery 

resonators are among the most developed applications of whispering gallery 

resonators. The intent is to use them for processing signals in optical 

communications, where ring resonators with Q-factors are adequate. 
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1.6 Wave-guiding Optical Fiber  

Optical fibers can be defined as cylindrical dielectric waveguides that 

transport light. Each fiber consists of a core radius 𝑎 and refractive index 𝑛1 (has a 

diameter of about 5-100 μm), surrounded by a cladding of a slightly lower refractive 

index n2 (most of the cladding has a diameter around 125-200 μm). The glass fiber 

structure is coated with a polymer layer to protect the glass surface and to prevent 

any unwanted light to propagate in the cladding layer. Fig. 1.8(a)  shows the basic 

structure of the optical fiber. When an electromagnetic wave is injected into the core 

at an angle greater than the critical angle, it propagates through the core of the fiber 

via the principle of total internal reflection (TIR), as shown in Fig. 1.8(b).  

 

 

Fig. 1.8: (a) Basic structure of the optical fiber, 

 and (b)Confinement of light within fiber core by total internal reflection [64]. 

Depending on the fiber diameters of core and cladding, the fiber allows the 

propagation of a single transversal mode (SMF) or a multiple transversal modes 
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(MMF). The last one is classified depending on the fiber refractive index of core and 

cladding, step index fiber (SIF), or graded index (GIF) as showin in Fig. 1.9. When 

light incident on the fiber end face at a certain angle known as the acceptance angle, 

light will be confined into the fiber core. Cladding part prevents light propagation 

outside of the fiber. 

 

Fig. 1.9: types of optical fiber and light propagation. 

 

The maximum angle of incidence (ϴi) for coupling light into fiber core 

depends on the core and cladding refractive indices [64]: 

𝑛𝑜 sinϴi= (𝑛1
2 − 𝑛2

2) ½                                         (1.1) 

 Where 𝑛𝑜 is the refractive index of the medium outside the optical fiber and is 

usually 1 for air. The quantity 𝑛𝑜sinϴi defines the capability of light confinement in 

a fiber which is known as the numerical aperture (𝑁𝐴). 𝑁𝐴 and normalized 

frequency (𝑉) are important parameters of fiber to determine how many modes are 

supported by the waveguide at the signal wavelength (λ), 𝑉 parameter can be defined 

as: 
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𝑉 = 𝑎 (2𝜋/λs) 𝑁𝐴                                                 (1.2) 

A step-index fiber can only support a single mode if V < 2.405, which is 

known as the cut-off condition for single-mode fiber. For larger V parameters, the 

number of supported modes can be approximately calculated by V 2 /2 [65]. A SMF 

operating at 1.55 µm has the lower attenuation and is free from intermodal dispersion 

making the optical signal to be maintained over a long distance. Therefore, optical 

fibers now hold a promising place as the backbone of communication systems and 

in fiber lasers that use rare-earth-doped fibers as a gain medium. 

1.7 Rare-earth Ions and doping concentration (N) 

Fiber lasers are based on glass fibers doped with rare-earth ions. An optical 

fiber becomes an active fiber when one or more rare-earth elements are incorporated 

into the fiber core during the fiber fabrication process. By incorporating different 

rare-earth ions, such as erbium, neodymium, and ytterbium, fiber lasers become 

capable to operate over a wide range of wavelength extended from 0.4 to 2.9 m. 

The dopant concentration of an active fiber is an important parameter of laser 

gain medium often specified in percentage of the dopant in molar parts per million 

(PPM) or by the number density (N) of the laser-active ions, i.e., the number of ions 

per cubic meter or cubic centimeter. The operation wavelength of fiber lasers is 

usually determined by the transitions between the energy levels of the doped rare-

earth ions. Rare-earth ions have unique features that make them distinguished from 

other optically active ions. The emission and absorption transitions wavelength are 

independent of the doping concentration of the host material, they emit and absorb 

within narrow line-widths at wavelengths ranging from UV to IR, the lifetimes of 

metastable states are long, and the quantum efficiencies have a tendency to be high. 
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These properties are a result of their unique atomic structures which are very 

important for applications in lasers and amplifiers [64]. 

 Table 1-1 shows the main rare-earth ions with their commonly used host 

glasses. Also, it contains their wavelength absorption and emission ranges [55]. The 

following sub-sections explain the spectroscopic properties of the greatest utilized 

rare-earth ions (Yb3+ and Er3+). 

Table 1-1: Rare-Earth Ions with their Absorption and Emission Wavelengths  [55]. 

Ion Common Host Glasses 
Absorption 

Wavelength (nm) 

Emission 

Wavelength (nm) 

Neodymium (Nd3+) 
Silicate and phosphate 

glasses 
590, 807, 815 1030-1100 

Ytterbium(Yb3+) Silicate glass 850, 980, 1047 1000-1100 

Erbium (Er3+) 
Silicate, phosphate and 

fluoride glasses 
800, 980, 1480 1550-1600 

 Thulium (Tm3+) 
Silicate, germinate and 

fluoride glasses 

790, 808, 1064, 

1550 
1700-2100 

Praseody 

mium(Pr3+) 

Silicate and fluoride 

glasses 
888, 1048, 1080 1300, 634 

Holmium (Ho3+) 
Silicate, and 

fluorozirconate glasses 
2040, 2076 2100, 2900 

 

 

 



Chapter one Introduction and Basic Concepts 19 
 
 

1.7.1 Ytterbium ion-doped Fiber (YDF) 

Ytterbium ions are a versatile dopant of silica-based host medium. It gained 

several interests as a laser ion in the form of ytterbium-doped fiber lasers (YDFL). 

This can be attributed to certain defining features that appear from the simple 

structure of the energy level such as, longer upper-state lifetime and the ability to 

absorb pump photons over a wide spectral range. The simple electronic structure of 

Yb3+ is illustrated in Fig. 1.10 [53]. It is divided into two manifolds; 2F7/2 is the 

ground level splits into four stark levels, and 2F5/2 is the exciting level splits into 

three stark levels. 

The main advantage of YDF comes from that, only one excited level manifold 

is concerned in the laser transition. The small energy gap between the ground and 

excited state of ytterbium ion results in low quantum defects. Thus high power 

efficiency is possible. In addition, YDF offers several advantages such absence of 

quenching, high gain-bandwidth which make it attractive for high power and ultra-

short pulse applications [43]. 

 

Fig. 1.10: Yb3+ energy level structure  [53]. 
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YDF has quasi-three-level or four-level behaviors based on the pump 

wavelengths. For emission wavelengths shorter than 1080 nm, the lower laser 

transition state is very close to the ground level similar to a quasi-three level system 

[43]. For wavelengths higher than 1080 nm, the laser transitions occur at energy 

levels higher than ground-level, therefore the system displays a four-level system 

behavior. The simple structure of the Yb3+ energy level leads to high absorption and 

emission cross-sections, which are also dependent on the host medium. The 

absorption and emission cross-section of Yb3+ is illustrated in Fig.1.11 [53]. 

 

Fig. 1.11: Absorption and emission cross-sections of Yb3+ -doped glass [53]. 

1.7.2 Erbium ion-doped Fiber (EDF) 

EDFLs operate in the important third communication window around 1550 

nm which exhibits the minimum loss ~ 0.2 dB/km preferred in light wave 

communication systems. The performance of EDFLs was improved when they are 

pumped at the 0.98 or 1.48 µm wavelength because of the absence of excited-state 

absorption. This means that we can use a cheap diode laser as a pump source and we 

get very high quality and potentially high power beam out at 1550 nm [53]. Fig. 1.12 

shows the energy level diagram of Er3+ with the optical transition of the 4f shell [66]. 
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From this figure, one can observe that EDFLs have a three-level system since the 

lower laser level is the ground state. 

 

Fig. 1.12: Energy Level Scheme of Er3+ Transitions [66]. 

The energy level of Er3+ is split into multiple sub-levels due to stark effect. This 

splitting causes broad emission bandwidth. When the Er3+ doped fiber is pumped by 

980 nm, Er3+ will be excited from the ground state 4I15/2 to the higher level 4I11/2. 

Then, the excited Er3+ at 4I11/2 makes a fast decay to the lower energy level 4I13/2 under 

non-radiative emission. The excited ions on 4I13/2 finally return to the ground state 

4I15/2 through spontaneous emission [66]. 

The spontaneous emission will be amplified during its propagation through 

the fiber as a function of pump increasing. When the photon's energy equal to the 

energy difference between 4I13/2  and 4I15/2 , amplified spontaneous emission (ASE) 

occurs. ASE extends over a wide wavelength range from 1520-1570 nm, thus it can 

be used as a broadband light source. If a laser signal with a wavelength between 

1520 and 1570 nm, and a 974 nm pump laser is lunched into an erbium doped fiber. 
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Fig. 1.13 shows the absorption and the emission cross-sections measured at room 

temperature in the 1.5 µm spectral range. The absorption region between 1450 to 

1550 nm gives the possibility to achieve high power efficiency. That is because of 

the closeness between the pump and signal wavelength. In erbium, the emission has 

a broad bandwidth of about 50 nm allowing the amplification to take place in the 

telecommunication window [53, 66]. 

 

Fig. 1.13: Absorption and emission cross-sections of the Er3+ -doped , PKBAEr glass [8,53]. 

1.8 All Fiber comb-filter 

Optical filters are utilized in widespread fields of application within optics and 

optical fiber systems. Optical filters are frequency domain systems that eclectically 

weaken or pass specific wavelengths. The common parameter in all-optical filters is 

their reliance on particular wavelength-sensitive influence. Generally, optical filters 

are dependent either on interference or diffraction phenomena [57]. Optical comb 

filters as essential components play a significant role in optical signal processing, 

isolating the unwanted neighboring channels causing cross-talks in WDM. This is 

due to their simple design, low insertion loss, low cost, ease of use, and good fiber 

compatibility with the communication system [30,67,68]. 
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 Besides, comb filters find potential applications to be used as selective 

elements in multi-wavelength laser generation, and it is possible to modulate their 

transmission spectra by the external physical perturbations, such as torsion, strain, 

and curvature. Furthermore, it can be implemented with various fiber structures and 

configurations [69]. In this sense variety of techniques have been proposed to realize 

all-fiber comb filter functions such as FPI filters [70], SI loop [26,71], birefringent 

material with the polarization-dependent loss [72], and MZI filter [69]. 

 There is a huge variety of optical filter configurations. The next filters are the 

most familiar [58] : FPI filter, SI loop filter, MZI filter. 

1.8.1 Fabry-Perot filter 

A simple FPI (It is also called an etalon) comprises two reflecting surfaces 

placed in parallel separated with a certain distance [73]. In this configuration, the 

interference happens due to manifold superposition of both transmitted and reflected 

beams from the parallel surfaces [74]. In the optical fiber cases, the reflectors are 

built up inside or outside the fiber to achieve the FPI. FPI filters also could be split 

into two types: extrinsic and intrinsic. In the external cavity reflector used in FPI 

filters out of fiber the interference signal obtained with high finesse as shown in Fig. 

1.14(a) [75]. 

                Moreover, FPI based filter fabrication is simple and low cost. 

Nevertheless, these filters suffer from many drawbacks like packaging, alignment 

problems, and coupling efficiency [74].  Intrinsic FPI filter fabricated with reflection 

component inside the fiber itself adopts different techniques such as fiber Bragg 

grating, micromachining, thin-film deposition, and chemical etching As shown in 

Fig. 1.14(b) [73].   
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Fig. 1.14: FPI (a) extrinsic, (b) intrinsic [76]. 

1.8.2 Sagnac Loop Filter  

Sagnac loop filter simply consists of a section of polarization maintaining 

fiber (PMF) and a 3 dB fiber coupler to form a loop. It resembles a ring cavity but 

performs differently because it has no feedback (single round trip) [77]. The 

operation principle of the loop filter is based on dividing the input light into two 

beams traveling with opposite arms. The two beams merge and create an interference  

pattern at the output of the (50:50) coupler as shown in Fig. 1.15. Sagnac 

interferometer is incorporated inside the cavity from a Figure of eight configurations 

and acts as a comb filter. 

      

Fig. 1.15: Setup of Sagnac loop filter [77]. 
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1.8.3 Mach-Zehnder filter 

Fiber MZI has been considered as one of the oldest and most important optical 

fiber interferometers. These interferometers consist of two or more fiber beams 

(arms), which are split and combined by two optical couplers to measure the optical 

phase difference (OPD). Typically an incident light beam of an interferometer is 

split into two paths and then recombined together to create an interference pattern. 

The standard two beams fiber MZIs have been commonly used as optical filters [78], 

fiber modulators [MZM], and fiber sensors [79]. In general, these interferometers 

are constructed using two couplers. 

The first 3-dB coupler divides the incident coherent beam equally between the 

two arms of the interferometer and recombines then at the output by the output 

coupler see Fig. 1.16. The OPD between the two arms is occurred either by changing 

the length of one of the arms or by changing the optical path length (like bending). 

This incident light beam will propagate along the same physical fiber length but with 

different optical path lengths due to modal dispersion; the core mode beam has a 

higher effective index than the cladding mode beam [80]. 

 

Fig.  1.16: The schematic diagram of MZI [78]. 
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There are several configurations usually employed to form in-line fiber MZIs, 

i.e. taper, FBGs, core offset, mode mismatch, etc. The following subsections give 

brief descriptions of general types of in-line fiber MZIs. 

1.8.3.1 Tapered Fiber MZI 

 Tapering is an effective way to convert a relatively 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, thus, the energy loss from the 

fundamental mode would be coupled to the high order cladding modes. An effective 

tapered MZI can be constructed by tapering a fiber at two-point along with the fiber 

as shown in Fig. 1.17 [80]. 

This technique is cost, 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 has very sensitive to 

external disturbance [79].  

 

Fig. 1.17: A tapered fiber MZI configuration technique [80]. 
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1.8.3.2 FBG based MZI 

This type of fiber MZI has a pair of FBGs in which a part of the light beam 

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

cladding modes by the first FBG, now the core and the cladding modes are excited, 

and then recoupled again to the fundamental mode (core modes) by the second FBG 

[80]. In general, there are two categories of this interferometer, short period FBG 

with submicron period and long-period grating (LPG) with a period ranging 100 µm-

1 mm. 

The structure of an LPGMZI is depicted in Fig. 1.18. This interferometer is 

preferred in refractive index sensing applications. The main challenge of this 

interferometer 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. 

 

Fig. 1.18: A LPG MZI configuration technique [80]. 

1.8.3.3 Core-Offset Fiber MZI 

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 Fig. 1.19, a part 

of the beam guided into the lead-in fiber 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 [81]. 

LPG

G 

LPG

G 



Chapter one Introduction and Basic Concepts 28 
 
 

 

Fig. 1.19: A core offset fiber MZI configuration technique [81]. 

1.8.3.4 Core-mode mismatching based MZI 

Core-mode misalignment between two fiber segments can also affect a 

portion of core mode light coupled into cladding modes. Through this technique, the 

beam inside the optical fiber is to utilize fibers having various core sizes or various 

mode field diameters (MFDs) as demonstrated in Fig. 1.20. In this design, the 

fabrication method is simply verified by splicing an MMF with two short sections 

of SMF (SMF-MMF-SMF MZI structure) [80]. 

The MMF has a greater core size besides standard SMFs. However, the 

variance in MFDs among the fundamental core mode of the SMF in addition to 

MMF leads to the splitter fraction of the fundamental core mode from SMF and 

excitation of the first limited modes supported in MMF. These modes will be joined 

again in the second spliced locations.       

 

Fig. 1.20: core-mismatch MZI configuration [80]. 
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1.8.3.5 Mach-Zehnder interferometer with Optical fiber bending loss 

Optical fibers suffer radiation losses at curves on their paths. This is due to 

the energy in the Whispering Gallery Mode (WGM) field at the bend exceeding the 

velocity of light in the cladding. Bends are divided into two types: Macro bend loss 

which refers to losses generated in bends around mandrels of a specified diameter. 

Microscopic bends with a radius of curvature approximating the fiber radius 

mustn't be produced in the fiber cabling process. These so-called micro bends loss 

denotes specified minimum scale "bends" in the fiber, often from pressure applied 

on the fiber itself [82].Recently, lots of configurations based on bent fibers are 

utilized as optical filtering configurations such as u-shaped, c-shaped, s-like, 

cascading multiple ring bent fibers [83], balloon-like bending optical fiber 

configuration. 

Optical comb filters as essential components that play a significant role in 

optical signal processing, isolating the unwanted neighboring channels causing 

cross-talks in DWDM. That is owing to design the straightforward, minimum 

insertion loss, low cost, convenience of usage, that excellent fiber compatibility with 

the system of communication. All these specifications are highly desirable features 

in fiber optic filters. 

Besides, comb filters find potential applications to be used as selective 

elements in multi-wavelength laser generation, channel spacing, and it is possible to 

modulate their transmission spectra by the external physical perturbations, such as 

torsion, strain, and curvature. Furthermore, it can be implemented with various fiber 

structures and configurations [69]. This structure can be fabricated by bending a 

section of optical fiber into the balloon-like shape utilizing a segment of a capillary 
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tube and adjusting the radius of curvature by several millimeters, by pulling the 

termination of the two ends of the fiber gradually to change the bending diameter. 

When light reaches the bending section, a fraction of the light will be free 

from the core mode and penetrates the cladding as the light propagates within the 

structure bending segment. Then, the cladding modes will have recoupled back to 

the core mode called WGM, accordingly, an MZI modal interferometer can be 

efficiently formed between the cladding modes and the remaining core mode owing 

to the differences in effective refractive indices RIs of the core and cladding modes. 

As well as the optical path differences experienced through the light signals 

propagating in the core and the cladding modes [84]. 

In this thesis, MZI based on balloon-like fiber was proposed and constructed 

experimentally, the principle and operation of these MZIs interferometers will be 

clarified in detail in the next section. 

1.9 Filtering Principles and Operation 

The schematic structure of the proposed MZI based filter is shown in Fig. 

1.21(a). Without being removed from the coating, the balloon-like interferometer 

with a bending diameter d and a total length L was implemented utilizing a 

conventional SMF (coring SMF-28) section. First, a 15 cm long SMF in its straight 

state was used to construct the balloon-like structure. A short section of a thin silica 

capillary tube with a length of 15 mm and a diameter of 800 μm was inserted into 

both ends of the straight SMF. 

Then, the bending was performed with the aid of a thin silica capillary. This 

was performed by moving the capillary tube along the SMF and adjusting its 

location, different bending diameter of the balloon-like structure was easily adjusted. 

Then, to facilitate the incorporation of the filter inside the ring cavity, the automatic 
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mode of the commercial fusion splicer (Fujikura FSM-60S) was selected to splice 

the optical FC/PC connector with 0 dB losses at both ends of the bent SMF and to 

reduce the overall cavity losses as much as possible.  

Finally, the constructed structure was adhered to a glass plate using UV glue around 

the capillary tube to prevent it from vibration or movement. 

 

  

(a)                                                                                                     (c) 

Fig. 1.21. (a) Balloon-like interferometer structure-based comb-filter, (b) schematic representation of 

the proposed MZI based comb, and (c) geometrical model of the macro bending structure. 

 

The basic operational theory of the balloon-like MZI is based on the modal 

interference between the core mode and the cladding mode, which can be described 

as follows: when the light passes through the bent section, a part of the propagating 

light escapes from the constraint of the SMF core and penetrates the cladding at 

(b) 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FOptical-FC-PC-connector_fig19_225092730&psig=AOvVaw3Ae6CpFuaIGrzqXF-89NrG&ust=1620641971955000&source=images&cd=vfe&ved=2ahUKEwjui9L5r7zwAhVmyrsIHacxCcIQr4kDegUIARDJAQ
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which point it excites the cladding modes. As these excited cladding modes pass the 

balloon-shaped bending section it will then re-couple back into the SMF core at the 

waist of the bend and form the so-called whispering gallery mode phenomena 

(WGM), which then interact with the residual core mode. 

Therefore, the optical path length difference in the cladding modes and core 

modes will establish the modal interference in the straight lead-out SMF [85]. Thus 

an MZI is formed due to the existence of differences in RIs of the core and cladding 

and the optical path differences experienced by the light signals propagating in the 

core mode and the cladding modes. 

In this MZI the bending points act as fiber couplers while the core and 

cladding act as the interferometer arms as illustrated in Fig. 1.21(b). The balloon-

shaped bending diameter would be modified as the capillary tube progressively goes 

up and down along the SMF. As a result, the impact of changing the bending 

diameter can be observed and measured via the resonance wavelength change of the 

transmitted spectrum. The transmitted light intensity passes through the balloon-like 

MZI can be represented as [37-40]: 

                      𝐼𝑜 = 𝐼𝑐 + 𝐼𝑐𝑙 + 2√𝐼𝑐𝐼𝑐𝑙 𝑐𝑜𝑠  (𝜑𝑖𝑛 + ∆𝜑)                                (1.3) 

where 𝐼𝑐 and 𝐼𝑐𝑙 represent the core and cladding modes intensities, 

respectively. 𝜑𝑖𝑛is present the initial phase, and ∆𝜑 defines the phase difference 

between the core and the cladding mode, which can be given by: 

                               ∆𝜑 =
2𝜋∆𝑛𝑒𝑓𝑓𝐿𝑒𝑓𝑓

𝜆
                                                    (1.4) 

where λ is the light wavelength in free space, ∆𝑛𝑒𝑓𝑓 is the effective refractive 

index difference between the core and coating mode, and  𝐿𝑒𝑓𝑓 is the effective length 

of the bending region. When ∆𝜑 = (2𝑚 + 1)𝜋, where 𝑚 is a positive integer equal 
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to 0, 1, 2 …, an interference dip appears at specific wavelengths (𝜆𝑑𝑖𝑝), which is 

given by: 

                            𝜆𝑑𝑖𝑝 =
2∆𝑛𝑒𝑓𝑓𝐿𝑒𝑓𝑓

2𝑚+1
                                                   (1.5) 

the transmission spectrum of the balloon-like interferometer has a free 

spectral range (FSR) of which can be expressed by [86]: 

                           𝐅𝐒𝐑 =
𝝀𝒅𝒊𝒑

𝟐

∆𝒏𝒆𝒇𝒇𝑳𝒆𝒇𝒇
                                               (1.6) 

As a consequence, a longer𝐿𝑒𝑓𝑓 would result in a narrower FSR of the 

balloon-like MZI. In this work, 𝐿𝑒𝑓𝑓 is not just the length of the bent SMF segment 

but the effective length that enables the transmission of the exited cladding mode. In 

general, a smaller bending diameter allows the light to reach the cladding layer 

earlier and to obtain a greater transmitting length for the excited cladding mode. This 

implies that a longer𝐿𝑒𝑓𝑓 can be accomplished with a smaller bending diameter. 

Even as the bending diameter applied to the form of the balloon shape is 

different, the value of ∆𝑛𝑒𝑓𝑓 𝑎𝑛𝑑  𝐿𝑒𝑓𝑓 can vary accordingly, resulting in a change 

in the FSR of the transmitting spectrum [86]. From the experiment work, it is 

obvious that the parameters L is directly proportional with d of our interferometer. 

The length of the silica tube was about 15 mm. The effective bending length 𝐿𝑒𝑓𝑓 is 

the effective bent length between point A and point B along the curved fiber as 

illustrated in Fig. 1.21(c). 

The resonance wavelength of the bending section as a function of bending 

curvature radius can be expressed as: 

 

            
𝑑𝜆𝑑𝑖𝑝

𝑑𝑟
=

𝜆𝑑𝑖𝑝

𝑟
+

𝜆𝑑𝑖𝑝

𝑛𝑒𝑓𝑓
𝑐𝑜𝑟𝑒(𝑟)−𝑛𝑒𝑓𝑓

𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
(𝑟)

× (
𝑑𝑛𝑒𝑓𝑓

𝑐𝑜𝑟𝑒(𝑟)

𝑑𝑟
−

𝑑𝑛𝑒𝑓𝑓
𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

(𝑟)

𝑑𝑟
)           (1.7) 
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Where 𝑟 is the curvature radius of the balloon region. According to the elastic-

optic effect, the outside layers' RI becomes higher than the inside layers for the 

bending region than the straight SMF. The equivalent RI model can be expressed as 

[87]:  

                                         𝑛′(𝑥) = 𝑛(𝑥)(1 +
𝑥

𝑟𝑒𝑓𝑓
)                                   (1.8) 

where 𝑛′(𝑥) and 𝑛(𝑥) describe the refractive index of the straight and the bent 

SMF, respectively. 𝑥 is perpendicular to the bending axis, and 𝑟𝑒𝑓𝑓 is the equivalent 

bending radius that can be estimated as [88]: 

                     𝑟𝑒𝑓𝑓 =
𝜌

1−𝑛(𝑥)2 /2[𝑃12−𝑣(𝑃11+𝑃12)]
                                      (1.9) 

where 𝜌 is the radius of the fiber, 𝑃11 and 𝑃12 are components of the 

photoelastic tensor, and 𝑣 is the Poisson ratio. 
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1.10 Literature Survey 

Many research groups around the world have investigated different schemes 

that exploit the structure of the optical fiber comb filter (OFCF) technologies, so the 

macro-bending structure played an important role in recent years. A survey for the 

comb filter as MZI summarizes the most important published work related to the 

macro-bending sensor in Table 1-2. 

Table 1-2: Summary of the Published Works in OFCF. 

Year Author Type of 

structure 

No. lasing line & range Spacing adjusted 

& SNR 

Ref. 

2016 R E Nu

ñez-

Gomez 

two tapered 

SMF-28 

 

Single tune from (1561.4-

1530.41) nm 

Dual, triple /switch 

(1562.06 - 1528.43) nm  

(15.81- 33.63) nm & 

OSNR= over 29 dB 

[69] 

2017 Mengm

eng 

Han 

2coupler 3dB 

with (PC) & a 

segment of 

tapered fiber in 

one arm. 

Single tune  For FSR=0.8nm &SNR=17dB 

For FSR=0.4nm &SNR=11dB 

[89] 

2017 A.A. 

Jasim 

Two SMF 

tapered with 9 

micro-m 

Dual switchable Spacing (1.5, 3, 6)nm 

SMSR=55dB 

[32] 

2017 W A K

haleel 

SM-NLPCF-SM Single(1549.7-

1552.05)nm 

Dual (1549.3,1550.7)nm. 

Triple (1548.9, 1550.6 and 

1552.2) nm 

stable wavelength  

max spacing of 1.6 nm & SMSR= 

48 dB. 

[33] 

2018 Guorui

Zhou 

SM-MM-MM 

mis-mach & 

gold coating 

Multimode  SNR form (6 to 11.1) dB [30] 



Chapter one Introduction and Basic Concepts 36 
 
 

2018 Anum 

Khattak 

SMF/MMF/SMF Single (1554.96 - 

1564.25)nm 

Dual-V band 1557.936 nm 

L-band, 1565.582 nm 

tuning range of 9.3 nm &SMSR= 

45.1 dB 

largest spacing is 7.65 nm 

[90] 

2018 MENG

MENG 

HAN 

PC in 1st arm+ 

tapered in 2nd arm 

Tune 16 lasing line For Spacing 0.8nm SMSR= up to 

35 dB 

For spacing 0.4nm SMSR= more 

than 30dB. 

[31] 

2019 Li Wei two couplers + 

PC 

Dual tune (1581.3-1581.5) 

nm  

& (1581.5-1581.8)nm 

Spacing (0.2, 0.3)nm extinction 

ratio (40.9-27.3) dB 

[91] 

2019 Yanbia

o 

Chang 

SMF-few mode 

fiber (FMF) with 

two ellipsoidal 

structures and 

FMF-SMF with a 

core-offset 

splicing point 

Switch dual-, triple- and 

quadruple wavelength 

 Spacing (1.6 -6.2)nm and SNR 

more than 30.68 dB 

[92] 

 

2020 Qi 

Zhao, 

Li Pei 

two-segment 

Sagnac filter and 

Lyot filter with 

the assistance of 

nonlinear 

polarization 

rotation (NPR) 

Group 1 tunable single-, 

dual-, triple-wavelength 

Group 2 tune quad-, 

quintuple-, sextuple- and 

septuple-wavelength 

 

For group 1 spacing 18 nm and        

SNR 47dB 

For group 2 spacing not fixed and 

SNR more than 40 dB 

[40] 

 

2020 He Wei SMF with two 

tapers. 

Single, dual, triple switch 

(1557.92, 1563.2, and 

1568.06 ) nm 

For single(5.28& 4.86) nm 

SNR=24.7dB 

For dual(9.9, 6.6)nm, SNR=40.22, 

41.43)dB 

For triple (5.7, 6.5) nm & SNR 

more(34.4, 33.7) dB 

[20] 

2020 J.D. 

Filoteo-

Razo, 

double-pass MZI 

& a Sagnac 

Single tune SNR(25, 30)dB [93] 
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interferometer 

(DP-MZI–SI) 

2020 He You Cascaded MZI  

as filter 

(simulation 

design) 

6 lasing line with flat top ----------- [94] 

2021 Pengfei 

Zheng 

self-coupled 

microring 

assisted MZI 

Single, dual / tune red shift Spacing 0.3966 nm and 0.1983 nm 

extinction ratio is 35 dB for 

asymmetric MZI and 30 dB for 

symmetric MZI  

[95] 

2021 Fay F. 

Ridha 

SM-NLPCF-SM Single, dual, triple, 

quadruple  

(1030–1050) nm 

For single SNR=45.13dB 

Dual spacing(0.77, 13.63)nm 

&SNR=30-40 dB 

Triple spacing(4.6, 9.5)nm& SNR 

more  34 dB 

 Quadruple spacing( 0.7, 12.44, 

0.4)nm &SNR more 35.9dB 

[96] 

 

1.11 Aim of the Work  

The main objective of this work is to demonstrate experimentally an 

adjustable channel spacing multi-wavelength fiber laser based on controlling cavity 

losses through macro-bending sensitive Mach-Zehnder interferometric as a comb 

filter. The simplicity and aspects like low-cost fabrication, reliability, and 

repeatability are highly desirable features in fiber optic filters. The results compare 

favorably in some aspects with other more complex filters and experimental setups. 
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CHAPTER TWO 

Experimental Methodology 

2.1 Introduction 

Optical fiber filters have attracted special attention in abroad range of 

potential applications including WDM, optical signal processing, to be used as 

selective elements in multi-wavelength laser generation, and it is possible to 

modulate their transmission spectra by the external physical perturbations, such as 

torsion, strain, and curvature.  Among several filter structures comprising the filter 

setup, all-fiber interferometers-based filters have been proposed and demonstrated 

to monitor various parameters. In this chapter, an optical filter is a good choice to 

achieve channel-spacing tuning range / switchable wavelength these filters based on 

macro-bending fiber structure have been designed and constructed. 

The working principle of the macro-bending interferometer and the factors 

sensitive to change in lasing line from the fundamental to another lasing line has 

been elaborated. This filter configuration comprises a standard SMF that is bent with 

a specific bend diameter within obtains the assistance of a section of a capillary tube. 

The two ends of the SMF were spliced with an FC connector. The interference takes 

place between the core mode and cladding modes stimulated by the bent SMF. The 

experiments were carried out utilizing a small bending radius.  

YDFL emitting near 1m allows to produce a cost-effective and robust 

alternative device for several applications in biomedical, material processing, 

science, and high power laser operation [43]. On other hand, EDFL has many 

excellences such as narrow bandwidth and long-range tunability. It can be used in 

many potential applications such as sensing and communication because it radiates 
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at 1.55 m lying in the third window of low loss in fiber-optic communications [44]. 

In this chapter, two-ring cavities of fiber lasers, YDFL and EDFL operating in 

continuous wave (CW) regimes were obtained with balloon shape-MZI structure as 

an optical filter.  

2.2 Experimental Procedures  

The experimental procedure of the doped fiber laser (DFL), all information of 

this system, methods, and fabrications will be described comprehensively follows 

many steps to fabricate the MZI-based balloon-like comb filter it will be explained 

in the following manner as illustrated in Fig. 2.1. 

The first step of the experiment can be summarized in the following steps as 

illustrated in Fig. 2.2: 

   

          Fig. 2.1: The structure of chapter two. 
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Fig. 2.2: Schematics diagram of doped fiber laser. 

 

1. Connected the setups of DFL with 975 nm wavelength have been used for 

pumping the active fibers of both YDFL and EDFL. The pump source used in 

this experiment is a laser diode (LD) from Thorlabs (PL980P330J) which is a 

quantum well laser type chipped in a 14-pin butterfly package. It has a feature 

of high brightness and CW output which is coupled into an SMF pigtail. The 

compact design of this LD includes an integrated thermoelectric cooler, a 

monitor photodiode, and FBG to ensures very little shift in the output 

wavelength as the temperature and current are changed. The datasheet of the 

pump source is illustrated in appendix 1. 

2. WDM consists of two inputs and one output as explained in appendix 2 for 

YDF and appendix 3 for EDFL. Where the first input connected to LD and 

the other input was connected to the terminal of OC (they combine the signal 

without interference with the two signals). While the output was connected to 

DFL. 

3. Tow type of DFL was used in this experiment, YDFL, and EDFL (as 

illustrated in appendix 4 and 5 respectively) where the output port connects to 

the ISO.  
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4. In this step Connected to PI-ISO was a good choice to prevent feedback power 

and protect the DFL from damage (appendix 6, 7). 

5. An optical coupler (appendix 8, 9) with 90:10, the 90% port returns to the 

cavity which is connected to WDM and the 10% port output of the CW-laser 

was connected to optical spectrum analysis (OSA) as demonstrated in 

appendix 8.  

The second step of the setup was by inserted the proposed comb filter (SMF-28 

corning appendix 10) based on balloon shape-like fiber structure inside the ring 

cavity of DFL. The position of the filter was connected between the ISO and OC 

with FC connector as showed in Fig. 2.3. 

After completing the first step of the experiment, the studies amplify 

spontaneous emission (ASE) for YDFL and EDFL without the proposed filter, then 

measured the free spectral range (FSR) for the comb filter at different bending 

diameters.  

 

Fig. 2.3: Schematics diagram of comb filter based on balloon shape-like fiber structure. 
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In the third step, after fixed the bending diameter of the proposed filter to the 

lower limit, then started to increased the pumping power gradually to the higher limit 

of the pumping source. 

Finally, when the setup was fixed the bending diameter and pumping power 

then cascaded the PC (appendix 11) with a balloon shape inside the ring cavity of 

DFL. The idea of PC was by squeezing to the last limit and then manually rotating 

the polarization state in a different direction as brief in Fig. 2.4.  

 

Fig. 2.4: Experimental setup of single- and multi-wavelength EDFL generation based on bent 

SMF structure. 

2.3. The macro-bent balloon-like structure 

The schematic structure of the proposed MZI based filter is shown in Fig. 2.5. 

Without being removed from the coating, the balloon-like interferometer with a 

bending diameter d and a total length L was implemented utilizing a conventional 

SMF (coring SMF-28) section. First, a 15 cm long SMF in its straight state was used 

to construct the balloon-like structure. A short section of a thin silica capillary tube 

with a length of 15 mm and a diameter of 800 μm was inserted into both ends of the 
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straight SMF.  The bending diameter and the overall length of the balloon-like 

structure section are termed as d and L, respectively.  

One end of the bent structure was connected to the PC while the other part 

was connected to the PI- ISO. The two-terminal balloon shape is spliced with an Fc 

connector.  

 

Fig. 2.5: Schematic of the balloon-like structure. 

2.4 SMF cleaving and splicing 

To prepare optical fiber for fusion splicing, the two fibers' ends should be 

cleaved at an accepted angle to minimize the splicing losses and to obtain good 

splicing. The first step for cleaving fibers was done by removing the polymer coating 

layer using mechanical stripping or alcohol. In these experiments, removing any 

protective coating such coatings can normally be mechanically removed with certain 

tools such as Optical Fiber Stripper (JIC – 375 Tri – Hole). The optical fiber stripper 

used for Stripping (by Fujikura Company).  

The second step to prepare the fiber was done by fiber cleavers (cleaving 

machines) which allow to clamp the fiber into a well-defined position, to impose a 

suitable amount of tension, and to make the cleaving process by touching the fiber 

end with a sharp blade. The cleaving cuts the fiber at a 90o angle. The third step is 

cleaning the conventional single-mode fiber (SMF-28) with alcohol and tissue, Fig. 

2.6 shows the photograph of optical fiber Cleaver (CT-30) (by Fujikura Company), 

which have been used in this experiment. 



Chapter Two  Experimental Methodology  44 
 
 

 Splicer from Fujikura (FSM-60S) has been utilized in the experiments for splicing 

as shown in Fig. 2.7  

 

Fig. 2.6: Optical fiber Cleaver (CT-30)           Fig. 2.7: photograph of (FSM-60S) fusion splicer. 

2.5 Study the Influence of Varying the Bending diameter 

  In this study, the influence of various bend diameters has been investigated 

experimentally. After collecting information from the OSA, we obtained the small 

bending diameter. When the bending diameter is 4 cm or more, no resonance 

interference pattern occurs within the wavelength range since hardly any light is 

coupled into the SMF cladding and/or coating modes. As the bending radius 

decreases, more signals will leakage into the fiber cladding modes and recouples 

back to interfere with the residual core mode. From Fig. 3.12 and Fig. 3.1 (in the 

next chapter), it can be observed that as the bending diameter in a balloon shape 

structure decreases to values between 15 mm in EDFL and 5 mm for YDFL for no 

recognized interference dip was noticed again, which may be owing to the high loss 

caused by the variance in optical path lengths of the SMF core and cladding. 

 Furthermore, at 40-35 mm bend diameter, there is an obvious interference dip 

that was noticed. But then, if the bending diameter reduces further, an excess of light 

signals will escape into the cladding and also leak out of the fiber causing a weak 
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modal interference and substantial loss so the intensity of the output signal reduces 

significantly.   

             From the indicated figure, the optimum bending diameter of (15-5) mm for 

YDFL and EDFL respectively were selected to form the balloon-shaped structure 

due to its resonance fringe has a high depth and narrow bandwidth. Also, it can be 

noticed that without an original protective coating, the glass is easily broken.  

Then, the bending was performed with the aid of a thin silica capillary. This was 

performed by moving the capillary tube along the SMF and adjusting its location, 

different bending diameter of the balloon-like structure was easily adjusted.  

Then, to facilitate the incorporation of the filter inside the ring cavity, by 

splicing the Optical FC/PC connector with 0 dB losses at both ends of the bent SMF 

and to reduce the overall cavity losses as much as possible as shown in Fig. 2.7. 

Finally, the constructed structure was adhered to a glass plate using UV glue around 

the capillary tube to prevent it from vibration or movement. 

 

2.6 Calculation of the insertion loss for the comb filter 

To calculate the amount of the insertion losses inside the comb filter: 

1. Inserted power through straight SMF with 15 cm length and measured output 

power through the power-meter device. 

2. Making balloon-like MZI with bending diameter 40 mm, measured output 

power then calculate insertion loss in dB: 

Insertion loss (dB) = 10 log [Pin (watt)/ Pout (watt)]. 

3. Repeat previous steps (no. 2) for each bending diameter to calculate insertion 

loss in dB.

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FOptical-FC-PC-connector_fig19_225092730&psig=AOvVaw3Ae6CpFuaIGrzqXF-89NrG&ust=1620641971955000&source=images&cd=vfe&ved=2ahUKEwjui9L5r7zwAhVmyrsIHacxCcIQr4kDegUIARDJAQ
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CHAPTER THREE 

Results of MZI interferometer as a comb filter 

3.1 Introduction 

Novel fiber bent techniques were developed and produced as a highly 

sensitive comb filter for an adjustable wavelength spacing fiber laser. The properties 

and fabrication for balloon shape- MZI as comb filter probes are examined 

experimentally in this chapter, using EDF and YDF. In comparison to other MZI 

filters, this filter is a relatively simple and cost-effective option. 

Two types of fiber lasers were used to characterize the suggested filters in 

terms of transmission spectra. the first one a 2 m long EDF with an absorption 

coefficient of 27 dB/m at 976 nm (Liekki ER-4/125) with a peak wavelength of 1550 

nm and the second one is a section of 1.5 m length YDF with an absorption 

coefficient of 250 dB/m at 976 nm (Nufern SM-YSF-HI) with peak wavelength of 

1064nm, as shown in the following sections. 

The experiments were carried out under the 0.02 nm resolution of the optical 

spectrum analyzer (OSA, Yokogawa AQ6370). The balloon-like MZI was used as a 

tuning component, lasing line selector and tuning channel spacing combined with 

the polarization controller (PC). A PC was also utilized to diversify the polarization 

state, balance the gain and loss at a certain wavelength, and adjust the wavelength 

spacing of multi-lasing line regimes [97]. 

The measurements of tuning channel spacing / switchable multi-wavelength 

were demonstrated by elevating the mode computation that occurs for the 

transmitted spectrum. The response of comb filter with balloon shape was observed 

for different power and controlling in line PC was studied and recorded.  



Chapter Three  Results and Discussion  47 
 
 

All the results are taken under scientific laboratory conditions (at stable room 

temperature and humidity). The employment of the safety requirements was 

committed during the experiments. 

3.2 Characteristics and Fabrication of balloon-like MZI based 

Comb filter with YDFL 
 

SMF with 15 cm was utilized in our experiment. Firstly, to characterize the 

transmission spectrum of the proposed MZI based comb-filter, amplified 

spontaneous emission (ASE) light from YDF was passed through the fabricated 

balloon-shaped structure to analyze the spectral response of the MZI. Fig. 3.1 shows 

the spectral response of the proposed balloon-like MZI with different bending 

diameters, where the ASE reference is the line with black color. 

This figure shows that the transmission spectrum (FSR) has a comb-like shape 

using a broadband source (Thorlabs SLD1550S-A1) with a wavelength range of 

1450-1650 nm. It is also evident that the interferometer periods of the transmission 

spectrum of the MZI with a bending diameter of 5 mm were improved from 39.5 to 

16.4 nm. 

Therefore, in this work, the bending diameter of 5 mm was adopted to 

construct a comb filter for the multi-wavelength fiber laser generation, due to the 

modal interferometer effect. Modal interferometer phenomena occurred due to the 

optical path difference, the modes of SMF core are spitted and then recoupled with 

cladding modes at the bending segment region.  
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Fig. 3.1: Spectral response of the balloon-like shape           Fig. 3.2: YDFL output obtained before 

based MZI at different bending diameters.                                incorporating the proposed filter. 

 

 

In the first step of the experiment, to carry out our experiments before 

incorporating the proposed filter, the laser diode was set at 93 mW, which was the 

threshold pump power of the currently constructed YDFL. The peak power of the 

YDFL was observed at 1067.3 nm with a maximal signal-to-noise ratio (SNR) of 

about 39.8 dB, as illustrated in Fig. 3.2.  

Then, in order to achieve stable lasing performance, the YDFL cavity was 

pumped with a constant power of 115 mW. As the emission lasing wavelength is 

determined directly by the transmission peaks of the proposed comb filter, the 

single-wavelength lasing oscillation was observed at 1065.26 nm with a maximal 

SNR of about 38.8 dB at 40 mm bending diameter of SMF, as shown in Fig. 3.3. For 

the single-wavelength operation, only one lasing peak was resonating while others 

were alleviated. The following sections describe the influence of the balloon-like 

filter structure with different bending diameters.   
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Fig. 3.3: Single-wavelength YDFL output obtained with 40mm bending diameter. 

 

3.2.1Characteristics of bending balloon-like MZI based Comb filter 

with YDFL 

To achieve a tunable single-wavelength operation, the bending diameter of 

the SMF was adjusted by moving the capillary tube along the fiber. The curvature 

diameters of the bend SMF were changed from 40 to 5 mm with a decrement step of 

5mm. As the bending diameter of the balloon-shaped based comb filter was varied 

from 40 to 20 mm, the lasing wavelength was tuned from 1065.26 nm to 1062 nm 

with stable channel spacing 0.8 nm. When the bending diameter decreased to a value 

slightly lower than 20 nm (in the interval from 15 to 5mm), an abrupt shift to a 

shorter wavelength occurs with channel spacing (2.5-4.6) nm. 

The laser wavelength was shifted to 1059.5 nm at the bending diameter of 15 

mm. With further bending the SMF to 5mm, the laser wavelength was tuned to 

1048.6 nm with tuning shift 6.4 nm. Fig. 3.4 and Fig. 3.5 show the tuning of 

wavelength from 1065.26 to 1048.6 nm at different curvature diameters and with an 

almost linear tendency of R2= 0.96. From Fig. 6, the decrement of the bending 
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diameter changed the effective refractive indices of the cladding modes and the laser 

cavity losses.  

 

Fig. 3.4: Tunable YDFL based on balloon-like MZI based filter. 

 

 

Fig. 3.5: Relationship between bending diameter variations with resonance wavelength shifts. 
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As it decreased, the central wavelength and the attenuation bands produced 

from the comb filter shifted towards the optical spectrum's blue side [87]. The 

resulting tunable single-wavelength exhibits a side mode suppression ratio (SMSR) 

of about 27.8 dB in the tuning range of 16.76 nm. “Mainly the shift in lasing 

wavelength depends on the selected length of the fiber formed the MZI” [98].

 Also, due to the brittle nature of the bent fiber, which cannot go further in 

decreasing the radius of the bend, the obtained total tunability range is 16.76 nm 

ranging from 1048.6 to 1065.26 nm .The SMSR of the proposed method is very low 

at 27.8 dB. This is due to the macrobending fiber structure suffers high attenuation. 

When the core mode enters the bent section, the guided light power is split into two 

parts. Firstly, due to the SMF bending, the light power is partially leaked into the 

cladding modes is excited, and propagates along with the fiber. 

Secondly, the light power which has not been coupled to the cladding will 

propagate as the core model. Light propagating parallel to the cladding-air interface 

will leak out. This results in a decrease in the magnitude of output power detected at 

the end of the SMF. Therefore, for any output lasing line, the SNR is low since the 

SNR is defined as the ratio of the signal power to the noise power. As a result, the 

overall SMSR for all has a moderate value. 

In general, the operation principle of the tunable wavelength YDFL relies on 

the fact that the losses induced by bending the SMF interact with the gain at specific 

wavelengths within the emission bandwidth of the ytterbium ion. Also, by varying 

the bending diameter, the birefringence within the laser cavity can be adjusted, 

resulting in a balance between the gains and losses in the emission laser wavelengths. 

Moreover, the photoelastic effect resulted from the stress induced by controlling the 

applied curvature of the bend SMF section modifies the RI profile asymmetrically 

and causing the fundamental core mode and higher-order modes to propagate at 
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different phase delay, which adjusts the properties of the output comb-like spectral 

shape, like shifting the transmission spectrum output of the comb filter [99,100]. 

Thus a tunable fiber laser operation can be achieved. 

 

3.2.2 Characteristics of the increasing power of balloon-like MZI 

based Comb filter with YDFL 

In the fiber laser cavity, increasing the pump power can change the gain-and-

loss distribution, resulting in shifting the peak wavelength of the spectral modulation 

to the other wavelength [100]. On the other hand, the controlled bending curvature 

diameter of the filter permits the selection between the single tunable wavelength or 

switchable multi-wavelength lasing performance [69]. 

Therefore, we concentrated on testing the lasing wavelength operation as a 

function of increasing pump power. Thus, the bending diameter applied to the 

proposed balloon-shaped interferometric filter was kept constant at 5 mm, and the 

injection pump power was increased to 127 mW and 170 mW, respectively. The 

refractive index of the YDFL decreases as the launched pump power increase, which 

causes the comb filter spectrum to shift with constant channel spacing. 

The YDFL cavity is lased at a dual- and triple-wavelength. The dual-

wavelength laser was achieved at 1048.6 nm and 1046.38 nm with a channel spacing 

of 2.3 nm, as shown in Fig. 3.6(a) and Fig. 3.6(b) represents the triple-wavelength 

laser at 1048.6 nm, 1046.38 nm, and 1043.8 nm with a channel space of 2.3 and 2.5 

nm, respectively. 

The dual and triple wavelength generation can be attributed to the pump power 

increases, more modes will acquire a sufficient gain to overcome the ring cavity 

losses [101,102].  
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Fig. 3.6: Dual- and triple wavelength laser operations at pumping power of (a) 127 mW, (b) 170 mW. 

 

3.2.3 Characteristics of adjusting PC of balloon-like MZI based 

Comb filter with YDFL 

Owing to the ability to realize the almost constant channel spacing for multi-

wavelength operation with increasing pump power, In this case, the switchable 

multi-wavelength operation and the channel number was investigated by 

continuously adjusting the cavity's polarization state. In this part of the experiment, 

the pump power was set to 210 mW to achieve better stability and lasing 

performance. 

The filtering effect was formed by cascading the proposed MZI based comb 

filter with an in-line PC. By rotating the PC, the intracavity loss was varied. 

Accordingly, single-wavelength YDFL was achieved at 1042.18 nm with an SNR 

value of 39.5dB, as illustrated in Fig. 3.7. In this case, compared with Fig. 3.4, the 

single-wavelength lasing was switched from 1048.6 nm to 1042.18 nm at the same 

bending diameter of 5mm. Lasing lines generate at the interference peaks. 
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By appropriately controlling the polarization state of the laser cavity, the 

lasing wavelength can switch from one to the other one generating either single- or 

multi-wavelength oscillation. 

 
Fig. 3.7: Single-wavelength YDFL at a pump power of 210 mW. 

 

The PC is employed to rotate the polarization state and permits to achieve a 

continuous adjustment of the birefringence within the ring cavity to balance the gain 

and loss and control the number of lasing wavelengths. The cavity birefringence is 

introduced into the laser cavity by bending the SMF into a balloon shape. 

Consequently, the effects of polarization hole burning (PHB) are achieved, which 

will reduce the homogeneous line-width of the gain medium [103]. 

By accurately squeezing and rotating the PC in the cavity, the generation of 

multi-wavelength YDFL was successfully obtained. It is well known that squeezing 

the fiber in the PC introduces polarization-dependent loss. The PC diversifies the 

polarization states of different wavelengths in the gain medium by controlling the 

wavelength-dependent polarization rotation and adjusting the birefringence in the 

laser cavity, thus inducing wavelength-dependent gain and loss. Therefore, the 

lasing wavelength will be suppressed if the polarization-dependent loss for one 

lasing wavelength is high enough [104]. 
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Consequently, in this work, the lasing wavelength number can be regulated, 

and a single-, dual-, and triple wavelength and switchable YDFL can be achieved. 

The principle of the wavelength switchable YDFL relies on that at specific 

wavelengths, the losses induced by bending of the SMF interact with the gain within 

the ASE bandwidth of the gain medium. Stable multi-wavelength laser operation at 

room temperature was achieved, and the channel spacing was tuned smoothly 

through adjusting PC with the comb filter [2,17]. The evolution of the switchable 

multi-wavelength lasing operation is shown in Fig. 3.8.  

 
Fig. 3.8: Switchable multi-wavelength lasing for a different state of PC. 
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As it is observed, the output wavelengths may change from the oscillation as 

the polarization states vary from state a to f, and the dual wavelengths (at state b and 

c) are switched in the same set of wavelengths with constant channel spacing about 

2.5 nm. 

When the PC is adjusted to state a, the single-lasing line marked as “1” 

appears at 1042.2nm. Then, when the PC rotated to state b, a new two lasing lines 

marked as “2” and “3” show up. Turning PC to state c, the lasing line “3” disappears, 

and the lasing line marked as “1” shows up again. 

If we were continuously rotating the PC to state d, the lasing line marked as 

“3” show up, and the lasing operation switched from dual to triple wavelength 

operation. Dual-wavelength will appear again when the PC rotated to state e with 

same channel spacing in state d between the lasing line “1” and ”2” about 2.5 nm. 

Lastly, rotating PC to state f, the laser oscillates up to triple wavelengths 

(1042.18, 1043.6, 1047.5 ) nm. Based on the above results, the reported method 

provides a simple and effective technique to achieve a single wavelength tunable 

lasing operating and switchable multi-wavelength oscillation in YDFL with channel 

spacing (1.8 – 3.8) nm. 

From Fig. 3.8, it clear that the peak wavelength location is not precisely in 

conformity with the transmission peak of the proposed filter, and the channel spacing 

of the multi-wavelength operations is not uniform in some position. These might be 

attributed to the following: when the SMF is bent into a balloon shape, and the PC 

is rotated, the actual birefringence value of the bend SMF will be slightly higher 

from its effective birefringence value of 10-5, and the transmission peak location will 

be continuously tuned [86]. 

Therefore, the experimentally obtained wavelength spacing wavelengths 

could not be accurately equal to the theoretical FSR. This phenomenon might be 



Chapter Three  Results and Discussion  57 
 
 

attributed to the spectral hole burning (SHB) effect affected by the PC, which in turn 

affects the laser gain spectrum [92,105]. 

Also, SMF is not single-mode at 1m region; consequently, the transverse 

mode mixing will probably be achieved between the LP01 and LP11 modes. The 

single-mode-multimode-single-mode (SMS) interference bandpass filters result 

from bending the SMF might also play a small role in this experiment[106]. 

Moreover, the experimentally obtained wavelength interval is not identical. 

This may be attributed to the interference pattern of the comb filter as polarization-

dependent. Therefore, according to the PC rotation and setting, the interference 

pattern can be shifted, and the lasing line location can be switched. In our 

experiment, if a programmable PC were used to replace the mechanical PC, the 

characteristic of the output laser could be better adjusted. Generally, the controlling 

of the wavelength interval can be achieved by appropriately rotating the PC. 

Finally, to examine the stability of the laser system at room temperature, the 

triple-wavelength YDFL was scanned every 10 minutes for 60 min, as shown in Fig. 

3.9. It can be observed that there is no significant shift in the peak wavelength 

locations or fluctuation in the laser output power, as illustrated in Fig. 3.10 

Furthermore, we checked the stability of YDFL for many days we found it very 

stable as shown in the following Fig. 3.11. 
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Fig. 3.9: The stability measurements of                               Fig. 3.10: Peak wavelength drift and the power  

triple-wavelength lasing (state f).                                       fluctuation of triple-wavelength lasing (state f). 

 

Fig. 3.11: The long-term stability measurements of triple-wavelength lasing. 

 

3.3 Characteristics and Fabrication of balloon-like MZI based 

Comb filter with EDFL 

In order to understand how the moving capillary tube corresponds to the 

bending diameter, as well as the resonance wavelength change of the transmitted 

spectrum, a broadband source (BBS, Thorlabs SLD1550S-A1) has been used to 

check the output spectrum with the bent diameter as shown in Fig. 3.12(a). 
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A clear interference dip was observed with the 15 mm bending diameter. 

While for bending diameter of 20 mm, interference fringes of a relatively low 

extinction ratio were observed. In contrast, no interference dip was detected in the 

transmission spectrum of the larger bending diameter. This might be attributed to 

most of the light modes was coupled into the cladding modes as the bending diameter 

decreases [39]. 

Then, to characterize the transmitting spectrum of the proposed balloon-like 

MZI-based filter at diverse bending diameters, ASE light of the EDF was launched 

through the constructed structure to examine the spectral response of the filter at 

different bending diameters, as shown in Fig. 3.12(b). 

As shown in this figure, the transmitting spectrum of the proposed structure 

has a comb-like shape with a wide FSR, resulting from core and cladding mode 

interference and recoupling within the structure. It is also clear that the 

interferometer with a bending diameter of 15 mm has a better FSR. For this reason, 

in this work, a bending diameter of 15 mm was adopted for the construction of a 

comb filter for multi-wavelength fiber laser production. The bending radius induces 

an excess of losses into the cavity, as shown in Fig. 3.12. The value of the insertion 

and bending losses of the proposed balloon-like filter at the various bending diameter 

is illustrated in Table 3-1. 
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(a)                                                                                       (b) 

Fig. 3.12. Spectral response of the proposed filter at different bending diameters measured using: 

(a) a broadband light source, (b) measured using an ASE of the EDFL. 

 

Table 3-1: The insertion losses of the proposed balloon-like filter at the various bending 

diameter. 

Bending diameter (mm) Insertion Loss (dB) 

40 0.8275 

35 0.8375 

30 0.860 

25 1.1366 

20 1.7842 

15 3.1353 

 

At first, the transmission spectrum of the EDFL was investigated before 

incorporating the proposed filter into the laser ring cavity. Fig. 3.13(a) shows the 

single-wavelength spectrum obtained at the threshold pump power of 75 mW. The 

peak power of the single-wavelength EDFL is located at 1574 nm wavelength with 
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a SNR of about 46.1 dB. Then, the transmission spectrum of the EDFL was 

examined after incorporating the proposed filter of a 40 mm bending diameter, as 

shown in figure Fig. 3.13(b). 

A stable single-wavelength EDFL located at 1571.9 nm with an SNR of about 

44.3 dB was attained at the pump power threshold of 94 mW. As shown from this 

figure, the peak power of the single-wavelength is determined directly by the 

transmission peak of the proposed comb filter.  

 
 

Fig. 3.13: Single-wavelength EDFL operation (a) without the proposed filter,  

and (b) with the proposed filter at bending diameter 40 mm. 
 

3.3.1Characteristics of bending balloon-like MZI based Comb filter 

with EDFL 

After inserting the balloon-like MZI comb filter into the cavity setup, the 

laser's output characteristic was recorded based on the bending variation response of 

the balloon-like MZI. A tunable waveband lasing regime was obtained within the 

Conventional band (C- band), as shown in Fig. 3.13(a). 
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When the bending diameter was altered from 40 mm to 15 mm and the pump 

power is kept at 94 mW, the lasing wavelength moves towards the shorter 

wavelength direction from 1571.9 nm to 1560 nm. In this experiment, the bending 

diameter tuning steps was 5 mm, and the tuning range for the full waveband is 11.9 

nm. The bending diameter is refered to the variable d as mentioned in the operating 

principle. 

The appropriate bending diameter of the balloon-like MZI causes the non-

symmetrical distribution of the refractive index along the SMF, and cavity loss is 

induced at particular wavelengths due to variation of phase constants between the 

propagation core and cladding modes [107]. As the diameter decreased, the proposed 

filter's attenuation bands shifted towards the shorter wavelength [104]. 

Moreover, fiber bending causes polarization variations and wavelength-

dependent losses leading to transform the gain in the laser cavity and alter the 

dynamic range in the interference spectrum. As a result, the fringe peaks are 

mitigated due to the changes in the loss increment for higher-order cladding modes, 

and new laser emissions could be achieved due to polarization effects and the 

matching phase of lasing modes [108]. 

According to Fig. 3.14(a), we checked this point and the spectral region was 

enlarged where the laser lines occur as shown in Fig. 3.14(b). It is clear that this 

behavior was confirmed in this work. Initially, as the bending diameter of the 

balloon-shaped structure was adjusted to 40 mm and 35mm, dual lasing lines were 

achieved. Then, as the diameter was adjusted to 30 mm, 25 mm, 20 mm, and 15 mm, 

the dual lasing operation switch to a single-wavelength operation. This might be 

attributed to the two lasing modes' competition between each other for gain 

switching. 
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Therefore, the peak with higher power defeats the lower one. This is because 

of the MZI scheme for the coherent source where the lasing mode depends on the 

total fiber length difference for constructive interference [109].  

 

 

 

Fig. 3.14: EDFL output spectra as a function of on balloon-like MZI diameter (a) tunable operation, 

(b) zoom of the laser spectral region, and (c) linear fitting of bending diameter variation with the 

oscillation. 
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As a result, tunable waveband EDFL owns a SMSR of about 30.3 dB is 

achieved. The brittle nature of the bent fiber, which cannot go further in decreasing 

the diameter of the SMF bend section puts limitations on the achieved tunability 

range.  In addition, the obtained SMSRs are of low values. This is attributed to the 

high attenuation induced in bending fiber structure. 

To further investigate the bending response of the proposed tunable 

waveband EDFL, linear fittings between the bending diameter and oscillation peak 

with higher power of the EDFL were carried out as presented in Fig. 3.14(c). The 

fitting line of lasing wavelengths R2= 0.97 confirms good linear tunability. 

3.3.2 Characteristics of the increasing power balloon-like MZI based 

Comb filter with EDFL 

In this part of the experiment, the bending diameter was kept at 15 mm, and 

the pump power was set to 110 mW to realize better stability, SNR, and output lasing 

performance. As a result, the peak wavelength with the higher power of the EDFL 

was shifted from 1560.5 nm to 1557nm. It was pointed out in previously reported 

works, the refractive index of the EDFL decreases as the launched pump power 

increase, which causes the comb filter spectrum to shift [41]. 

Therefore, in this work, the effect of the increasing pump power at the fixed 

fitter bending diameter of 15 mm and at the absence of PC on the output 

characteristics of the proposed EDFL was investigated. Fig. 3.15 shows as the 

injected pump power were increased from 110 to 195 mW, the lasing wavelength 

tunes toward the shorter wavelength with a tuning range of 3.5 nm with a good linear 

tendency of R2=0.9%. The slight shift might be attributed to the small variation in 

the average refractive index. 
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Fig. 3.15: Single-wavelength EDFL output spectra as a function of pump power (a) tunable 

operation and (b) linear fitting of power variation with the oscillation. 

 

 



Chapter Three  Results and Discussion  66 
 
 

3.3.3 Characteristics of PC balloon-like MZI based Comb filter with 

EDFL 

In this experiment, various multi-wavelength EDFL performances can be 

obtained by the appropriate cooperation between the proposed balloon-like MZI 

comb filter and PC. Fig. 3.16 illustrates the single wavelength operation of the 

proposed EDFL located at 1560.68 nm after incorporating the PC inside the laser 

cavity. 

In this work, an in-line manual PC device (Thorlabs PLC-900) consists of a 

rotatable fiber squeezer and two fiber holding clamps was used. The center portion 

of the fiber strand is sandwiched in the fiber squeezer. It creates stress-induced 

birefringence within SMF by mechanically compressing the fiber. This acts like a 

variable, rotatable wave plate. Both the angle and retardance of the wave plate can 

be continuously, independently adjusted, which permits any arbitrary input 

polarization state to be converted to any required output polarization state. 

The all-fiber design produces low intrinsic loss and back reflections, making 

this PC a good alternative to traditional free-space PCs, which consist of two quarter-

wave plates and one half-wave plate. After inserting the PC into the cavity, the 

oscillating central wavelength was drifted to a short wavelength at 1560.68 nm. This 

is due to the variation of the cavity loss caused by the insertion loss of the PC 

component with the max output power during the lasing process, which suppresses 

the ASE bands for long wavelengths and allowing the laser lines to build up to 

shorter wavelengths [110]. 

When the 976 nm pump power was set to 127 mW with the assistant of 

adjusting the cavity's polarization state through the PC, the single-wavelength 
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operation of the EDFL switched to dual-, triple-quad-wavelength as shown in Fig. 

[(3.17), (3.18), (3.19)].  

  

Fig. 3.16: Single-wavelength EDFL output spectra after with the proposed filter and PC. 

The PC is an essential optical component to modulate the birefringence and 

produce multi-wavelength emissions. In this work, the PC was inserted in the cavity 

right after the proposed comb filter. Adjusting the PC causes a variation in the 

polarization state of the input light. Rotation of the polarization states arises due to 

the tuning of the PC. Thus the birefringence inside the EDFL cavity introduced by 

bending the SMF into a balloon shape might be modified continuously and balances 

the gain and loss of lasing wavelength [19]. 

On the other hand, squeezing the fiber in the PC introduces polarization-

dependent loss. Therefore, the lasing wavelength will be mitigated when the 

polarization-dependent loss of one lasing wavelength is high enough [104]. 

Initially, by controlling the PC state (state a), the proposed cavity produced a 

set of dual-wavelength by altering the PC, as illustrated in Fig. 3.17. Dual-lasing 

lines were detected in which the first peak appeared at 1561.5 nm and the second 
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peak appeared at 1561.8 nm wavelength, and the two-lasing interval is 0.3 nm, as 

shown in Fig. 3.17 (state a).  

 

Fig.3.17: Output spectra of the dual-wavelength operation at different PC states. 
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Another set of dual-wavelength (second set) was detected by further rotating 

the PC to state b.  The first peak and second peak are located at 1559.9 nm and 

1561.1 nm, respectively, with a wavelength interval of 1.2 nm, as shown in Fig. 3.17. 

One more set of dual-wavelength EDFL (third set) has been obtained by changing 

the PC state (state c) at 1560.1 nm and 1560.4 nm, as shown in Fig. 3.17. The lasing 

wavelength interval for this set is 0.3 nm. 

By varying the PC state, the c state to state d, e, f, and g, new sets of dual 

lasing peaks located at around 1560 nm with intervals of 1.1 nm,0.7nm,0.5nm, and 

0.7nm were achieved, respectively. As can be seen from Fig.3.17, the combination 

of the proposed comb filter with PC helped the EDFL produce a set of dual-

wavelength with tunable adjustment of wavelength interval. This phenomenon 

might be attributed to the polarization hole burning (PHB) effect induced by the PC, 

which alters the laser gain spectrum [105,106]. 

Generally, the modal interferometers cause a PHB effect that weakens the 

homogeneous gain broadening of the doped fiber and can help to generate multi-

wavelength fiber lasers [111]. When the bending radius increases the introduced 

cavity losses increase too. Then by finely changing the orientation of the PC 

cascaded with the comb filter, the mode competition of EDF could be effectively 

alleviated, which makes new wavelengths appear. Therefore, three sets of triple-

wavelength EDFL have been obtained by further squeezing and tuning the PC state 

(from state a to d), as shown in Fig. 3.18. 
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Fig. 3.18: Output spectra of the triple-wavelength operation at different PC states. 

The first set in which the first peak, second, and third lasing peaks are located 

at 1560 nm, 1561.4 nm, and 1561.1 nm, respectively, with wavelength intervals of 

0.4 nm and 0.7 nm. 

While the second set has lasing peaks at 1560.6 nm, 1561.1 nm, and 1561.5 

nm, respectively, with wavelength spacing of 0.7nm and 0.4nm. The third set has 

peaks lasing at 1559.6 nm, 1559.8 nm, and 1560 nm, with wavelength intervals of 

0.2 nm and 0.4 nm.  
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The fourth set has peaks located at 1561.7 nm, 1561.9 nm, and 1562.1 nm 

with an equal wavelength interval of 0.2 nm. The output wavelength interval has 

randomness even in the peak locations, which might be attributed to the influence of 

cavity loss, characteristics of the gain medium, PHB, and filtering effect [40]. 

Similarly, quadruple-wavelength EDFL has been attained by further 

squeezing and finely rotating the PC. Two sets of quadruple-wavelength were 

detected, as shown in Fig.3.19.  The first set in which the first peak, second at, third, 

and fourth lasing peaks were obtained at 1560.4 nm, 1561.7 nm, 1561nm, and 1561.3 

nm, respectively. 

The second set of four lasing outputs was observed at 1561.7 nm, 1561.9 nm, 

1562.21nm, and 1562.6 nm. As shown from this figure, four lasing lines output with 

SMSR greater than 30 dB and almost an equal wavelength interval were generated. 

As shown in Fig.3.12 the FSR experiences change as the bending diameter 

decreases. According to this figure, the transmission spectrum has a comb-like shape 

with a broad FSR. It is also obvious that the FSR of the transmission spectrum of the 

MZI filter was varied from 37.1 to 29.7 nm as the bending diameter of the balloon-

like structure was varied from 40 mm to 15mm. 

Moreover, as the SMF is bent into a balloon shape, and the PC is rotated, the 

actual birefringence value of the bend SMF will be slightly increased above its 

effective birefringence value of 10−5, and the location transmission peak will be 

continuously tuned. Consequently, the experimentally obtained wavelength spacing 

wavelengths might not be accurately equal to the calculated FSR. This phenomenon 

could be attributed to the spectral hole burning (SHB) effect affected by the PC, 

which in turn affects the laser gain spectrum [13]. 
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Finally, to test the quadruple-wavelength operation's stability after optimally 

setting the state of PC (state a) to generate a quadruple lasing line, the output 

transmission spectra were detected to 60 min by scanning repeated with an interval 

of 10 min, as illustrated in Fig. 3.20(a). 

The output wavelength shows the maximum shift in the peak wavelength 

locations of 0.24 nm and maximum fluctuation in the laser output of 1.26 dB as 

illustrated in Fig. 3.20(b). 

The stability measurement of quadruple-wavelength EDFL confirms the 

performance is demonstrated to be stable. 

 

Fig.3.19: Output spectra of the quadruple-wavelength operation at different PC states. 
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(a) 

 

                                                                                 (b) 

Fig.3.20: (a) Stability measurement for quad-wavelength output spectra, (b) Peak wavelength 

drift and the power fluctuation of quadruple-wavelength lasing. 
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Furthermore, we checked the repeatability of the quadruple-multi-wavelength 

EDFL for many days we found it very repeatable and stable as shown in the 

following Fig. 3.21. 

The proposed macro-bend structure-based comb filter offers simplicity and 

low-cost fabrication, where it was constructed just by bending a straight traditional 

SMF without any splicing or need to pre-or post-operation, such as tapering, as in 

the case of the non-adiabatic microfiber [19,112]. More ever in the sense of free 

spectral range (FSR), it owes as the others, but it has a simple structure  

 

Fig. 3.21: The repeatability measurements of quadruple-wavelength lasing. 

 

 

 

 

 

 



Chapter Three  Results and Discussion  75 
 
 

3.4 Conclusions 

In this work, an all-fiber optic filter based on a Mach-Zehnder interferometer 

controlling spacing has been demonstrated experimentally. The proposed comb-

filter allows the YDFL and EDFL to operate in two different regimes continuous 

tuning single- or generating switchable multi-wavelength laser operation. 

For YDFL 

1. Tuning the bending diameter of the SMF from 40 to 5 mm allowed to obtain 

a tunable single-wavelength. 

2. Tuning range of 16.7 nm, operation over a range 

3.  From 1065.26 nm to 1048.5 nm. 

4. An SMSR of 27.8 dB at the bending. 

5. The number of lasing wavelengths was directly controlled by only altering 

the pump power, dual-and triple wavelength has been achieved as the pump 

power was increased to 127 mW and 170 mW, respectively. 

6. The appropriate adjustment of the PC cascaded with the filter in the laser 

cavity allows to generate up to triple switchable wavelengths located between 

1065.26 nm and 1047.5 nm. 

 

For EDFL 

1. By gradually changing the bending diameter of the SMF from (40 – 15) mm, 

the output tunable single-wavelength. 

2. A tuning range of 11.9 nm. 

3. An SMSR 30.3 dB at the bending. 

4. Tunability for single-wavelengths was achieved when the launched pump 

power was increased from 110 mW to 195mW. 
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5. By adjusting the PC allowed switching from single- to multi-wavelength 

emission, dual-, triple-, quadruple -wavelength has been obtained. 

 

3.5 Suggestions for future work 

1. Studying a different construction of bending SMF as an interferometer. 

2. Studying the effect of Figure of eight (8 shape) as MZI based comb filter 

3. Using balloon-like MZI based gold coating with fiber laser system as a 

tunable filter.  

3.6 Summary  

Table 3-2: Summary the proposed balloon-like filter with various bending diameter. 

 With bending 

diameter 

YDFL EDFL 

1 Bending diameter for 

balloon filter like MZI 

(40-5) mm step 5 mm (40-15) mm step 5 mm 

2 Filter performance Tunable with blue shift Tunable with blue shift 

3 No. of wavelength Single at all bending 

diameter  

Single at d=(30 -15) mm 

Dual at d=(40, 35) mm 

4 SMSR max 27.8 dB 30.3 dB 

5 Tuning range  16.76 nm 11.9 nm 

6 Fitting line 0.96 polynomial fitting 0.97 linear fitting 
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Table 3-3: Summary of the proposed balloon-like filter with increasing power. 

 Increasing power YDFL EDFL 

1 Increasing power for 

balloon filter like MZI 

From (110 -170) mW From (110 -195) mW 

2 Filter performance Switchable  Tunable with blue shift 

3 No. of wavelength Single, dual, triple Single 

4 SMSR max 39.5 dB 26.47 dB 

5 Emission of 

wavelength 

(1048.6, 1046.38, 

1043.8)nm 

From (1560.5- 1557)nm 

6 Spacing  Dual =2.3 nm 

Triple =(2.3, 2.5)nm 

Tune shift =3.5 nm 

 

Table 3-4: Summary of the proposed balloon-like filter at rotate PC. 

 Rotation PC YDFL EDFL 

1 No. of state 6  14 

2 Filter performance Switchable multi-

wavelength 

Switchable multi-

wavelength 

3 No. of wavelength Single, dual, triple Single, dual, triple, 

quadruple 

4 SMSR max 36.31 dB 34.2 dB 

5 Range of wavelength From (1042.18- 1047.5) nm From (1559.6- 1562.6) nm 

6 Spacing channel for 

last state 

1.8 nm, 3.8 nm 0.2 nm, 0.3 nm, 0.4 nm 
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 الخلاصة

مرشح الألياف الضوئية هو طريقة رائعة محتملة لنطاق موجة كامل قابل للضبط وتباعد متعدد الطول 

( وليزر ألياف ايتربيوم EDFLألياف إربيوم )( لليزر CWالموجي قابل للتعديل في موجة مستمرة )

(YDFL) ، نظرًا لفوائدها الوفيرة ، البساطة ، خفة الوزن ، قلة تكلفة التصنيع ، الموثوقية ، النطاق الواسع ،

والتكرار من الميزات المرغوبة للغاية في مرشحات الألياف البصرية. في الوقت الحاضر ، تم التخطيط 

( وإثباته تجريبياً. يعتمد اختيار الطول الموجي، (MZIر القائم على مقياس التداخل لمرشح الألياف المبتك

( في مرشح مشط قياس التداخل WGM) تداخل الموجاتتباعد القنوات وتقنيات التبديل على تأثيراعادة 

Mach-Zehnder ( الذي تم تشكيله عن طريق ثني الألياف أحادية الوضع القياسيةSMFإلى شكل يشبه ) 

للتحكم في  SMFالبالون. من خلال دمج مرشح المشط المقترح في تجويف حلقة الليزر وضبط قطر ثني 

نانومتر مع نطاق ضبط  6284.1إلى  6215.01خسائر تجويف الليزر ، تم ضبط الليزر أحادي الموجة من 

حكم في الاستقطاب . علاوة على ذلك ، من خلال التدوير المناسب لوحدة التYDFLنانومتر لـ  61.61يبلغ 

(PC متوالية الربط مع المرشح ، يمكن تبديل الليزر بين عمليات الليزر ذات الطول الموجي المزدوج )

والثلاثي. تم الحصول على مجموعتين من عمليات الليزر ذات الأطوال الموجية الثلاثية القابلة للتحويل 

ديسيبل على  00.8ديسيبل و  01.2( تبلغ SMSRنانومتر مع نسبة قمع للأسلوب الجانبي ) 6285حوالي 

التوالي. أيضًا ، عندما تم تحسين طاقة مضخة الصمام الثنائي التي تم إطلاقها في إعداد ليزر الألياف من 

يعمل بالليزر بطول موجي مزدوج وثلاثي. تم  YDFLملي واط ، فإن تجويف  062إلى أكثر من  662

 نانومتر. 0.0نانومتر مع تباعد قناة  6281.04نانومتر و  6284.1تحقيق الليزر ثنائي الموجة عند 

ذات النطاق الموجي الكامل القابل للضبط مع نطاق ضبط الطول الموجي العريض  EDFLم تحقيق عملية ت

نانومتر من خلال التغيير التدريجي للقطر المنحني لهيكل مرشح قياس التداخل. أيضًا ، عندما تم  66.2البالغ 

ي لـ ملي واط ، تم تحويل الطول الموجي المركز 625إلى  662تحسين طاقة مضخة الصمام الثنائي من 

EDFL  نانومتر. علاوة على ذلك ، من  0.5نانومتر مع تباعد القناة  6552.5نانومتر إلى  6510.2من

خلال ضبط حالة الاستقطاب داخل التجويف ، تم تحويل عملية الطول الموجي من عملية واحدة إلى عملية 

 ورباعية.متعددة الأطوال الموجية. تم تحقيق انبعاثات أطوال موجية مزدوجة وثلاثية 

الشبيه بالبالون  MZIالمنحني إلى  SMFعلى حد علمنا ، هذه هي المرة الأولى التي يتم فيها استخدام 

 YDFL. إن خصائص إُخراج YDFL / EDFLكمرشح كامل الألياف لمعالجة خاصية الإخراج الطيفي لـ 

/ EDFL يرة في مكن أن توفر إمكانات كبالمقترحة لقابلية التوليف والتحويل مع التحكم في تباعد القنوات ي

 تطبيقات الضوئيات المتنوعة.
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 وزارة التعليم العالي والبحث العلمي 

          بغداد جامعة
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