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﷽ 

 

ُ نُورُ السهمَاواَتِ واَلأرَْضِ مَث َ " ا  لُ نُورهِِ كَمِشْكَاةٍ فِيهَ اللَّه
اجَةُ كَأنَههَا كَوْكَبٌ  مِصْبَ احٌ الْمِصْبَ احُ فِي زجَُاجَةٍ الزُّجَ 

لّ  يْتُونَةٍ لِّّ شَرْقِيهةٍ وَ زَ  يُوقدَُ مِن شَجَرةٍَ مُّبَ اركََةٍ  دُرِِّي  
 عَلَى   لَمْ تَمْسَسْهُ نَ ارٌ نُّورٌ غَرْبيِهةٍ يَكَادُ زَيْتُهَا يُضِيءُ وَلَوْ 

ُ لنُِورهِِ مَن يَشَاء   ُ الأمَْثَ الَ وَ نُورٍ يَهْدِي اللَّه   يَضْربُِ اللَّه
ُ بِكُلِّ شَيْ   "ءٍ عَليِمٌ للِن هاسِ واَللَّه
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Abstract 

       Waveguide-based electro-optic modulators are widely employed in the field of 

optical communication, optical signal processing, and optical sensors, owing to the 

rapid development of photonic integrated circuits. As a type of optical switching 

element, the Mach-Zehnder modulator is one of the most extensively used device 

structures, with the advantages of high accuracy and sensitivity. Through 

theoretical and numerical analysis, three types of Mach-Zehnder modulator based 

on ferroelectric materials which are lithium niobate (LiNbO3), Peroviskite and 

potassium nitrate have been studied. The transmission characteristics of each type 

of Mach-Zehnder modulator are numerically analyzed while an electric field is 

applied across one arm of waveguide. Mach-Zehnder modulator (MZM) based 

ferroelectric materials has been  studied theoretically and simulated by using finite 

element method with COMSOL Multiphysics software. Different parameters of 

MZM  have been experimented which are coupling length, bending radius and 

applied voltage. The results has  showed that the lowest coupling length of MZM 

is 304 μm by using KNO3 crystal. MZM operates as a modulator at bend radius of 

curvature with 2.5mm for all three ferroelectric crystals and MZM didn’t work with 

lower than this radius. The effect of utilized voltage has shown that MZM operates 

actively at 0.38 V by using SriTO3. While for LiNbO3 and KNO3, the effective 

voltages are 0.45V and 0.5V, respectively. The power loss for all MZM samples is 

2%. 
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1.1 Introduction 

The early of  1970s saw some of the first experiments on low-loss optical fibers being 

used, not for telecommunications, as had been the prime motivation for their  

development in the 1960s, but for sensor purposes [1]. Waves that are guided 

Nonlinear optics represented  a fast-paced and dynamic study subject that has yielded 

a slew of intriguing – if not fascinating – results in recent years. Simultaneously, it is 

making rapid progress from the optical laboratory to a variety of devices in industries 

ranging from telecommunications to biosciences. It's not a new field of study, but one 

with a long history dating back to the early days of low-loss waveguides. Because of 

the combination of height intensities, lengthy interaction lengths, and control of the 

propagation constants, optical fibers and waveguides provide unique and different 

conditions for nonlinear optics. They are also becoming increasingly technologically 

significant. The subject has a lengthy history, but it continues to evolve quickly, most 

recently with the introduction of new types of optical fiber [2].  

1.2 Optical Fiber and Waveguide 

The core, cladding, and coating or buffer are the three components of an optical fiber. 

Figure (1.1) depicts the basic structure. The core is a dielectric cylindrical rod, which 

is usually constructed of glass. The fiber's core is where light propagates the most. A 

dielectric substance with a high index of refraction serves as the cladding layer. The 

cladding material has a lower index of refraction than the core material. Typically, the 

cladding is made of glass or plastic. The cladding serves a variety of purposes, 

including reducing light loss from the core into the surrounding air, reducing scattering 

loss at the core's surface, protecting the fiber from surface impurities, and increasing 

mechanical strength [3]. 



CHAPTER ONE INTRODUCTION 

  
 

2 

 

 

Figure (1.1): Basic structure of an optical fiber [2]. 

Recently, the optical community has shown a very high demand for novel material 

platforms for the development of different areas of photonics. The optical waveguides 

produced using this technology represent a new platform to study novel optical 

materials that could not be explored differently as this fabrication process does not 

require etching of the core material itself [4]. Since its invention in the early 1970s, the 

use of and demand for optical fiber have grown tremendously. The uses of optical fiber 

today are quite numerous. With the explosion of information traffic due to the internet, 

electronic commerce, computer networks, multimedia, voice, data, and video, the need 

for a transmission medium with the bandwidth capabilities for handling such vast 

amounts of information is paramount. Fiber optics, with its comparatively finite 

bandwidth, has proven to be the solution [5]. The laser 1960 and the current low-loss 

optical fiber are two of the most major technical discoveries that led to the 

development of current optical fiber sensors. Both have their roots in prior decades' 

work on the maser, the microwave ancestor of the laser, and the short-length low-
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transparency fibers employed in early endoscopes for medical and industrial uses. This 

pioneering work quickly led to the formation of a number of research groups devoted 

to the application of this new technology in sensing and measurement. Since then, the 

field has continued to advance and develop tremendously [6]. 

Optical waveguide devices already have played important roles in telecommunications 

systems, and their importance will certainly grow in the future. People considering 

which computer programs to use when designing optical waveguide devices have two 

choices: develop their own or use those available on the market. A thorough 

understanding of optical waveguide analysis is, of course, indispensable if they are to 

develop our own program [7]. To connect the laser couple source in the MZI we  need 

to used Single-mode fiber (SMF). Immunological effects or biomarkers are detected 

in the sensor arm while  the reference arm include  liquid with similar refractive index 

of sensing arm, to reduce the common mode noise caused by mechanical and 

temperature fluctuation. The oriented mode in the sensing arm expertise a phase shift, 

Δφ and thus, when  the  changing  of  effective index .when the splitting of  optical 

waveguide into two arms, after a certain distance they are recombined again. The  

length( L) is opened in sensor arm, for making the waveguide come in connect with 

surrounding environment, an protective layer is used to avoid the interference in the 

interferometer. when  a light is passing through the sensor arm ,shifting of the phase 

is induced, which  leads to change the optical properties of the surrounding medium 

[8]. In recent years, fiber optic sensors have been developed from the laboratory 

research and development stage to practical applications. The market for fiber optic 

sensor technology may be divided into two broad categories of sensors: intrinsic and 

extrinsic. Intrinsic sensors are used in medicine, defense, and aerospace applications, 
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and they can be used to measure temperature, pressure, humidity, acceleration, and 

strain. Extrinsic sensors are used in telecommunications to monitor the status and 

performance of the optical fibers within a network [9]. In an optical fiber, if the 

refractive index of the surrounding medium (ns) is less than the core refractive index 

(n1) then the power in the fiber core is insensitive to the environ- mental changes in 

the surroundings. On the other hand, if (<5), then the power in the core decreases 

exponentially (ns ≈ n1) and the fiber cladding is only of few wavelengths and will 

penetrate into the surroundings However, in fibers where the refractive indexes are not 

equal, an evanescent wave (EW) effect is still experienced with a penetration depth of 

the order of wavelength [10]. 

Fiber-optic evanescent-wave spectroscopy (FEWS) has been a prominent analytical 

approach for IR absorbance spectroscopy over the last ten years. FEWS uses IR 

transparent optical fibers as sensing elements and is based on the attenuated total-

internal-reflection TIR phenomenon. Fast, real-time, in-situ, selective, nondestructive, 

and safe detection are all advantages of this technology. It has  been used to study 

solid–liquid interfaces, chemical reaction rates, complicated material curing, 

organometallic thin films, liquid and gas detection and monitoring, centration 

measurements, and biological applications in a variety of configurations. Normally, 

the sensing elements are housed in a Fourier-transform IR (FTIR) spectrometer 

system, although tunable lasers have lately been used in FEWS systems in place of 

blackbody sources. The method's wave-length resolution, sensitivity, and detection 

limit have all increased as a result of this [11]. 
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1.3 Ferroelectricity  

Ferroelectricity is a property of certain nonconducting crystals, or dielectrics, that 

exhibit spontaneous electric polarization that may be reversed in direction using an 

electric field. All ferroelectric crystals are pyroelectric and piezoelectric by definition. 

A ferroelectric material exhibits spontaneous polarization in the absence of an electric 

field and can be switched in direction by applying an electric field. Ferroelectric 

materials have electrical properties similar to ferromagnetic materials [12]. 

Ferroelectric materials are characterized by a permanent electric dipole that can be 

reversed through the application of an external voltage, but a strong intrinsic coupling 

between polarization and deformation also causes all ferroelectrics to be piezoelectric, 

leading to applications in sensors and high-displacement actuators [13]. A spontaneous 

polarization can be altered periodically by an electric field in a homogenous 

ferroelectric single crystal [14]. The surface chemistry of ferroelectrics with a fixed 

polarization state has been explored experimentally. The ferroelectric spontaneous 

polarization can not only improve the charge separation and transfer in the bulk, but 

also promote the surface charge separation of photocatalysts by forming a 

heterojunction between a photocatalyst and ferroelectric our group disclosed the 

influence of ferroelectric spontaneous polarization on surface charge migration 

behavior [15]. 

1.4 Mach – Zehnder in  Optical Fiber  

The Mach–Zehnder interferometer is a device used to determine the relative phase 

shift variations between two collimated beams derived by splitting light from a single 

source. The interferometer has been used, among other things, to measure phase shifts 

between the two beams caused by a sample or a change in length of one of the paths. 
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The apparatus is named after the physicists Ludwig Mach (the son of Ernst Mach) and 

Ludwig Zehnder, there are many types of MZI like grating, loop, line   [16].To address 

this requirement, a variety of optical fiber-based sensing approaches have been 

developed. Due to its resilience to electromagnetic interference, compact size, possible 

low cost, and ability to distribute measurement across a large distance, optical fiber 

sensors can be exceptionally useful and adaptable devices. High sensitivity, a high 

degree of integration, design simplicity, and compactness are all advantages of fiber 

Mach-Zehnder interferometers (MZIs). A number of optical fiber refract meters have 

recently been reported that can measure refractive index and several other parameters 

at the same time. These optical fiber sensors work as evanescent wave sensors that use 

multimode interference schemes to monitor changes in the environment's optical 

properties. They use the dependence of high-order mode propagation constants on the 

refractive index of the surrounding medium to monitor changes in the environment's 

optical properties. Only a few RI ranges are often considered in studies reporting 

refractive index measurement utilizing fiber MZI devices. Because of their useful 

characteristics, such as small size, high-resolution detection, excellent aging 

characteristics, ability to operate in chemically hazardous environments, and immunity 

to electromagnetic noise, fiber optic refractive index (RI) sensors have gotten a lot of 

attention in the last few years for chemical and biochemical monitoring applications. 

Many studies have attempted to improve the usefulness of optical fiber RI sensors by 

increasing sensitivity, improving resolution, simplifying fabrication procedures, 

lowering cost, improving sensor structure robustness, and lowering insertion loss, and 

because of their useful characteristics, such as small size, high-resolution detection, 

excellent aging characteristics, ability to operate in chemically hazardous 

environments, and immunity to electromagnetic noise. 
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Many researchers have tried to enhance the effectiveness of optical fiber RI sensors by 

improving sensitivity , enhancing resolution, simplifying fabrication techniques , 

dropping cost, increasing the robustness of sensor structure , and reducing insertion 

loss [17]. For incidence angles greater than the "critical angle," a light beam 

propagating through a transparent medium with a high index of refraction (e.g. a solid 

glass prism) encounters an interface with a medium with a lower index of refraction 

(e.g. an aqueous solution) undergoes total internal reflection. The critical angle θc is 

equal to sin- 1 (n2/n1), where n2 and n1 are the liquid and solid refractive indices, 

respectively. Despite the fact that the incident light beam completely internalizes at 

the interface, an electromagnetic field known as a "evanescent wave" penetrates the 

liquid medium for a short distance and propagates parallel to the surface in the plane 

of incidence [18]. Although there are several different types of Si modulator, they all 

suffer from the thermal drift problem and, consequently, realizing efficient monitor 

and control circuits (M/C)  that can provide reliable operation for Si modulators is very 

important. Furthermore, with the perspective for future photonic and electronic 

monolithic integration, such M/C circuits should be easily integrated with other 

photonic devices with minimal power consumption and chip area [19]. The laser 

source is coupled into the MZI via single-mode fiber (SMF). To improve coupling 

efficiency, a mode-size converter is utilized to match the mode size of the input SMF 

and the waveguide of the MZI. The guided mode is separated into two branches at the 

Y-branch splitter: sensing arm and reference arm. The sensing arm detects 

immunoreactions or biomarkers, while the reference arm contains liquid with a 

refractive index equal to that of the sensor arm to minimize common mode noise 

produced by mechanical and temperature fluctuations. Due to the cladding index 

change produced by immunoreactions, guided mode at the sensing arm undergoes 
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phase shift, and hence effective index change, Neff respect to the reference arm [20]. 

Broadband electro-optic intensity modulators are essential to convert electrical signals 

to the optical domain very low nonlinear distortions, simultaneously. However, a 

modulator with all those characteristics has not been demonstrated  [21]. 

1.5 Literature Review 

     In 2004 George T. Paloczi, Yanyi Huang, and Amnon Yariv, studied the Mach–

Zehnder electro-optic polymer amplitude modulator is fabricated by a simple and high-

throughput soft-stamp replica-molding technique. The modulator structure 

incorporates the highly nonlinear and stable chromophore, AJL8, doped in amorphous 

polycarbonate. Single-arm phase-retardation results in a halfwave voltage sVpd of 8.4 

V at 1600 nm. The on/off extinction ratiois better than 19 dB, resulting from precise 

Y-branch power splitters and good waveguide uniformity. These results indicate that 

the simple fabrication process allows for good optical performance from high-fidelity 

replicas of the original master device [22]. 

     In 2005 P K Shukla*, K K Sarangpani, S Talwar, G S Purbia, S V Nakhe, H S Vora, 

investigating  a theoretical model has been established, and they reveals that the 

linearity can be improved by properly adjusting the RF power, the bias voltage, and 

the operation point of the primary and the secondary MZMs. The measurement results 

show the IMD can be suppressed by about 9.9 dB m, while the fundamental tones only 

reduced by 1.1 dB m at 10 GHz for the dual-parallel MZM compared to the primary 

MZM only. This results in a 2.9 dB improvement in SFDRIMD. A larger Pp /Ps can 

be obtained by incorporating a VOA into the slave MZM so that the third-order 

harmonic can be further suppressed to give a lower IMD [23]. 
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     In 2006 Tsung-Hsin Lee,1 Fu-Tsai Hwang,1 Wen-Tron Shay,2 and Ching-Ting 

Lee3 used the electromagnetic field sensor using a LiNbO3 Mach-Zehnder optical 

modulator and an antenna has been developed to measure the electromagnetic field. 

This sensor operated at a wavelength of m, for which many fiber optical systems have 

been developed. The minimum detectable filed intensity of this electromagnetic field 

sensor is 0.7 mV/m at 50 MHz and 1.2 mV/m at 3 GHz respectively. The sensitivity 

was relatively flat from 50 MHz to 3 GHz and this frequency range uniquely covers 

all frequency bands involved in the cellular phones, mobile communication, and 

Bluetooth technology. According to the experimental results, this electromagnetic 

field sensor so developed can be potentially employed in sensory applications on 

electromagnetic compatibility and RF and microwave safety control [24]. 

     In 2007 Hitoshi Kiuchi, Tetsuya Kawanishi, Senior Member, IEEE, Masumi 

Yamada, Takahide Sakamoto, Member, IEEE, studied the high carrier suppression 

optical double-sideband intensity modulation technique using the integrated LiNbO3 

MZ modulator, which is capable of compensating the imbalance of the MZ arms with 

a pair of active trimmers (null-bias operation mode). The full-bias point operation 

mode introduced in this paper is also a novel modulation technique for the second-

order harmonic generation. The MZ modulator can generate two coherent lightwaves 

with frequency difference equivalent to four times the modulation frequency. Photonic 

local signals of 120 GHz can also be generated using this technique. The phase stability 

over 100 GHz could not be measured due to the reduction of the multiplier power; 

however, estimated phase stability and coherence loss indicate that this method is 

applicable to ALMA and VLBI experiments [25]. 
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     In 2008 Mona Jarrahi, Thomas H. Lee, and David A. B. Miller used the MZ 

modulators for RF photonics are required to have low modulator driving voltages to 

allow for realistic circuit sizes, and sufficient bandwidth to operate at desired 

microwave frequencies. In this work, they have designed and fabricated a GaAs–

AlGaAs MZ modulator, which achieves low drive voltage by utilizing QCSE-induced 

refractive index change along a relatively long modulator length and a high-speed 

modulation speed by employing a traveling-wave modulation scheme to relax the 

efficiency-bandwidth tradeoff. They obtained an extremely low driving voltage of 0.45 

V for a signal-electrode of 1.5 mm at 870-nm wavelength. The measurement- 

instrument-limited small signal modulation bandwidth is measured to be 18 GHz, 

projected to an estimated bandwidth of 50 GHz. To our knowledge, this is the lowest    

reported MZ modulator driving voltage at such high modulation bandwidths 

Monolithically integrated photodetectors found in the same structure show an impulse 

response time of 8-ps FWHM, and saturation power of 330 mW [26]. 

     In 2009 Morozov, Oleg, Aybatov, Dmitry used the device for conversion of single 

frequency signal into two-frequency signal, based on lithium niobate dual-drive Mach-

Zehnder modulator was proposed. Symmetrical two-frequency MZM output signal 

was obtained, when applied modulation signals were equal but inversed ν1(t) = - ν2(t). 

Operation points for modulation signals at MZM transfer function were chosen at 

positive and negative slopes at the quadrature point V+ bias = – Uπ/2 and V− bias = 

Uπ/2. That also allowed to remove the phase modulation (chirp) of the output signal. 

Numerical simulation for cases when modulation signals had different phase were 

held, spectrum evolution of output signal was considered [27]. 



CHAPTER ONE INTRODUCTION 

  
 

11 

 

     In 2010  Michael R. Watts, William A. Zortman, Student Member, IEEE, Douglas 

C. Trotter, Ralph W. Young, and Anthony L. Lentine  have developed a silicon 

depletion mode phase modulator that maximizes the overlap of the depletion region 

with the optical mode enabling a π phase shift with only 5 V applied to be achieved in 

a ∼2-mm-long structure, thus realizing a VπL of only ∼1 V•cm. Further, in a 500- µm-

long lumped element device, they demonstrate a 10-Gb/s NRZ data transmission with 

wide-open complementary output eye diagrams and without the use of signal 

preemphasis. The measured 3-dB electrical bandwidth of the modulator was measured 

to be ∼8 GHz, limited only by the RC time constant of the 50-Ω transmission-line-

driven lumped element. Future improvements, such as the inclusion of traveling wave 

electrodes and more aggressive doping schemes, will likely enable even higher 

bandwidth (>40 GHz) operation with even lower VπL figures of merit [28]. 

     In 2011 Yuan Yu, Jianji Dong, Xiang Li, and Xinliang Zhang studied Positive and 

negative monocycle pulses are generated when the MZM is biased at the positive and 

the negative slopes of the modulation curve, respectively. Both the RF spectra of 

generated polarity-reversed monocycle pulses comply with the FCC definition very 

well. The influences of the injection current of SOA, the bias voltage of MZM, the 

carrier wavelength and the pulse width on the monocycle pulse and the RF spectrum 

are experimentally studied. Experimental results show that the bias voltage of MZM, 

the bias current of SOA and pulse width of electrical signal can affect the generated 

monocycle pulse distinctively, but the influences of the optical carrier wavelength on 

monocycle pulse is tolerable, and the scheme can be implemented in the whole C-

band. The symmetry of both the positive and negative monocycle pulses can be 

improved by increasing the bias current of SOA. Due to the character of fast depletion 
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and slow recovery of the carrier in SOA, the pulse width of the positive monocycle 

pulse is wider than that of the negative monocycle pulse, leading to a narrower RF 

spectrum [29]. 

     In 2012 Wei Li, Ning Hua Zhu, Member, IEEE, and Li Xian Wang studied in 

DPMZM, two sub-MZMs were biased at minimum and maximum transmission points, 

respectively, to generate a CS-DSB+OC modulated signal. In this way, a phase-shift 

between the CS-DSB and OC signals was generated by controlling the dc bias of 

MZM3. This tunable phase-shift leads to an adjustable power-fading function, 

resulting in a tunable ACF. As a result, the IFM system is reconfigurable with tunable 

measurement range and resolution. In principle, the measurement range can be tuned 

to any frequencies, which is only limited by the bandwidth of the optical transmitter 

and receiver employed [30]. 

     In 2013 Robert Palmer, Luca Alloatti, Dietmar Korn, Philipp Claudius Schindler, 

Moritz Baier, Jens Bolten, Thorsten Wahlbrink, Michael Waldow, Raluca Dinu, 

Wolfgang Freude, Christian Koos, and Juerg Leuthold have demonstrated a 1.5 mm 

long push-pull silicon organic hybrid MZI modulator with a Vπ of 1.8 V at DC and 

2.5 V at a data rate of 10 Gbit/s, which corresponds to apolymer nonlinearity of r33 = 

15 pm/V. Open eye diagrams and an extinction ratio of (4–11) dB are demonstrated 

for drive voltages as low as 800 mVpp making electrical RFamplifiers dispensable. 

Improvements are possible concerning the poling procedure. With a fully poled 

structure the limit for Vπ would be around 390 mV for this Mach–Zehnder structure 

and the chosen nonlinear polymer. The result forecasts ultralow energy consuming 

electro-optic interconnects with silicon modulators directly driven by on-chip CMOS 

digital-to-analog converters [31]. 
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     In 2014 Wei Li, Member, IEEE, Wen Ting Wang, and Ning Hua Zhu, Member, 

IEEE have demonstrated a photonic RF waveform generator based on a DPMZM 

driven by a sinusoidal RF signal. The desired RF waveform can be generated by 

separately controlling the powers of the even- and odd-order sidebands, the power ratio 

between the even- (or odd-) order sidebands, and the power/phase of the optical carrier. 

As a result, it is possible for us to manipulate the powers of the RF harmonics after 

photo detecting by the PD. In this way, the desired RF waveforms can be generated. 

In order to generate high-speed RF waveforms, modulator and PD with higher 

bandwidths are required. Moreover, they can only control the power of the RF 

harmonics up to the third-order one. Thus, only the approximation of the desired 

waveform can be achieved, which reduces the flexibility of the proposed method to 

generate arbitrary waveforms [32]. 

      In 2015 W. Talataisong,1,2 D. N. Wang,1,3,* R. Chitaree,2 C. R. Liao,1,4 and C. 

Wang1 In conclusion, the fiber in-line MZI has been proposed and demonstrated for 

pressure measurement. The gas pressure variation induces the RI change in the air-

cavity, which causes the change in optical path difference of the MZI, and in turn leads 

to the transmission spectrum shift   The proposed device is miniature in size, robust in 

structure, and stable in operation and exhibits a high pressure sensitivity of ∼8239 

pm∕MPa. This project is supported by the National Natural Science Foundation of 

China (Grant No. 61377094) and the Hong Kong government general research fund 

(GRF) grant PolyU 152163/14E. One of authors would like to acknowledge the 

Development and Promotion of Science and Technology Talents Project (DPST) of 

Thailand for the student scholarship [33]. 
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     In 2016 Eduardo Huerta-Mascotte 1   Juan M. Sierra-Hernandez 2,*, Ruth I. Mata-

Chavez 1  Daniel Jauregui-Vazquez 2 , Arturo Castillo-Guzman have proposed and 

demonstrated a new Mach –Zhnder interferometer based on  a non -zero  dispersion 

shifted fiber. Here, the MZI was implemented by a core offset splicing of a NZ-DSF 

between   segments of SMF, and several fringe contrast of 2.25, 4.27, 5.22 and 20.54 

dB were obtained  respectively. Moreover, the MZI was tested behavior due to the 

shearing stress that is not uniform at the core-offset MZI structure. Here, by 

experimental measurements, they determined a sensitivity of 0.070 nm to a 

physical length of the NZ-DSF of 2.5 cm [34]. 

     In 2017 Muwafaq F. Jaddoa studied the characteristics of an IMMZI were 

investigated by observing the change in the FSR as the waist diameter was decreased 

from 10µm to 13µm in 1 µm steps. Moreover, these four samples were utilized as RI 

sensors for NaCl solutions with different concentrations. The RI values of the NaCl 

solutions ranged from 1.31837 to 1.31928 RIU. It was concluded that the IMMZI 

sample with the smallest diameter (10 µm) compared with the other samples had the 

highest sensitivity of 2913.7 nm/RIU as a result of the increase in the evanescent field 

strength with a decreasing OMF diameter [35]. 

     In 2018 Shinsuke Tanaka , Takasi Simoyama, Tsuyoshi Aoki investigated a low-

power-consumption Si photonics PAM4 transmitter. Using a simple fabrication 

process, an efficient PIN-PS was integrated with a RC filter. It exhibited a low VπL of 

0.19 Vcm. The Si photonics chip with the PIN+RC phase shifter was flipchip bonded 

with an energy efficient 28nm CMOS inverter driver. The segmented MZ modulator 

was designed for 56 G bps PAM4 operation by changing the equalizer capacitance CE 

and the inverter size between MSB and LSB segment. The fabricated transmitter 
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exhibited clear PAM4 output waveforms up to 56 Gbps. It demonstrated a record-high 

energy efficiency of 1.59 mW/Gbps among Si PAM4 transmitters. They also 

confirmed that the PAM4 waveform exhibit lower BER than FEC limit up to 50 Gbps 

even with an un-equalized receiver [36]. 

     In 2019 TATSUROU HIRAKI, 1,2,* TAKUMA AIHARA demonstrated a high-

efficiency MZM on a Si platform using a 300-μm-long membrane InP-based phase 

shifters and low-loss deuterated SiN waveguides. The small VπL of 0.4 Vcm was 

achieved with the insertion loss of 4.5 dB by optimizing the overlap between the 

distributed carriers and optical mode field. In addition, the fabricated device showed 

error free operation for 40-Gbit/s NRZ signal. These results shows that the proposed 

device has the potential to further reduce the cost, size, and power consumption of 

optical transceivers [37]. 

    In 2020 Yiwei Xie 1,2, Ming Zhang 1,2 and Daoxin Dai 1,2,* have presented a 

novel design rule for achieving an MZI sensor with ultra-high sensitivity. For any 

given optical waveguide system, they have shown that tunable sensitivity can be 

achieved for an MZI sensor by choosing the MZI arm lengths appropriately. An 

example has been given with SOI nanowires, and the device sensitivity can be as high 

as 106 nm/RIU (or higher). With such an MZI sensor, it is possible to detect a very 

tiny refractive index change as small as 10−6 RIU, even by using an OSA with a low 

resolution of ~1 nm. This is really helpful because a moderate/low-resolution OSA can 

be available for the measurement of the spectral responses. In particular, it is even 

possible to integrate with an on-chop spectrometer, which usually has a relatively low 

resolution. In this way it becomes very attractive for realizing a low-cost optical 

sensing system [38]. 
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     In 2021 Youngseok Bae * , Sunghoon Jang , Sungjun Yoo , Minwoo Yi , Joonhyung 

Ryoo and Jinwoo Shin A digital video broadcasting application has been investigated 

with the modulation formats such as QAM (Quadrature Amplitude Modulation) and 

PSK (Phase Shift Keying) under the three optical mediums like OWC, FSO and LOS-

FSO. The transmitter and the receiver sections of a Digital Video Broadcasting unit 

have been designed using QAM and PSK. These two sections have been analyzed 

completely and the parameters of quality factor and the Bit Error Rate are attained 

using the optisystem and optispice software. The LASER driver circuit is designed in 

optispice whereas the communication blocks are designed using optisystem and both 

were co-simulated. The input driver has been simulated for four different wavelengths 

of 850 nm, 1064 nm, 1330 nm and 1550 nm. The distances analyzed is 2 km. A 10gbps 

bandwidth has been utilized for the simulation of optical communication mediums. On 

the comparative simulated results of the QAM and PSK modulation formats with the 

three optical channels OWC, FSO and LOS-FSO, it is concluded that the PSK 

performs well with OWC and LOS-FSO; whereas the FSO performs well with QAM 

modulation format. From the performance analysis, it is implicated that the system 

with the best Q-factor is achieved at the wavelength of 1064 nm [39]. 

1.6 Aims of Study  

The aims of this study are to obtain the relations of: 

1) The power difference and coupling length. 

2) Total transmission and bend radius. 

3) Transmission and applied voltage. 
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Chapter:2  

2.1 Introduction 

Nonlinear fiber optics has continued to grow during the decade of1990s, perhaps even 

more dramatically than anticipated. This growth is motivated by several recent 

advances in light wave technology, the most important is the advent of high-capacity 

fiber-optic communication systems. In such systems, the transmitted signal is 

amplified periodically by using optical amplifiers to compensate to residual fiber 

losses. As a result, the nonlinear effects accumulate over long distances, and the 

effective interaction length can exceed thousands of kilometers! Among other fiber 

devices in which nonlinear effects are becoming increasingly important, are mode- 

locked fiber lasers, distributed fiber amplifiers. The response of any dielectric to light 

become nonlinear for intense electromagnetic fields. In the transparent region of 

optical fiber The intensity dependence of the refractive index leads to a large number 

of interesting nonlinear effects [2]. 

2.2 Modulators 

Optical modulation is one of the most crucial operations in photonics. It is ubiquitous 

in photonics and optoelectronics applications, such as optical interconnect 

environmental monitoring, bio sensing, medicine and security applications. Optical 

modulators can be categorized in different ways. For example, depending on the 

attribute of light that is modulated (panel a), optical modulators can be classified into 

amplitude modulators, phase modulators, polarization modulators, wavelength 

modulators and so on. Depending on the principle of operation (panel b), optical 

modulators can be classified into [40] : 
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2.2.1 Electro-Optic Modulator 

 An electro-optic modulator (EOM) is an optical device in which a signal-controlled 

element exhibiting an electro-optic effect which  is used to modulate a beam of light. 

The modulation may be imposed on the phase, frequency, amplitude, or polarization 

of the beam. Modulation bandwidths extending into the gigahertz range are possible 

with the use of laser-controlled modulators, electro-optical modulator in compact 

silicon structures. The modulator is based on a resonant light-confining structure that 

enhances the sensitivity of light to small changes in refractive index and also enables 

high-speed operation, Electro-optic modulators represent one of the most critical 

components in optoelectronic integration, and decreasing their size may enable novel 

chip architectures [41]. 

2.2.2 Thermo-Optic Modulator   

 Thermo-optic modulators have been realized in near-IR (NIR) silicon components , 

and although they exhibit much smaller modulation bandwidths than plasma 

dispersion effect modulators, they have been shown to be compactable  , require low 

power , and are much simpler to fabricate [42]. Practically, thermo-optic modulator 

could be a more feasible solution considering the large thermo-optic coefficient (1.86 

× 10-4 K-1) in silicon and intensive researches in the last decades, It is noteworthy that 

the thermal conductivity of grapheme is as high as 5300 W (mK)-1 , 30 which is ~100 

times higher than that of gallium aesnide,31 indicating an excellent capability of 

transferring heat at a high speed. It has been reported that graphene can induce a fast 

temperature variation of about 100 °С when injected by 12 m W electrical power[43]. 
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2.2.3 Magneto-Optic Modulator 

 The development of devices based on superconducting qubits for quantum 

information processing has been  advanced dramatically in the  recent years. However, 

two issues stand in the way of superconducting qubits' widespread use: the inability to 

send quantum states over long distances and the lack of a long-term memory. These 

two issues have created a new subject called "hybrid quantum systems," which looks 

into the coupling of superconducting qubits to a variety of different physical systems 

like spin systems and nano-mechanical systems. The two challenges could 

alternatively be overcomed by using reversible inter-conversion between microwave 

photons (which naturally link to superconducting qubits) and optical photons, as well 

as optical fibers for long-distance quantum state transmission [44]. A magnetic-

sensitive medium exhibits circular birefringence, difference in the refractive indices 

for left- and right-handed circular polarization, by applying a magnetic field. This is 

known as the Faraday Effect. Thus, when two counter-rotating circularly polarized 

pulses propagate through a medium [45] .  

Figure (2.1): Sketch of the magneto-optic effect as a pulse with circular 

polarization travels through a magnetic-sensitive medium. A clique delay is induce 

with a magnetic field[45]. 
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2.2.4 Acousto–Optic Modulator 

 For a long time, acousto-optic effects have been exploited for optical modulation, with 

Bragg cells being the most well known example. However, in future generations of 

integrated photonics, the desire for quick and compact devices, as well as needed phase 

matching, imposes various limits on standard acousto-optic devices. As a result, a 

promising approach to increasing operation speed employs all-optical light control, 

which allows operation down to sub picosecond time scales; these devices are typically 

a few hundreds of µms long because they rely on optical nonlinearities,they are 

frequently little Photonic crystals (PhCs) are an excellent way to reduce device size. 

Thermo-optical switches based on a PhC Mach-Zehnder interferometer MZI with 

12m-long arms on an AlGaAs/GaAs system3 and electro-optical switches based on 

carrier injection of an 80m-long silicon PhC-MZI are examples. Using the nonlinear 

features of quantum dots inserted in the MZI arms, faster PhC-based all-optical 

switching devices have been accomplished in the Al,GaAs system. Fabrication of PhC. 

On the other hand, necessitates a sophisticated process with extremely tight tolerances 

[46]. And so on, depending on the optical property of the material changed for light 

modulation. 

2.2.5 All-optical modulators 

All-optical light modulation using 2D layered materials has been extensively studied 

as it allows the signal processing to be realized fully in the photonic domain. Thus, 

modulation can be done directly in an optical fiber or other waveguide (for example, 

silicon waveguide) system, allowing ultrafast, low-loss and broadband optical signal 

processing in simple configurations. Demonstrated all-optical modulators with 2D 

materials include saturable absorbers ,wavelength convertors, optical limiters and 
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polarization controllers. The majority of these devices exploit the strong nonlinear 

optical response of 2D materials ,their broad bandwidth, fast response and miniature 

size for compact[40]. 

2.3 Mach –Zehnder modulator 

An optical interconnection link using a Mach-Zehnder modulator (MZM) is common 

and well researched. In the area of electrical modeling, most of these modulators are 

treated as transmission lines [47]. A fiber optic MZM interferometer is one of the basic 

configuration used in high-sensitivity measurements [48]. Integrated optical (IO) 

devices are capable of combining high sensitivity, mechanical stability, 

miniaturization and possibility of mass production. That is the reason why they have a 

wide application .Optical Mach-Zehnder interferometer (IO-MZI) poses distinct 

advantages. Firstly, sensitivity of IO-MZI can be further improved by increasing the 

interaction length (L) regardless of the sensitivity limit of waveguide. Secondly, IO-

MZI offers a readily available reference arm to reduce the thermal, temperature and 

mechanical noise which is crucial to improve the detection limit of all biosensor. Next, 

output response of IO-MZI is based on direct intensity detection instead of wavelength 

shift [8]. Since advanced optical modulation formats have received considerable 

interest over the last few years,  we want to point the reader to some additional reviews 

on the topic, supplementing the material presented here Direct modulation of lasers is 

the easiest way to imprint data on an optical carrier. Here, the transmit data is 

modulated onto the laser drive current, which then switches on and off the light 

emerging from the laser [49]. Due to its resilience to electromagnetic interference, 

compact size, possible low cost, and ability to distribute measurement across a large 

distance, optical fiber sensors can be exceptionally useful and adaptable devices. High 
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sensitivity is particularly advantageous for fiber Mach-Zehnder interferometers 

(MZIs). To address this requirement, a variety of optical fiber-based sensing 

approaches have been developed [50]. Fiber optic tapers are crucial sensors and 

couplers that can be used in a variety of applications. The majority of tapers are based 

on single mode fiber optics.A Mach-Zehnder phase modulator, based on an 

interferometric configuration, which converts phase modulation into intensity 

modulation. The phase of the optical beam traveling through a first arm of the 

interferometer is altered relative to the phase in the second arm by applying an 

appropriate modulating voltage to an electrode associated with the first arm. In one 

such configuration, the modulating voltage is applied to each arm in an equal [51].For 

optical measurements, the driver is wire-bonded to a depletion-mode Mach-Zehnder 

modulator. A distributed driver architecture significantly increases the bandwidth for 

the large voltage stress [52] . It is challenging to achieve high speed optical intensity 

modulation in silicon (Si) because the material does not exhibit any appreciable 

electro-optic effect ,the  design based on the free-carrier plasma dispersion effect 

wherein the phase shifting elements of a Mach Zehnder interferometer (MZI) are 

metal-oxide-semiconductor (MOS) capacitors embedded in Si rib waveguides. An 

applied voltage induces an   accumulation of charges near the gate dielectric of the 

capacitor, which, in turn, modify the refractive index profile of the waveguide and 

ultimately the optical phase of light passing through it. The MOS capacitor operates 

exclusively in accumulation bias so that the device bandwidth is not limited by carrier 

recombination in Si [53]. 
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2.4 Structure of Mach –Zehnder Modulator (MZM) 

The structure of Mach –Zehnder (MZM) modulator as shown in figure (2.2).MZMs 

work by the principle of interference, controlled by modulating the optical phase, the 

power of the input is splited  equally into the two output waveguides of the first 

directional coupler. Those two waveguides form the two arms of a Mach-Zehnder 

interferometer, by applying on one of the arms of an electric field to modify the 

refractive index in the material and, thus, modify the phase for the wave propagating 

through that arm. The two waves are then combined into another 50/50 directional 

coupler. By changing the applied voltage ,you can continuously control the amount of 

light exiting from the two output waveguides [54]. 

 

Figure (2.2): Structure of Mach –Zehnder modulator[54] 

Optical modulators are used for electrically controlling the output amplitude or the 

phase of the light wave passing through the device. To reduce the device size and the 

driving voltage, waveguide-based modulators are used for communication 

applications. To control the optical properties with an external electric signal, the 

electro-optic effect, or Pockels effect, is used, where the birefringence of the crystal 

changes proportionally to the applied electric field. A refractive index change results 

in a change of the phase of the wave passing through the crystal. If you combine two 
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waves with different phase change, you can interferometrically get an amplitude 

modulation [55]. 

       Figure ( 2.3): Integrated Mach-Zehnder micro-interferometer on LiNbO3 [55]. 

MZMs, especially LiNbO3-based devices, as shown in figure (2.3) feature wavelength 

are independent modulation characteristics, excellent extinction performance 

(typically 20 dB), and lower insertion losses (typically 5 dB) than EAMs. The required 

(high-speed) peak-to-peak drive voltages of up to 6 V. However, ask for broadband 

driver amplifiers, which can be challenging to build at data rates in excess of 10 

Gb/s.Today,LiNbO3-based MZMs which  are widely available for modulation up to 

40 Gb/s[49]. On a modified Mach-Zehnder interferometer which is capable of 

measuring the ultra short time strain response of a sample. Using this instrument, the 

dispersion of piezoelectric and electrostrictive coefficients of several commonly used 

ferroelectrics were examined [56]. Mach–Zehnder interferometers (MZIs) on SOI 

platform are used as optical switches, filters, modulators and sensors, as they show 

large thermo-optic effect, high optical index difference, low propagation and coupling 

losses. prompted by the demand of ultra-fast and more compact switching, sensing and 

modulating devices  for telecommunication and iter- net industry, and for sensing 

applications . The accompanying challenges include finding ways to further reducing 

power consumption ,and  minimizing power losses [57]. The numerical effects of 

several parameters on absorption sensitivity are investigated. The taper core is not in 
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direct touch with the external medium due to the cladding, resulting in some substantial 

changes from the uncladded one, especially when the external medium index 

approaches the index of cladding or core. To demonstrate the possibility of such a 

chemical sensor, tapers are made and absorption experiments are carried out. Fiber 

optic tapers are crucial sensors and couplers that can be used in a variety of 

applications. The complete wave theory is used to model most tapers, which are based 

on single mode fiber optics. The theory is based on the fact that light waves driven 

through a fiber have a power portion in the form of evanescent waves in the 

cladding.[58]. Glass optical fiber waveguides with low loss were first produced 

between the late 1960s and the early 1970s, (Ka70), and were immediately developed 

together with other necessary and related optical components to be used the 

communication is industry , advanced technological development continues apace, 

spurred by applications of fiber optic systems in telecommunications, computing and 

process control . From around 1977, this rapidly maturing technology has been applied 

to the intensive development of sensing devices (Gi82, Cu84, Bu85, Pi85, Da88, Ar89, 

Cu89a, Ud91). The most advanced work has been done on rotation detectors, or 

gyroscopes and on acoustic field sensors have also been developed to detect physical 

quantities such as strain and displacement, pressure, temperature, acceleration, 

magnetic field, electric current and electric field.[59] Optical fiber sensors have 

attracted great attentions in the applications of biological, chemical and environmental 

industries, including the measurements of the liquid level, refractive index (RI), 

temperature and strain. Compared to the other techniques that based on the mechanical 

and electrical methods, the optical fiber sensors have many advantages, such as 

electromagnetic immunity, resistance to erosion, high sensitivity and capability of 
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remote sensing. In the past years, several types of fiber optical sensors have been 

developed. For example, the sensors based on the long period fiber gratings Recently, 

sensors based on all-fiber Mach-Zehnder interferometer (MZI) have received 

considerable attention [60].Due to its resilience to electromagnetic interference, 

compact size, possible low cost, and ability to distribute measurement across a large 

distance, optical fiber sensors can be exceptionally useful and adaptable devices. These 

optical fiber devices operate as evanescent wave sensors based on multimode 

interference schemes, exploiting the dependence of high-order mode propagation 

constants on the refractive index of the surrounding medium to monitor changes in the 

optical properties of the environment. Since the refractive index of a given solution 

can be strongly influenced by temperature, refractive index sensing must be combined 

with simultaneous temperature monitoring to produce useful findings. To address this 

requirement, a variety of optical fiber-based sensing approaches have been developed  

[50]. 

2.5 Ferroelectric Materials  

The phenomenon of ferroelectricity was discovered in 1921 by J. Valasek who was 

investigating the dielectric properties of Rochelle salt. Ferroelectrics are essential 

components in a wide spectrum of applications, ferroelectrics and, more widely, polar 

materials have now been used for several years in RF devices and in nonvolatile 

memories[61]. Ferroelectric materials are currently being developed for various 

purposes, especially as part of microelectronic devices Ferroelectric materials consist 

of complex chemical compounds and up to this day there are nearly 100 inorganic 

compounds [62].Ferroelectrics are typically materials with high dielectric constant 

values, leading to applications as capacitors. They carry a spontaneous electric 
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polarization that can be switched between two or more states using an electric field 

[63]. 

2.5.1 Applications for Ferroelectric Materials 

•         Capacitors 

•         Non-volatile memory 

•         Piezoelectrics for ultrasound imaging and actuators 

•         Electro-optic materials for data storage applications 

•         Thermistors 

•         Switches known as transchargers or transpolarizers 

•         Oscillators and filters 

•         Light deflectors, modulators and displays 

Ferroelectric materials possess spontaneous polarizations that are usually originated 

from the collective displacement of ions in the crystals. Applying an electric field leads 

to polarization reversal that is coupled with a strain response known as the 

piezoelectric effect. Because of their multi functionality, ferroelectric materials are 

widely used in nonvolatile memory, ultrasonic imaging systems and many other 

devices. Ferro electricity was originally discovered in Rochelle salts4 and later in 

several other molecular systems.                                                                                                           

However, the rapid development of the field took place only after the discovery of 

Ferro electricity in perovskite oxides [64]. Electrical current I in materials is expressed 

by Ohm’s law as I =V/R, where V and R, are potential difference and resistance 

respectively. When the equation is normalized by the sizes of materials, Ohm’s law 

can be expressed as J= Ɛ𝐸 ,where J, Ɛ, E are current density, permittivity, and electric 

field strength. The permittivity Ɛ is generally dependent on materials themselves and 
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a useful parameter, which varies by a factor of over 1020, to categorize materials into 

metals, semiconductors and insulators [65].                    

The most widely used inorganic ferroelectric materials such as perovskite barium 

titanate and lead zirconate titanate, while showing excellent performance 

characteristics, are intrinsically limited in their applicability due to the presence of 

heavy metals. As ferro electricity is defined by the switchable polarization under the 

influence of an external electric field [66]. Ferroelectric materials have long captured 

scientific concerns because of their important applications as a basic element of 

sensing devices and memories. With the increasing demand on flexible devices and 

printed electronics, ferroelectrics should be flexible, thin, lightweight, and 

environment-friendly, which contain heavy metals, have almost no mechanical 

flexibility and require energy-intensive fabrication processes. Observing  numerous 

ferroelectric vortex modes in inorganic perovskites, small-molecule organic 

ferroelectrics have made great progress including large spontaneous polarization, high 

Curie temperature, and ultrafast polarization switching [67]. Ferroelectric materials 

are characterized by a permanent electric dipole that can be reversed through the 

application of an external voltage, but a strong intrinsic coupling between polarization 

and deformation also causes all ferroelectrics to be piezoelectric, leading to 

applications in sensors and high-displacement actuators. A less explored property is 

flexoelectricity, the coupling between polarization and a strain gradient. Pure 

mechanical force can, therefore, be used as a dynamic tool for polarization control and 

may enable applications in which memory bits are written mechanically and read 

electrically [13]. Ferroelectric materials that exhibit a stronger Pockels effect. Barium 

titanate (BaTiO3,BTO)is among the most promising ferroelectric materials for EO 
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applications, because of its strong Pockels effect The slots can be filled with nonlinear 

functional materials introducing the Pockels effect [68]. A homogeneous ferroelectric 

single crystal exhibits only two remnant Interest in ferroelectric properties, materials 

and devices has been considerable over the last 10 years [14]. As optical materials 

applications are expanding, the need for novel optically functional and transparent 

materials increases. These needs range from high performance, all optical switches for 

future use in optical computing as switching and amplification; the materials must be 

integrated into existing structures such as waveguides and optical fibers. As such, films 

and fibers are of great interest as the final form of these novel materials. Nano 

composite materials show great promise as they can provide the necessary stability 

and process ability for these important applications. Nonlinear optical materials can be 

useful for all optical switching and wavelength manipulation. Optical Absorption as a 

Measure of Particle Size and Distribution. Currently, semiconductor  Nano crystals are 

primarily studied for their enhanced optical properties [69]. Properties of ferroelectric 

materials, symmetry considerations, coupling of electro-mechanical and thermal 

properties, and definitions of relevant ferroelectric phenomena are provided. On the 

other hand, problems associated with applications of ferroelectric materials, such as 

polarization fatigue, ageing and field and frequency dependence of the piezoelectric, 

elastic and dielectric properties, generated intensive research of the fundamental 

properties of ferroelectrics [70]. In various fields of industry and science, piezoelectric 

and ferroelectric materials are frequently used. The piezoelectric effect is used in the 

sensors. Aside from piezoelectric applications, ferroelectrics' optical, thermal, and 

electrical properties are used in a wide range of systems and components [71]. 

Ferroelectricity is a property of some non-conducting crystals, or dielectrics, that 
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display spontaneous electric polarization that can be reversed in direction by applying 

a suitable electric field. All ferroelectric crystals are pyroelectric and piezoelectric by 

definition. Many lose these polar properties at the transition or Curie temperature Tc a 

nonpolar phase above Tc is the so-called para electric phase Ferro electricity. 

ferroelectrics, the piezoresponse of organic materials still do not match that of piezo 

ceramics such as BTO [72]. Transitions accompanied by switchable dielectric 

behaviors, reversible structural phase transitions can be defined as the local or micro 

mutual transformations in crystal structures. Because they are often accompanied by 

many interesting physical response signals during the phase transitions processes, 

ferroelastic materials, ferroelectric materials, energy storage, temperature controlling, 

data communication, infrared acquisition, signal processing and nonlinear optical 

(NLO) materials [73]. 

2.5.2 Lithium Niobate  

Dispersion of short optical pulses propagating in optical fibers is one of the main 

limiting factors for high bit rate transmission. When the pulses are produced by a 

chirped source like a directly modulated semiconductor laser, this effect may even be 

worse. This explains why external modulation is usually preferable than direct 

modulation in 1.55 m telecommunication systems. LiNbO3 Mach–Zehnder  

modulators (MZMs) have known an increasing interest, because their negligibly small 

wavelength dependence makes them suitable for both time division multiplexing  and 

wavelength division multiplexing optical transmission systems[74]. Many electro-

optic and frequency converter devices rely on ferroelectric materials like lithium 

niobate and lithium tantalate. 90° walls can also arise in tetragonal systems, where the 

latter refers to walls that separate two perpendicular polarization directions, which is 
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analogous to crystallographic twinning. Any electric field created by a displacement 

of charges controls the refractive index by the linear electro-optic (Pockels) effect, 

according to several experimental and theoretical investigations on the process of 

polarization reversal and domain dynamics in ferroelectric crystals. Any 

inhomogeneous illumination that results in a spatially modulated charge carrier photo 

excitation will cause a redistribution of charge with accompanying space-charge 

electric field and refractive index modification due to charge-carrier diffusion (or drift 

in an applied field). When the word photorefractive effect is applied to this class of 

materials, this is the origin and meaning of the phrase [75]. An electric field produces 

electron or crystal-lattice displacements in the EO effect, which results in a change in 

refractive index. Devices based on this phenomenon are predicted to respond very 

quickly. LiNbO3 is a unique EO crystal in that it can be grown on large wafer substrates 

and has a low dielectric constant, quick device responses, and low power consumption. 

The relationship between the refractive index n and the electric field E is written as: 

1/𝑛2 = 1/𝑛0
2 + 𝑟𝐸 + ℎ𝐸2 + ⋯                                                                      (2.1) 

where no represents the refractive index in the absence of an electric field, r represents 

the electro-optic coefficient, and h represents a higher order electro-optic coefficient. 

The LiNbO3 crystal is a ferroelectric crystal that displays electric dipoles (spontaneous 

polarization) even when no electric field is applied. Above a particular temperature, 

known as the Curie temperature, the electric dipole vanishes. The crystal shows an EO 

effect where the refractive index changes linearly with the applied field. This type of 

electro-optic effect is known as Pockels effect. Low loss planar waveguides can be 

fabricated on LiNbO3 substrates by several methods. The refractive index of the core 

portion of the waveguide is made higher than that of the surrounding region, which 
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confines light. Optical-axis alignment issues associated with bulk optics are avoided 

by channeling light into planar waveguides. This sort of device is made utilizing 

procedures similar to those used to make integrated circuits (ICs). This makes it 

possible to mass-produce somewhat complicated planar lightwave circuits (PLCs). 

Almost all guided-wave optical switching technologies have been tested and proven 

utilizing LiNbO3 during the course of its long existence. Lithium Tantalate (LiTa03 or 

LT) has a crystal structure and properties similar to lithium nitrate (LN). However, 

because its Curie temperature is lower than (655 °C), fabricating good optical 

waveguides is more difficult. As a result, LT crystals are not as often employed in 

optical switching as LN crystals. This chapter provides a quick overview of some LT 

devices. Lead Zirconate Titanate (Pb(Zr, Ti)03, or PZT) and Lead Lanthanum 

Zirconate Titanate [(Pb, La)(Zr, Ti)03, or PLZT] are two more ferroelectric materials 

utilized in optical switches. Electro-optic coefficients are one order of magnitude 

higher in these materials than in LN. Low-loss waveguides are difficult to fabricate, 

which limits their application in optical switching. Waveguide loss could be reduced 

as a result of recent advancements in fabrication technologies [76]. 

 

                         Figure (2.4):Structure of Lithium niobate [77] 
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2.5.3 Perovskite  

Recent developments show the potential applications of organic- in organic perovskite 

materials in electronics, light sources, photo voltaics, and even ferroelectrics .Because 

of their distinct structure, hybrid materials combine the benefits of organic molecules 

and advantageous characteristics of crystalline inorganic solids at a molecular level. 

We report the discovery of a single-phase organic-inorganic perovskite piezo- electric 

of trimethy lchloromethyl ammonium trichloromanganese that exhibits a piezoelectric 

coefficient [72] . Because of their superior ferroelectric and other features, inorganic 

perovskite ferroelectrics are frequently employed in nonvolatile memory components, 

capacitors, and sensors. Mechanical flexibility, low weight, ecologically friendly 

production, and low processing temperatures are all advantages of organic 

ferroelectrics. Despite the fact that the first ferroelectric, Rochelle salt, was discovered 

about a century ago, there are few instances of highly desirable organic perovskite 

ferroelectrics. The term "perovskite" comes from the mineral CaTiO3, which was 

discovered in 1839 by Gustav Rose. The most abundant minerals in the Earth's interior 

are magnesium silicate perovskite and calcium silicate perovskite. Perovskites have a 

characteristic three-dimensional structure (3D). ABX3 crystal structure, in which the 

A cations are located in the 3D corner-sharing framework of BX6 octahedrons (B 

represents the other cation and X is an anion). There are hundreds of known 

perovskites, constituting an essential class of functional materials in optoelectronics 

and microelectronics. Among their numerous attractive properties, ferroelectricity, 

which is the ability to switch spontaneous polarization (Ps) under an applied electric 

field, is of particular interest for theoretical studies and is important for a variety of 

applications. Inorganic perovskites, such as BaTiO3 and Pb(Zr,Ti)O3, dominate 
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applications such as ferroelectric memories, piezoelectric sensors, actuators, 

capacitors, and nonlinear optical devices . However, the requirements for practical 

materials Tobe energy efficient, economically in- expensive, and environmentally 

friendly (“triple E”) motivate the exploration for nontoxic, low- cost, and simple 

alternatives to inorganic perovskite [78]. Piezoelectric materials are technologically 

important, and the most used ones  are perovskite ferroelectrics. In the  recent years, 

more and more emerging areas have put forward new requirements for piezoelectric 

materials, such as lightweight, low acoustic impedance, good flexibility, and 

biocompatibility. In this context, hybrid organic−inorganic perovskite ferroelectrics 

have emerged as promising supplements, because they combine attractive features of 

inorganic and organic materials. Among them, hybrid double-metal perovskites have 

recently been found to exhibit excellent Ferroelectricity. However, their potential as 

piezoelectric materials has not been exploited. Here, we describe large piezoelectric 

response [79]. 

Perovskites are materials described by the formula ABX3, where X is an anion and A 

and B are cations of different sizes (A is larger than B). The crystal structure of 

perovskites is depicted in Fig. (2.5). Their crystallographic stability and probable 

structure can be deduced by considering a tolerance factor t and an octahedral factor µ 

[80]. It has been founded a family of metal-free organic perovskite ferroelectrics with 

the characteristic three-dimensional structure [78].  
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Figure (2.5):perovskite crystal structure[78]. 

2.5.4 Potassium Nitrate 

Potassium nitrate is a chemical compound with the chemical formula KNO3. It is an 

ionic salt of potassium ions K+ and nitrate ions NO3−, and is therefore an alkali metal 

nitrate. It occurs in nature as a mineral, niter (or nitrate in UK), it is a source of 

nitrogen, and nitrogen was named after niter. Potassium nitrate is one of several 

nitrogen-containing compounds collectively referred to as salt peter (or saltpeter in 

North America) Crystals of Rochelle salt are very peculiar to study due to their 

ferroelectric nature. The conductivity properties of Rochelle salt are anomalous and 

the dielectric studies exhibits several dispersions [81]. 

The structure of Single- crystal determinations of phase III were obtained at 295 and 

123 K. Unit cell regained its room-temperature dimensions after warming from 123 K.  

Phase-III KNO3 structure can be viewed as the stacking parallel to the c axis of 

alternating K atoms and planar NO3 groups. NO3 groups join the planes of K atoms, 
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where each O is fourfold coordinated to one N and three K. Each K atom has nine O 

nearest neighbors, with three bonds at 2.813 and six at 2.9092 A˚. Interatomic K—

N—K distance alternates from 5.051 to 3.941 along the c axis. The N—O distances 

increase from 1.245 A˚at 295 K to 1.2533  A˚ at 123 K. The nitrate group has a slight 

non-planarity, with the N atoms 0.011 A above the O plane and directed toward the 

more distant K of the K—N—K chain. Nitrates such as KNO3 important to know the 

form of KNO3 or other nitrates in the atmosphere as different phases can display 

different physical and chemical properties. KNO3 is also an important ingredient in 

explosives and propellants  and shows promise as a material for random access 

memory (RAM) devices. [82]. Meanwhile, KNO3 is widely used as one of the 

resources for potash fertilizer in agriculture. Therefore, under the consideration of 

production cost and environmental benignity [83]. There were no visible or 

biochemical signs of ill health (inappetence, lethargy, shaking or instability) in any 

sheep fed lathyrus. Several sheep fed the 70% lupin diet had mild diarrhoea, and two 

were eventually removed from the experiment due to anorexia. Meat from sheep fed 

lupin tended to be yellower than that from those fed lathyrus (P = 0.05). Apart from 

this, there were no differences in meat quality due to grain type [84]. 

The explicit dependences of ferroelectric properties upon film thickness or particle 

size have been known both theoretically and experimentally for many years. As films 

become thinner, depolarization field effects become important, lowering both Curie 

temperature T c and spontaneous polarization. For sufficiently thin films (or small 

particles) both reach zero, and Ferro electricity becomes impossible. It is also possible 

for Ps to increase near the surfaces of films, resulting in "super polarized" surface 

layers. This has been treated theoretically using both pseudo-spin models  [85]. It is 
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known that KNO3  has an orthorhombic structure at room temperature and atmospheric 

pressure, Pnma (Pmcn) – phase II, and crystallizes in the structural type of aragonite 

with the following lattice parameters: a = 5.4119 Å, b = 9.1567 Å, 

 c = 6.4213 Å, that is clear in figure (2.6)[86].  

 

Figure (2.6):Structure of Potassium nitrate[87]. 
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Chapter:3  

3.1 Introduction  

The classical macroscopic electromagnetic field is described by four vector functions 

of position x and time t denoted by Ē, D, H and B. The electric and magnetic field 

strengths are defined by the basic field vectors Ē and H, respectively. The electric 

displacement and magnetic induction are the vector functions D and B, which will 

eventually be excluded from the description of the electromagnetic field via suitable 

constitutive relations. A distribution of sources, consisting of static electric charges 

and the directed movement of electric charge, known as current, creates an 

electromagnetic field. A scalar charge density function describes the distribution of 

charges, while the vector current density function J describes currents. The following 

equations, which are  applied  throughout the region of space inhabited by the 

electromagnetic field, link the field variables and sources, according to Maxwell's 

equations.[88].   

3.2 Maxwell’s Equations 

These equations represent the state of electromagnetic theory in the mid-nineteenth 

century, When Maxwell began his work in the mid-nineteenth century, these equations 

represented the state of electromagnetic theory at the time. They weren't written in 

such a concise format back then, but their physical content was familiar. Now, it just 

so happens that these formulations have a catastrophic flaw. It has something to do 

with the ancient requirement that curl divergence must always be zero. Everything 

works out when you apply the divergence on the equation (3.3) [89]. 
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    𝛁 ⋅ 𝐄 =
1

𝜖0
𝜌         (Gauss's law)                                                              (3.1) 

    ∇ ⋅ 𝐁 = 0           (Gauss’s law for magnetism)                               (3.2) 

    ∇ × 𝐄 =  −
∂𝐁

∂𝑡
   (Faraday's law)                                                           (3.3) 

    ∇ × 𝐁 =  𝜇0𝐉 + 𝐃 (Ampère's law)                                                  (3.4)     

Where ε˳ Electric field permittivity , D electric displacement , E electric  field intensity  

,magnetic induction B, J electric current density, µo the permittivity of light in 

vacuum, 𝜌 the charge density, the electric field E (in volts per meter), the magnetic 

field H (amperes per meter), D (coulombs for square meters), and the magnetic field 

density B (amperes per square meter) are related to each other through the equations  

[90]. 

So far, the following laws specify the divergence and curl of electric and magnetic 

fields [91]. 

∇ ⋅ (∇ × 𝐄) = ∇ ⋅ (−
∂𝐁

∂𝑡
) = −

∂

∂𝑡
(∇ ⋅ 𝐁)                                              (3.5)  

form Suppose there are no currents ,charges nor magnetization ,then multiplying 

Faraday's law with µ-1 ,taking the curl and using the constitutive relations and 

Amperes 'law leads to the nonlinear electromagnetic wave equation of the 

∇ × (𝜇(𝑥)−1∇ × ℰ) + 𝜀(𝑥)𝜃1
2𝜀 + ∂1

2𝒫𝑁𝐿(𝑥, ℰ) = 0                           (3.6) 

For the electric field Ɛ ,solving this one obtains 𝒟 = 𝜀ℰ + 𝒫𝑁𝑡(𝑥, ℰ) by the constitutive 

relation and Ɓ by time integrating Faraday's law .finally   is also determined by the 
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constitutive relation . Equation (3.6) represent to nonlinear forma the left side is zero 

because the divergence of curl is zero; the right side is zero by virtue of equation (3.2). 

However when doing the same thing to equation (3.4), getting into trouble: 

∇ ⋅ (∇ × 𝐁) = 𝜇0(∇ ⋅ 𝐉)                                                                    (3.7) 

The left side must be zero, but the right side, in general, is not. For steady currents, the 

divergence of J is zero, but when it goes beyond magneto statics Ampère’s law cannot 

be right. There is another way to see that Ampère’s law is bound to fail for no steady 

currents. Suppose the process of charging up a capacitor in integral form, Ampère’s 

law reads. 

The problem is on the right side of Eq. (3.6), which should be zero, but isn’t.  Applying 

the continuity equation  and Gauss’s law, the offending term can be rewritten [92] 

 ∇ ⋅ 𝐉 = −
∂𝜌

∂𝑡
= −

∂

∂𝑡
(𝜖0∇ ⋅ 𝐄) = −∇ ⋅ (𝜖0

∂𝐄

∂𝑡
)                                    (3.8) 

The combination of (∂E/∂t) with J, in Ampère’s law. would be just right to kill off the 

extra divergence: 

∇ × 𝐁 = 𝜇0𝐉 + 𝜇0𝜖0
∂𝐄

∂𝑡
                                                                        (3.9) 

Apart from curing the defect in Ampère’s law, Maxwell’s term has a certain aesthetic 

appeal: Just as a changing magnetic field induces an electric field Faraday’s law, so a 

changing electric field induces a magnetic field. Of course, theoretical convenience 

and aesthetic consistency are only suggestive there might, after all, be other ways to 

doctor up Ampère’s law. The real confirmation of Maxwell’s theory came in 1888 
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with Hertz’s experiments on electro- magnetic waves. Maxwell called his extra term 

the displacement current (D) 

𝐉𝑑 ≡ 𝜖0
∂𝐄

∂𝑡
                                                                                        (3.10)  

(It’s a misleading name; 𝜖𝑜(∂E/∂t) has nothing to do with current, except that it adds 

to J in Ampère’s law) Let us see now how displacement current resolves the paradox 

of the charging capacitor. If the capacitor plates are very close together, then the 

electric field between them is: 

𝐸 =
1

𝜖0
𝜎 =

1

𝜖0

𝑄

𝐴
                                                                                  (3.11) 

where Q is the charge on the plate and A is its area. Thus, between the plates: 

∂𝐸

∂𝑡
=

1

𝜖0𝐴

𝑑𝑄

𝑑𝑡
=

1

𝜖0𝐴
𝐼                                                                             (3.12) 

when E is constant, it still have ∇ × B = μo J. In fact, Maxwell’s term is hard to detect 

in ordinary electromagnetic experiments, where it must compete for attention with J—

that’s why Faraday and the others never discovered it in the laboratory [93]. In an 

electro optic crystal TE and TM modes can be coupled by application of a modulation 

voltage. There are two types of modulators using anisotropic crystals. In the first type 

a voltage that is constant along the direction of wave propagation couples a guided 

mode to a radiation mode of the orthogonal polarization so that the radiation loss of 

the guided mode can be controlled by the applied voltage. The modulator of the second 

type uses voltage-controlled coupling between guided TE and TM modes [94]. 

Aspects related to vector analysis and electromagnetic fields in free space are 

examined, taking into account scalar and vector fields, coordinate systems, differential 
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elements of space, vector integration, electric charges, electric and magnetic fields, 

and Maxwell's integral relations for free space. Vector differential relations and 

Maxwell's differential relations in free space are considered along with   Maxwell's 

equations and boundary conditions for material regions at rest, static and quasi-static 

electric fields, static and quasi-static magnetic fields, the Pointing vector, a mode 

theory of waveguides, TEM waves on two-conductor transmission lines, the analysis 

of reflective transmission lines, and radiation from antennas in free space [95]. 

3.3 Modeling and Optimization  

In finite element method at COMSOL multiphysics, the mesh design resolved the 

varying of the electric field and magnetic field, the electromagnetic waves beam 

envelopes interface can be combined with the electrostatics interface to perform 

simulations of the properties of an optical waveguide modulator. The design of MZM 

is implemented in a 2D geometry, the electromagnetic waves beam envelopes interface 

is formulated assuming that the electric field is defined as the product of a slowly 

varying envelope function and a rapidly varying phase function [96]  

𝐄 = 𝐄1exp (−𝑗𝐤 ⋅ 𝐫)                                                                          (3.13) 

where E1 represents the envelope function, k represents the wave vector, and r 

represents the position. The envelope function E1 exhibits a spatial fluctuation on a 

length scale significantly bigger than the wavelength if k is suitably selected for the 

situation. The wave is well approximated in the straight domains using the wave vector 

for the incident mode β, which is a good assumption for this model. The wave vector 

in the waveguide bends, on the other hand, can be expressed as: 
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𝛽2 = 𝛽(cos 𝛼𝐱 + sin 𝛼𝐲)                                                                 (3.14) 

where β = Ko neff is the propagation constant for the mode, ko is the vacuum wave 

number, neff  is the effective index of the waveguide mode, α is the angle from the x-

axis, and x and y are the unit vectors in the x and y directions, respectively.The wave 

vector difference is thus  [97] 

𝛽2 − 𝛽 = 𝛽((cos 𝛼 − 1)𝐱 + sin 𝛼𝐲)                                                       (3.15) 

It is the wave vector difference that determines the phase variation for the envelope 

field. Thus, the mesh resolves the phase variation well. As an example, 

(𝛽2 − 𝛽) ⋅ Δ𝐫 ≤ 2𝜋/𝑁                                                                       (3.16) 

where N is a suitably large number, for instance 6. From the relations above, you get 

that the maximum mesh element sizes in the x and y directions should be: 

ℎ𝑥,𝑚𝑎𝑥 =
𝜆

𝑁𝑛eff(1−cos 𝛼)
                                                                      (3.17) 

 and  

ℎ𝑦,𝑚𝑎𝑥 =
𝜆

𝑁𝑛effsin 𝛼
                                                                            (3.18) 

 

3.4 Finite Element Method  

Finite element method (FEM) is a mathematical method to solve Maxwell equation 

for electric and magnetic field . Since its application in electrical engineering in 1965 

, the FEM has been  proven to be a powerful tool for the computation of 

electromagnetic fields [98]. Quite used to differential equations to describe the 

phenomena mathematically based on basic physical principles, namely conservation 
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laws in many mechanical engineering problems.  Instead of this differential 

formulation, physical phenomena can be described in terms of minimization of total 

energy, Finite element formulation can be derived by this vibrational formulation as 

long as there exists a vibrational principle corresponding to the problem of interest 

[99]. The finite element model consists of a set of algebraic equations among the 

unknown parameters (degrees of freedom) of the element [100] .FEM uses Maxwell’s 

partial differential equations (PDEs) at FEM have been used  to solve physical 

problems , fundamental  principle of this process  depends mainly on four steps . First 

step that is discretizing a physical object or a solution domain into thousands of small 

shapes called mesh elements. The finite elements can be defined as one, two, or three 

dimensional, depending on the study domain of the physical object. Furthermore, the 

mesh can be generated uniformly or non-uniformly. When there are important regions 

in the solution domain where the required parameter from studying this physical 

problem changes rapidly, it is preferable to define a non-uniform mesh; that is, many 

of the small elements are concentrated in these regions more than in other regions of 

the solution domain. The second step is finding the governing PDEs in each element 

of the mesh , that is many of the small elements are concentrated in these regions more 

than in other regions of the solution domain. Second step is finding the governing 

PDEs in each element of the mesh. Third step is assembling of all finite elements in 

the solution domain. Finally, the general solution of the physical problem results from 

solving all the equations under certain boundary conditions. This computational 

method is used in many types of waveguide design software to determine EM field 

profiles and to calculate the guided modes of the waveguide models by using 

Maxwell's equations. Software of  COMSOL Multiphysics is used to design a 

waveguide model and find its guided modes by using the Mode-Eigenvalue calculate 
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based on the FEM numerical method [101]. Power transformers represent one of the 

most expensive components in an electricity system. An extensive transmission system 

with efficient transformers is indispensable to ensure a reliable supply of power. The 

insulation system age at a normal rate and provide the standard transformer life when 

a transformer operates at a temperature [102]. 

3.5 Total Internal Reflection  

For incidence angles (measured from the normal to the interface) greater than the 

"critical angle," a light beam propagating through a transparent medium with a high 

index of refraction (e.g. a solid glass prism) encounters an interface with a medium 

with a lower index of refraction (e.g. an aqueous solution) undergoes total internal 

reflection. The critical angle θc, is given by: 

 𝜃𝑐 = sin−1 (𝑛2/𝑛1)                                                                                              (3.19) 

 

Figure ( 3.1):Critical angle of two mediums. 
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Figure( 3.2):Total internal reflection. 

The refractive indices of the liquid and solid, respectively, are n2 and n1. Despite the 

fact that the incident light beam internally reflects heavily at the interface, an 

electromagnetic field known as a "evanescent wave" penetrates a limited distance into 

the liquid medium and propagates parallel to the surface in the plane of incidence. 

Fluorescent molecules that may be present near the interface can be excited by the 

evanescent wave. This phenomenon has been regarded as experimental proof of the 

evanescent wave's existence. With perpendicular distance z from the interface, the 

evanescent electric field intensity I(z) decays exponentially [103] : 

 𝐼(𝑧) = 𝐼0𝑒−𝑧/𝑑                                                                                                     (3.20) 

        Where: 

𝑑 =
𝜆0

4𝜋
[𝑛1

2sin2 𝜃 − 𝑛2
2]−1/2                                                                                 (3.21) 

For angles of incidence θ > θc and light wavelength in vacuum. Depth d is independent 

of the polarization of the incident light and decreases with increasing θ. Except for θ→ 

θc (where d → ~∞), d is on the order of 𝜆0 or smaller [103]. The incident light 

polarization, which can be either ‘s' (polarized normal to the plane of incidence formed 

by the incident and reflected rays) or ‘p' (polarized parallel to the plane of incidence 
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formed by the incident and reflected rays), determines the polarization (i.e. the vector 

direction of the electric field) of the evanescent wave (polarized in the plane of 

incidence). The evanescent electric field vector direction remains entirely normal to 

the plane of incidence for s-polarized incident light. The evanescent electric field 

vector direction remains in the plane of incidence for p-polarized incident light, but it 

‘cartwheels' along the surface with a nonzero longitudinal component (see Figure 

(3.3)) The absence of a longitudinal component distinguishes evanescent light from 

freely propagating subcritical refracted light. As the incidence angle is decreased from 

the supercritical to the critical range, the longitudinal component approaches zero 

[104]. 

 

Figure (3.3): Schematic drawing of the evanescent polarization resulting from 

incident light [104]. 

The optical effect of the  total internal reflection fluorescence (TIRF) is well adapted 

to the investigation of molecular and cellular events at liquid/solid interfaces. Total 

internal reflection spectroscopy for optical absorption investigations (also known as 

attenuated total reflection or ATR) was invented before fluorescence and is commonly 

utilized in surface chemistry research. Raman spectroscopy, X-ray fluorescence, 



CHAPTER THREE NUMERICAL ANALYSIS OF MZM 

  
 

48 

 

infrared absorption spectroscopy, and light scattering have all been integrated with 

total internal reflection optics. Hirschfield presented the total internal reflection 

fluorescence for solid/liquid surfaces, Tweet et al for liquid/air interfaces, and 

Carniglia & Mandel for high refractive index liquid/solid interfaces as a technology 

for selective surface illumination. TIRF has been used in conjunction with a number 

of other traditional fluorescence techniques [105]. Many applications, such as 

absorption spectroscopy, thermal imaging, and free-space communication, are 

possible in the mid-infrared (MIR) region, which is commonly characterized as 

wavelengths ranging from 2 to 20 m. In this range of wavelengths, because of the 

occurrence of atmospheric transmission windows in these bands, the wavelength areas 

= 3–5 m and = 8–12 m are particularly important. Other approaches that rely on sensing 

changes in refractive index but lack specificity to identify the individual analyte have 

a significant advantage over absorption-spectroscopy-based detection. The analyte 

composition can be assessed subjectively and quantitatively using absorption 

spectroscopy, which detects the optical attenuation when light passes through the 

analytes at their respective absorbance wavelengths. Although overtones of molecular 

vibration signatures can be detected by well-developed absorption spectroscopy 

techniques in the near-infrared (NIR) and visible wavelength domains ( 2 m), 

fundamental chemical absorption cross sections are orders of magnitude larger in the 

MIR than in the NIR and visible, so moving from NIR to MIR can increase detection 

sensitivity [106]. 
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Chapter:4  

4.1 Introduction 

In this chapter, by using COMSOL Multi- physics analysis software, a study and     

simulation of many parameters that could influence .MZM operation based three 

ferroelectric materials were realized as following: There are three materials in this 

study : 

1) Lithium niobate(LiNbO3). 

2) Perovskite (strontium titanite) (SrTiO3). 

3) Potassium nitrate (KNO3). 

Some optical properties are listed in Table (4.1) where n-core and n-clad are core and 

clad refractive indices, respectively. 

Table (4.1): Refractive indices of ferroelectric materials. 

Material Chemical   form n-core n-cladd 

Lithium niobate LiNbO3 2.22 2.2 

Perovskite SrTiO3 2.3 2.28 

Potassium nitrate KNO3 2.12 2.1 
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4.2 Results 

MZM design is illustrate in figure (4.1):   

 Figure (4.1): Schematic diagram of MZM modulator 

 

Three parameters were studied for MZM based ferroelectric materials, which are: 

Name Expression Value Description 
wl 1.55[um] 1.5500E-6m Wavelength 

f0 c_const/wl 1.9341E141/s Frequency 

w 2[um] 2.0000E-6 m Waveguide width 

w-tot 30[um] 3.0000E-5 m Total waveguide width 

d0 2*wl 3.1000E-5 m Initial straight waveguide 

dy_bend 0.6*w_tot 1.8000E-5 m Total displacement in y-direction at 

S-bend 

r0 2.5[mm] 0.0025 m Bend radius 

alpha 0.084878[rad] 0.084878 rad Bend angle 

dx_bend 4.2366e-4[m] 4.2366E-4m Total length in the x-direction for 

S-bend 

d-mz 2[cm] 0.02 m Length of Mach-Zehnder 

waveguides 

hx wl/(6*n_core)/(1-

cos(alpha)) 

3.1200E-5 m Maximum element size in x-

direction 

hy wl/(6*n_core)/sin(alpha) 1.3249E-6 m Maximum element size in y-

direction 

dy-wg 3[um] 3.0000E-6 m Distance between directional 

coupler waveguides 

r13 30[pm/V] 3.0000E-

11C/N 

Electro-optic coefficient 

v0 100[v] 100 V Applied voltage 

epsr 35 35 Low-frequency relative permittivity 

Table (4.2): Parameters of the model 

Waveguide 
Ferroelectric 

Materials  

 

waveguid

Ferroelectric   

materials 
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4.2.1 Coupling Length 

A) LiNbO3 

When a potential of (100 )volt supplied over one path length(port 1) of MZM based 

LiNbO3, with( 1.5) µm width of the waveguide , the output power difference was zero 

between the two output arms and this means that the  output power is divided equally 

on the two arms(port2) of MZM as displayed in figures (4.2a and b). 

 

Figure (4.2a):Electric field of the waveguide of two arms of MZM bend radius 

2.5mm ( LibNO3 )the width of the wave 1.5µm. 

 

Figure (4.2b):Absolute value of power difference versus length of directional 

coupler .wave width 1.5µm. 
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Looking at figure (4.2a )it  is clear the electric field of two arms of MZM ,and then 

figure(4.2b), the relation between the absolute value of  power difference in y-axis and 

the directional coupler (the distances of the coupler  d_dc  )in x-axis ,we can see the 

value of d-dc equal (180µm ) versus (0.45W/m)of power difference . 

When the width of the waveguide change to another value (2 µm ),the result is different 

from the state one as illustrated in figures(4.3a,b),and it is easy to see that .we can 

observe that the absolute power value is (0.75w/m) and the length of directional 

coupler is (308 µm) for LiNbO3 that give a zero-power different. 

Figure (4.3a): Electric field of MZM based LiNbO3 at bend radius 2.5mm.  

Figure (4.3 b): Absolute value of power difference (y- axis) versus directional 

coupler length d-dc (x-axis) of MZM based LiNbO3. 

Then changing the width of the waveguide to 2.5µm, that mean increase the width of 

the wave and obtain another result, that is clear in figure (4.4a,b): 
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Figure (4.4a):Electric field of the wave guide of two arms of MZM (LibNO3),the 

width of the wave guide is 2.5µm 

 

From figure (4.4a), the electric field of two arms of MZM we notice the variable 

shape of the electric field, the analysis of this state beyond to the spectrum of the 

electric field in the two arms of MZM based of LiNbO3. 

Figure (4.4b): Absolute value of power difference versus directional coupler 

(waveguide width 2.5µm). 

From figure (4.4b)  the value of the directional coupler equal(400 µm) versus (0.9 

W/m)of power difference .When comparing  the three states of changing, we get   the 

optimizing MZM of LiNbO3 which  has  the shorter directional coupler ,that is clear 
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the MZM when the wave width is (1.5µm )is the optimizing . Any peak of line or the 

curve in the figures attributed to the material, and the behavior of the substance. 

B) SrTiO3  

In this section ,the relation between coupling length of MZM and power difference has 

been studied for SrTiO3,when the waveguide is (1.5µm),bend radius is 2.5mm and 

applied voltage is (100V),so the results are different and the study is the same,  as 

shown in  figures (4.5a,b): 

 

Figure (4.5a):Electric field of MZM  SrTiO3,the wave guide width is 1.5µm. 

Figure (4.5b): Absolute value of power difference versus directional coupler of 

MZM, the width of waveguide is 1.5µm 
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Figure (4.5a) shows that the electric field of the two arms of MZM based SrTiO3 when 

the width of the wave equal (1.5µm),  then  figure (4.5b) clearly appear the value of 

the directional coupler equal (250 µm )versus (0.55W/m) of power difference .When  

changing the width of the waveguide  to (2µm ) another result s of the same materials 

are gotten .Furthermore, figure (4.6a) shows the electric field norm for the wave 

propagating in the S-shaped bend with bend radius of 2.5mm. The applied voltage was 

(100) volt for MZM based SriTO3, the wave follows the waveguide in the bend. 

 The directional coupler structure operates as 50/50 couplers and that indicate a half of 

the incident power exit from each one of the two output arms. Figure (4.6b) illustrates 

the relation between the output power difference (the absolute value 0.75w/m) and 

length of directional coupler. A coupling length of (405 µm) for MZM with SriTO3 

crystals gives a zero power difference between the two arms. This result indicates that 

MZM output power is equally divided on both output ports. When changing the width 

of the wave to (2µm )  obtaining  the results in figure (4.6a,b): 

 

 Figure (4.6a):Electric field of MZM SrTiO3,the width of wave is 2µm. 



CHAPTER FOUR RESULTS AND DISCUSSIONS 

  
 

56 

 

 Figure (4.6b): Absolute value of power difference (y- axis) versus directional 

coupler length d-dc (x-axis) of MZM based SrTiO3. 

From the figures of the electric field, which explain the effect of the electric field of 

optical fiber and the propagating of the wave guide in S-bend where the length of 

MZM is very important parameter in changing the strength of the evanescent field, in 

this study the length is 2cm. 

Later the width of the wave change to 2.5µm ,the result is changed too, this is 

represented in figures (4.7a,b) 

 

Figure (4.7a):Electric field of  MZM SrTiO3,the width of wave is 2.5µm 
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Figure (4.7b): Absolute value of power difference versus directional coupler, the 

waveguide width is 2.5 µm 

The absolute value of power difference is (0.85w/m) and the directional coupler's 

length is ( 405µm). At this value the output power difference at the two arms is zero. 

The optimizing MZM based SrTiO3 was when the width of the waveguide was 

(1.5µm) because the state has the shorter length of directional coupler.  

C) KNO3  

The same parameters gave the results in figures (4.8 a, b),(4.9 a,b),(4.10a,b). As in the 

previous materials we make the width of the waveguide (1.5µm), the we get the result 

in figures (4.8a,b): 

 

Figure (4.8a):Electric field of the wave of two arms of MZM for KNO3,the wave 

width 1.5µm. 
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Figure (4.8b): Absolute value of power difference versus directional coupler, the 

waveguide width 1.5µm  

From figure (4.8a), we can see the electric field of MZM based KNO3,the wave split 

in the two arms of MZM ,then we can see the figure (4.8b) and obtain the relation 

between the directional coupler in x-axes(130µm ) versus power difference in y- axes 

(0.35 w/m ).Later we change the width of the waveguide to (2µm)and the result 

changed too as illustrated in figures (4.9a,b): 

 

Figure (4.9a): Electric field of MZM based KNO3. 
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Figure (4.9b):Absolute value of power difference (y- axis) versus directional 

coupler length   d- dc) (x-axis) of MZM based KNO3. 

Looking   at figure (4.9a) see the electric field of two arms of MZM, and then see 

figure (4.9b) directly to  find the value of the power difference and coupling length 

.The values are changing  when  the width of the wave  is changing   , (0.75w/m) of 

power difference gave( 304 µm) . Another  changing  of the width  wave ,the width 

increases to (2.5µm )that effects to the results and gave  different value of the power 

difference and another value of coupling length .these statements are  described in 

figure (4.10a,b): 

Figure (4.10a):Electric field of the wave of two arms of MZM for KNO3,the 

waveguide width 2.5µm. 
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Figure (4.10b): Absolute value of power difference versus directional coupler, the 

waveguide width 2.5µm. 

Clearly from  observing  the result of  figure (4.10b), the value of directional coupler 

became more than the previous case when the width of the waveguide  was 2µm ,the 

new results show  the value of power differences equal (0.95 w/m) versus( 450µm )of 

directional coupler .The best results of KNO3 were when the width of wave equals 

(1.5µm) because  this width gave  shorter directional coupler length  (d_ dc). 

4.2.2 Total Transmission and Bend Radius 

In this part of the work, the relation between transmission and S-shaped bend for 

MZM. A bend radius curvature for three materials at 2.5mm gives the same results. 

Where the transmission was approximately 98% of the input power, while the loss is 

only 2%.The results for each material are shown in figure (4.11a,b),(4.12a,b)(4.13a,b). 

From figures, the bend radius of curvature (2.5mm) is the smallest value that provides 

low loss. However, when the bend radius of MZM was less than this value, the output 

transmission was zero. 

 



CHAPTER FOUR RESULTS AND DISCUSSIONS 

  
 

61 

 

A) LiNbO3 

For the same parameter for the materials  , the relation between the transmission  and 

bend radius has been found .When the waveguide  width was ( 1.5µm )the transmission 

was 98% and the losses about 2%, that may be an  acceptable result .That is clear in 

figure (4.11a) for the electric field and (4.12b) illustrates the relation between the 

transmission and bend radius .Firstly the width of the wave was (1.5µm ), the results 

are  clear in figures (4.11a,b):  

 

Figure (4.11a):Electric field of the wave guide for two arms of MZM for LiNbO3 

,the waveguide  width 1.5µm. 

 

Figure (4.11b): Total transmission versus bend radius of curvature 2.5mm, the 

waveguide width 1.5µm, LiNbO3. 

Then the same relation has been found, but the change in   the waveguide width to 

(2µm), the result is still the same value as seen in figures (4.12a,b) 
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Figure (4.12a):Electric field of MZM based LiNbO3. 

            

Figure (4.12b): Total modal transmission (y-axis) versus bend radius of curvature  

(2.5mm) (x-axis) of MZM based  LiNbO3. 

Then find the same relation, but change the waveguide width to (2.5µm ) and the 

result still the same as seen in figure (4.13a b): 
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Figure (4.13a):Electric field of the wave guide for two arms of MZM for LiNbO3 

,the waveguide  width 2.5µm. 

 

Figure (4.13b): Total transmission versus bend radius of curvature 2.5mm for 

LiNbO3 ,the width of wave guide 2.5µm. 

B) SrTiO3 

Then, compute the relation between the total transmission and bend radius for 

peroviskite . At the same way  using  the same parameter and then changing  the wave 

width of the waveguide  to find the total  transmission  and obtain the losses  for each 
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state of changing the wave width ,firstly, when the width was (1.5µm )finding  the 

figure of electric field ,that is appear in figure(4.14a)and then find the relation of bend 

radius as demonstrated figure (4.14b): 

 

Figure (4.14a):Electric field of the wave guide for two arms of MZM for 

SriTO3,waveguide width 1.5µm 

 

Figure (4.14b): Total transmission versus bend radius of curvature 2.5mm, 

waveguide width 1.5µm. 
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When changing the width of the waveguide to (2µm) the result of the total transmission 

and bend radius shows the losses of this state.  That is clear when looking  to  figure 

(4.15a) for the electric field and then to figure (4.15b) for the relation : 

         

Figure (4.15a): Electric field of the wave guide for two arms of MZM for SriTO3 

,the waveguide  width 2µm. 

 

Figure (4.15b): Total modal transmission (y- axis) versus bend radius of curvature 

2.5(mm) (x-axis) of MZM based SriTO3. 

 

From the figure (4.15b) the transmission of the material is about 98% and the losses 

IS approximately 2%, that result is similar to other results for other materials. 
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C) KNO3  

At last thing   same relation for the last materials of this study potassium nitrate at the 

same way the first state  wave width was (1.5µm ) that giving  transmission 

approximately 98% of the power . Accept 2% loss and fix the bend radius to be 2.5mm 

as seen in figure (4.16a ,b): 

 

Figure (4.16a):Electric field of the waveguide for two arms of MZM for KNO3, 

waveguide width 1.5µm 

 

Figure (4.16b): Total transmission versus bend radius of curvature 2.5mm ,the 

waveguide  width 1.5µm. 

Later  changing  the width of the waveguide  to (2µm ), and find the value of the 
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transmission of the power ,as seen a bend radius of 2.5mm gives a transmission of 

approximately 98%of the power .just the 2% loss ,and the bend radius still 2.5mm . 

figure (4.17a,b) explain these statement : 

 

Figure (4.17a):Electric field of MZM based KNO3. 

 

Figure (4.17b): Total modal transmission (y- axis) versus bend radius of curvature 

2.5(mm) (x-axis) of MZM based KNO3. 

Then change the wave width to (2.5µm ) to see the effect of this changing ,we find the 

transmission of the power of this state and clearly see the transmission  was about 98% 

and that is seem to another states and the loss about 2% ,that is good result because 
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most of the power transmission and the loss is small value .That is clear in figure 

(4.18a,b): 

 

Figure (4.18a):Electric field of the wave guide for two arms of MZM for KNO3, 

waveguide  width 2.5µm. 

 

Figure (4.18b): Total transmission versus bend radius of curvature 2.5mm ,the 

waveguide  width 2.5µm  

4.2.3 Transmission and Applied Voltage 

Finally, a voltage that utilized round the waveguide in one arm (upper) of MZM has 

analyzed.  The voltage supplies will modify the refractive index of the crystals in the 

arm and that causes a phase difference between the waves propagating through the two 
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arms of MZM. Figure (4.19a,b) showed that the electromagnetic wave can be switch 

between the two-output waveguide by tuning the applied voltage. In addition, when 

both input and output ports are connected to other waveguide or fibers the device will 

works as a spatial switch. However, in case only one input port and one output port 

are active, the device operates as an amplitude modulator. Figure (4.19a,b) illustrates 

the relation between the transmission(y-axis) throughout the upper arm (S21) and the 

lower arm (S41) of MZM waveguide and the electric field for each material versus the 

applied voltage VO (x-axis). For LiNbO3 (figure 4.20b) the upper line (S21) has 

maximum output power at (-2.4) and the lower line (S41) has (-12) and both lines 

crossed approximately at 0.45 V. at the cross point MZ will operate as a modulator. 

For second material SriTO3, figure (4.23b) shows the upper line with (-2.7) and the 

lower line with (-9) output power, respectively. Moreover, at approximately 0.38 V 

there is intersect which represent the point to operate as modulator for MZ. At the end, 

the last material KNO3 diagram display the upper line (-2.8) and the lower line (-18) 

output power, respectively. Traverse between the lines (upper and lower) was at 0.5 V 

which make MZ operate as modulator. 

A) LiNbO3  

When we applied the voltage that the wave can be switched between the two output 

waveguides by tuning the applied voltage. For the first material lithium niobate the 

first state when the wave width was ( 1.5 µm)the result was as figure (4.19a,b): 
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Figure (4.19a):Electric field of the wave of two arms of MZM for LiNbO3, the 

waveguide width 1.5µm. 

 

Figure (4.19b): Transmission versus applied voltage Vo, 100volt .the waveguide 

width 1.5µm. 

Then changing the waveguide width to (2µm), the result was changed too as seen in 

figure (4.20a,b): 



CHAPTER FOUR RESULTS AND DISCUSSIONS 

  
 

71 

 

 

Figure (4.20a):Electric field of  MZM based LiNbO3 

 

Figure (4.20b): Transmission (output power) (y-axis) to the upper (blue line S21) 

and lower (green line S41) output power against the applied voltage VO (x-axis) of 

MZM based LiNbO3. 

At the end changing the waveguide width to (2.5µm) and see the result at figure 

(4.21a,b) 
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Figure (4.21a):Electric of the wave of two arms of MZM for LiNbO3, the 

waveguide width 2.5 µm. 

 

Figure (4.21b): Transmission versus applied voltage Vo, 100volt.  

The waveguide width 2.5µm. 

 

B) SrTiO3 

At the same way repeated the relation of the first material (LiNbO3).Start with the 

width of the wave(1.5µm )we find the results for perovskite  that is clear in figure 

(4.22a,b): 
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Figure (4.22a):Electric field of the wave of two arms of MZM ,for SriTO3, 

waveguide  width 1.5µm 

 

Figure (4.22b): Transmission (output power) (y-axis) to the upper (blue line S21) 

and lower (green line S41) output power against the applied voltage Vo (x-axis) of 

MZM based SrTiO3. 

And then  changing  the width of the wave guide to (2µm ) the result was change to 

another value  that is appear in figure (4.23a,b): 
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Figure (4.23a): Electric field of the wave of two arms of MZM ,for SriTO3,the 

waveguide  width 2µm. 

 

Figure (4.23b): Transmission versus applied voltage Vo, 100 volt, 

The wave width 2µm. 

Then changing  the width of the wave guide to (2.5µm ) and then  obtain another   result 

other than the previous result ,in this case ,the device does not work as a modulator 

,that is clear when  see figure (4.24b): 



CHAPTER FOUR RESULTS AND DISCUSSIONS 

  
 

75 

 

 

Figure (4.24 a): Electric field of the wave of two arms of MZM, for SriTO3, the 

waveguide width 2.5µm 

 

Figure (4.24b): Transmission versus applied voltage Vo, 100 volt , the waveguide 

width  2.5µm.  

The explaining of this case of study beyond to the behavior of the material in terms of 

work, because the width of the wave was change to (2.5µm). That is mean the previous 

case was work when the width was (1.52 µm) respectively. 
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C) KNO3  

Finally, see the results of potassium nitrate from the same structure and parameters of 

MZM, except the refractive index is different of this material.  These results to the 

same relation, the wave width is changed from (1.5-2-2.5µm) the figures below show 

the changing: 

 

Figure (4.25a):Electric field of the wave guide of two arms of MZM for KNO3 

,the wave width 1.5µm. 

 

Figure (4.25b): Transmission versus applied voltage Vo,100 volt .the waveguide 

width 1.5µm. 



CHAPTER FOUR RESULTS AND DISCUSSIONS 

  
 

77 

 

The first state of this material when the width of the wave was (1.5µm), the devise 

does not work as a modulator, which is clear when we see the figure (4.25b). when 

changing  the width of the wave , another result appear ,it  is different from the previous 

case .in this case the devise is work as a modulator  that is clear when see the figure 

(4.26 b): 

 

Figure (4.26a):Electric field of the wave guide of two arms of MZM for KNO3 

,the wave width 2µm 

.  

Figure (4.26b): Transmission (output power) (y-axis) to the upper (blue line S21) 

and lower (green line S41) output power against the applied voltage VO (x-axis) of 

MZM based KNO3.  
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As such in the previous materials and the cases , reaching  to the last state when 

changing  the width of the wave guide to (2.5µm) , another result seen  that is mean 

the width of the wave guide can effect of the work of  modulator . figure (4.27a,b) can 

explain these statements when we see these figures . 

           

Figure (4.27a):Electric field of the wave guide of two arms of MZM for KNO3 

,the waveguide width 2.5µm 

 

Figure (4.27b): Transmission versus applied voltage .Vo ,100 volt . 

 Waveguide width 2.5µm. 
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CHAPTER:5  

5.1 Conclusions 
    With the rapid advancement of optical technology, electro-optical sensors that 

detect the electric field in terms of their distinct advantages are rapidly revealing 

themselves. The electro-optic effect, the intricacies of how the Mach-Zehnder optical 

modulator works, and the optimum design of its waveguide sensing arm bend radius 

and length using finite element simulation software COMSOL, followed by a 

simulation of the applied voltage and the output optical power diagram.  

Theoretical and simulation study of MZM based ferroelectric materials by using finite 

element method is achieved.  

1) When the width of the wave guide of (three materials ) was (1.5µm) the results 

were (d-dc =180 µm versus (0.45W/m)of power difference of LiNbO3 ), while 

d-dc =240 µm versus 0.55W/m and d-dc =130µm versus 0.35W/m ,for 

SrTiO3,KNO3 respectively. 

2) When the width of wave guide of three materials was 2µm the results were d-

dc = 380 µm versus 0.75W/m of power difference for LiNbO3 while d-dc = 

450 µm versus 0.8W/m and d-dc =304 µm versus 0.75W/m for SrTiO3 and 

KNO3 respectively. 

3) When the width of wave guide was 2.5 µm the results were d-dc =400µm 

versus 0.9 W/m for LiNbO3, d-dc =405 µm versus 0.85W/m and 450 µm versus 

0.95 W/m for SrTiO3 and KNO3, respectively. 

4) The total transmission for three materials are approximately 98%and the losses 

are 2%, the bend radius is fixed 2.5mm. 
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5) When the width of waveguide was 1.5µm the relation of transmission and 

applied voltage, MZM operate as modulator at 0.24V for LiNbO3 while MZM 

operate at 0.28V, for SrTiO3, but KNO3 does not work as modulator. 

6) When the width of wave guide was 2µm, MZM was operate as modulator at 

0.45V, 0.38V and 0.52 V for LiNbO3, SrTIO3, AND KNO3 respectively. 

7) When the width of waveguide was 2.5 µm, MZM work as modulator at 0.22V 

for LiNbO3, 0.48V for KNO3 but MZM based SrTiO3 does not work as 

modulator. 

8)  By using three different materials, the proposed design has the advantages of 

flexibility and simplicity in the fabrication. 

5.2 Future Works 

1) Replace the materials of MZM to another material. 

2) Set up voltage at the two arms of MZM and see the effect of this case. 

3) Change the length of MZM and see what can be happen to the results.
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 الخلاصة 

 ل الموجي على نطاق واسع في مجالعلى الدلي معتمدةالكهروضوئية ال ضمناتتستخدم الم

بفضل التطور السريع  معالجة الإشارات الضوئية وأجهزة الاستشعار البصرية, الاتصال البصري

أحد أكثر  زيندر-ضمن ماكم  يعد , كنوع من عناصر التحويل البصري .للدوائر المتكاملة الضوئية

 من خلال البحث النظري والعددي. مع مزايا الدقة العالية والحساسيةالأجهزة استخدامًا , مكونات

نيوبات  المواد الفيروكهربائية وهي على أساسزندر -ضمنات ماكثلاثة أنواع من م  تم دراسة 

 اتم تحليله زندر-ضمن ماكمخصائص الإرسال ل .ونترات البوتاسيومسكايت البيروفي والليثيوم 

على  معتمدال زندر-ماك نلمضما .موجيدليل احد اذرع ال عددياً أثناء تطبيق مجال كهربائي عبر

مع برنامج  باستخدام طريقة العناصر المحدودة نمذجدرس نظرياً و المواد الفيروكهربائية

COMSOL Multiphysics. مختلفة لـ  املاتتم تجربة معMZM  وهي طول الاقتران

 304 كان MZMأظهرت النتائج أن أقل طول اقتران لـ  .ونصف قطر الانحناء والجهد المطبق

عند نصف قطر للانحناء  ضمنكم زندر-ماك . يعملبلورات نترات البوتاسيوم ميكرومتر باستخدام

أظهر .  من هذاكهربية الثلاثة ولم يعمل مع نصف قطر أقل فيرومم لجميع البلورات ال 2.5بمقدار 

البيروفسكايت.  فولت باستخدام 0.38عند  فعاليةيعمل بزندر -مضمن ماكتأثير الجهد المستخدم أن 

على فولت   0.5نترات البوتاسيوم و فولت 0.45  م نيوبيتوليثيبينما كان الجهد الفعال لكل من 

 .  %2زندر -ات ماككان فقد الطاقة لجميع عين .التوالي

  

  



 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

التعليم العالي والبحث العلميوزارة   

 جامعة المثنى كلية العلوم

 قسم الفيزياء

 رسالة مقدمة كجزء من متطلبات نيل شهادة الماجستير في علوم الفيزياء

 

 .في تطبيقات التحسس زندر الخطي(–نمذجة الالياف البصرية المايكروية )ماك 

 من قبل الطالبة 

 ن جاسم محمد احن

 ٢٠٠٣بكلوريوس علوم فيزياء 

 بإشراف 

 ا.م.د موفق فاضل جدوع                                  ا.م.د فراس فائق كاظم 
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