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Abstract 
 

This thesis presents the design and development of a self-temperature-compensated sensor for 

measuring temperature and pressure in harsh environments using a combination of Fabry–Pérot 

interferometry and microelectromechanical systems (MEMS). A silicon-on-insulator (SOI) wafer 

is etched to form a dual mechanism consisting of a membrane and a solid block that is then coupled 

with two optical fibers contained in a unique and simple protective stainless-steel housing. The 

solid block uses the thermo-optical properties of silicon for temperature measurements, while the 

deflection of the membrane is used for pressure sensing. An empirically based model combines 

solid mechanics and optical theory and is in good agreement with experimental measurements. As 

part of this work, the thermo-optic coefficient (TOC) of the silicon was also investigated 

theoretically and experimentally. The results show a good agreement between the TOC extracted 

from the experimental data and such a coefficient in published literature. Furthermore, a novel 

optical model for the demodulation of the intensity-based pressure-sensing mechanism was 

developed. This model relates the whole sensor-response profile to the measured parameters and 

eliminates linear range limitations. By using this model, one can also obtain the initial cavity 

lengths of an FFPI sensor, which can be very challenging at the microscale. A series of experiments 

conducted to test the performance of this multi-functional sensor showed that it can easily 

withstand pressures up to 1,000 psi and temperatures of up to 120°C, where the range of the 

temperature measurements are restricted only by the fiber optic materials. The developed self-

temperature-compensated multi-functional sensor therefore serves as a promising tool in the 

precise characterization of pressure and temperature in harsh and/or complex environments. 
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1 

1 Introduction 
 

Today, sensors are used daily in industry, fabrication, medicine and other fields; they are 

fundamental  to measuring various parameters and detecting when things are about to go wrong 

[1]. The demand for rapid, affordable, low-cost and reliable devices for making parameter 

measurements, especially in harsh environments, is on a constant rise [2].  

Sensors are usually designed to minimally affect what is measured, which is one of the intrinsic 

advantages of microscale-sized sensors. Furthermore, in most cases, a microsensor can reach a 

higher sensitivity and significantly faster measuring time compared with macroscopic approaches 

[3]. MEMS technology allows sensors to be fabricated on a microscale. MEMS sensors are gaining 

increasing interest for use in hostile environments in different industries (Fig. 1).  

 

Fig. 1. (a) Different MEMS sensors and their harsh environments and (b) applications of MEMS 

sensors and their corresponding conditions (extracted from [4], an open access article distributed 

under the terms and conditions of the Creative Commons Attribution (CC BY) license). 

http://creativecommons.org/licenses/by/4.0/
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However, hostile environments are not limited to only elevated temperatures and high 

pressures. Other harsh environments include ionizing radiation, radio frequency interference (RFI) 

and electromagnetic interference (EMI), which hinder the operation of sensors [5]. 

Fiber optic sensors are an attractive means for measurements under harsh environments [6]. 

The intrinsic advantages of fiber optic sensors include electromagnetic (EM) field immunity and 

resistance to radio frequencies as well as a small size and weight, high accuracy, high resolution, 

remote controllability, and distributed sensing capabilities. A combination of MEMS and fiber 

optics will thus pave the way for novel sensing concepts and applications. In this case, optical 

fibers are used as signal carriers, while MEMS chips work as sensitive elements to receive 

responses from environments [7]. 

One of the most effective methods used to combine versatile optical fibers with MEMS is the 

use of Fabry–Pérot interferometers (FPIs) [8]. FPIs consist of two reflective mirrors divided by a 

cavity that is a certain length; one of the reflective mirrors can be a MEMS device. FPIs are easily 

affected by perturbations that impact the two mirrors’ optical path length (OPL). When perturbing 

factors, such as pressure, temperature and strain, are applied to a device, the OPL of the device 

changes and a measurand can be obtained through signal processing [9]. 

Among the different parameters of interest that are often measured, pressure and temperature 

are of significant importance. Measuring pressure is key in a wide variety of technologies and 

application areas, ranging from medicine (for blood measurements) [10] to space-shuttle 

operations [11]. Temperature detection also plays a major role in energy-saving practices and in 

monitoring production processes during which temperature may be influential [12].  

FPI sensors have many intrinsic advantages, including a small size and an immunity to EM 

fields, that drive a need for FPI temperature sensors instead of conventional sensors, such as 
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thermistors and thermocouples. Thermometers often need to function in the presence of intense 

EM fields or to be employed at long distances. In such environments, sensors with metal leads are 

prone to eddy currents. This can cause noise and the possible heating of a sensor, which may lead 

to an inaccurate temperature measurement. Fiber optic temperature sensors  do not use metal 

transducers to perform their conversions [13]. This allows for a minimal thermal dissipation 

through conduction and provides a quick response and extreme accuracy [14]. Considering the 

importance of temperature and pressure measurements, a reliable and long-term temperature- and 

pressure-monitoring device can bring substantial value to various industries, which justifies a great 

investment in this state-of-the-art measurement system [15]. This study thus incorporated fiber 

optic technologies to perform temperature and pressure measurements.  

1.1 Thesis Objective and Approach 

An FPI MEMS pressure sensor was designed in the Sensors and Integrated Microsystems 

Laboratory (SIMS Lab) of the University of Waterloo [16]. Experimental results proved the 

sensor’s accuracy. However, the effects of temperature could not be clearly discerned, and thus, 

the experimental data that was collected needed further investigation. Therefore, the objective of 

this thesis was to analyze all the parameters that affect the FPI sensor’s performance to ultimately 

create a novel and reliable FFPI self-temperature-compensated sensor capable of measuring both 

pressure and temperature. 

The optomechanical design of FFPI self-temperature-compensated sensors is a highly 

integrated process involving many technical disciplines, including structural mechanics, 

thermomechanics, MEMS fabrication and signal processing. To achieve the final goal of 

developing a dual-mechanism sensing device, the process was divided into steps. First, by using a 



4 

MEMS chip, a temperature sensor was developed. Then, an integrated sensor was developed by 

using the same chip [13][15]. 

To achieve the goal of creating such a sensor, the following objectives were considered: 

• Optimize the current SIMS Lab pressure sensor 

o Optimize the sensor and develop a second-generation prototype 

o Fabricate, test and validate numerical models 

• Develop an FPI MEMS temperature-sensing mechanism 

o Design a housing to properly align an optical fiber with a MEMS device 

o Conduct experiments and tests and validate the results  

• Develop an FPI MEMS mechanism for multi-sensing 

o Examine the impacts of all factors on the performance of the sensor  

o Design and fabricate packaging 

o Develop an FEM model and optimize the sensor 

o  Fabricate a prototype and validate the experimental results 

o Develop an analytical model for a self-temperature-compensated FPI MEMS 

sensor 

o Model and demodulate to improve the signal processing 

Fig. 2 summarizes the overall approach. 

1.2 Thesis Outline 

Chapter 1 summarizes the overall objectives and tasks. Chapter 2 covers background 

information and the FPI theory related to this study, centering on fiber optic FPI pressure and 

temperature sensing, followed by fiber optic configurations for parameter sensing and recent 
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developments in pressure and temperature measurement. The review focuses on pressure 

sensitivity and the creation techniques that have been reported. A few specific examples of 

technologies for FPI sensors that have been published are shared in detail to present their 

significant practical potential. Chapter 3 introduces the developed FPI temperature module based 

on the thermo-optic properties of silicon with a focus on three aspects: i) fabricate an epoxy-free 

housing, ii) align an optical fiber with an SOI chip and iii) investigate the TOEs of silicon. Chapter 

4 focuses on the integrated FPI MEMS temperature and pressure sensing module. It discusses the 

numerical analysis of the sensor and compares the analysis with experimental results. All effective 

parameters, including the effects of temperature on the sensor’s performance, were studied.  
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Fig. 2. A summary of the overall approach. 

Chapter 4 also presents a theoretical analysis of the fiber optic sensor’s output signal, for which 

finite-element modeling was required, and presents a coupling with a MATLAB model for the 

sensor. Predictions of the model are considered in comparison with the results of experiments. 

Chapter 5 discusses the impacts of applied pressure and temperature on the sensing device. The 

thesis ends with Chapter 6, which summarizes and concludes the thesis and makes suggestions for 

future research for the promotion of the FFPI MEMS pressure and temperature sensing system. 
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2 Background  
 

The fundamental principle of fiber optic sensors is the measurement of external physical 

parameters. This is done by stimulating changes to one or more of the optical properties, e.g., the 

phase, intensity, wavelength and polarization, of a light beam traveling along an optical fiber [17]. 

A brief review the nature of light follows, after which an explanation of optical fibers is presented. 

2.1 Wave Nature of Light 

Light can be treated like a wave that is EM and has magnetic and electric fields that are time 

varying: By and Ex, respectively (Fig. 3). However, when a light wave interacts with matter that is 

non-conducting (𝜎 = 0; conductivity), it is generally described with respect to Ex—the component 

relating to an electric field—instead of By. The reason for this is that the electric field displaces 

ions in the crystal or the electrons in molecules, causing the polarization of matter [18].  

A sinusoidal wave that is the simplest traveling wave with respect to a propagation in the 

direction of 𝑧 has the following general mathematical expression [19]:  

EX =  E0 𝑐𝑜𝑠 (𝜔𝑡 −  𝑘𝑧 +  ∅0),      (1) 

where Ex denotes the electric field that is at point 𝑧 during time t, E0 denotes the wave amplitude, 

w denotes the angular frequency, k denotes the constant of propagation determined using the  
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Fig. 3. A certain time of a specific sinusoidal EM or harmonic wave (redrawn from [20], page 24). 

E represents the electric field, B represents the magnetic field and z represents the direction of 

propagation. 

expression 
2𝜋

𝜆
, 𝜆 denotes the wavelength and ∅0 denotes a constant of the phase. The argument 

(𝜔𝑡 −  𝑘𝑧 +  ∅0) denotes the wave phase; it is represented by ∅ and describes the relationship 

between time and space [20]. Consider the following:  

∅ = 𝜔𝑡 −  𝑘𝑧 +  ∅0 = constant        (2) 

If a wave is following the direction of 𝑧 with vector 𝑘 as shown in (1), the difference of phase Δ𝜙 

between two points divided using ∆𝑧 is 𝑘∆𝑧 because for each point, 𝜔𝑡 is the same [21].  

We now move on to review the equation that describes how an electric field is created. Field E 

obeys Maxwell’s EM wave equation, and when a  beam divergence is small, a Gaussian beam is 

the solution to Maxwell’s equation [22]. Several different beams of light, e.g., a laser’s output, can 

be described with the assumption that  they are Gaussian. The diameter of a Gaussian beam (2𝑤) 

z 
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on any position of 𝑧 is defined so the cross-section (𝜋𝑤2) at the position comprises 86% of the 

power of the beam [23].  

Gaussian beams are reviewed here because the intensity of light (that is, the radiation energy 

flow for each unit area and for each unit of time) distribution across the cross-section of the beam 

at any position along 𝑧 is Gaussian [24]. During a propagation within a homogenous medium, a 

Gaussian beam remains Gaussian; only its parameters, e.g., its beam radius and wavefront 

curvature radius, change. The same is true for propagation through thin lenses or for reflections in 

weak mirrors. These properties give Gaussian beams a key role in optics [25]. The following part 

of this chapter describes the optic theories related to this thesis in greater detail.  

2.2 Fiber Optic Sensing Fundamentals 

In general, a fiber optic sensor comprises a source of light, optical fiber, sensitive element and 

detector (see Fig. 4) [17].  

 

 

 

 

Fig. 4. The basic elements of a fiber optic sensor. 

Fiber optic sensors can be categorized into four main groups: wavelength-modulated, 

polarization-based, intensity-modulated and phase-modulated sensors [26]. Due to a considerable 

sensitivity, fiber optic sensors that are phase-modulated are the best known and may be utilized in 

Light source 
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a dynamic range that is significantly larger than that of other such sensors. Phase-modulated fiber 

optic sensors typically involve the use of optical interferometers to measure a change in the phase 

of a single light signal or, more often, a relative phase change between two light waves [27].  

2.3 Interferometers 

Interferometers generally use a broad, coherent monochromatic light source and two separate 

optical paths or arms. When a light wave is illuminated from a light source, the wave of light is 

separated into two coherent waves that are moving in two paths that are different. Then, the 

different waves are joined to interfere on a detector array (or a screen); the end result is called an 

interference fringe [28]. 

Four basic configurations that are interferometric exist: the Michelson, Mach–Zehnder, Fabry–

Pérot and Sagnac configurations [29]. Among these, FPI has a greater sensitivity and does not have 

any fiber couplers, which may cause a sensor’s deployment and data interpretations to be 

complicated [26]. This configuration is the one that was chosen for this work and is discussed in 

detail in the following section. 

2.4 FPIs 

FPIs are cavity-based interferometers that use the concept of phase modulation. The etalon (FP 

cavity) consists of two plates that partially transmit and reflect; they face each other and are divided 

by a spacer that is adjustable [30]. An optical etalon does not have to have two mirrors and free 

space between them. It can be a solid medium, the ends of which are used to reflect light [31].  

For example, think of a beam of light that is an incident ray on an FP cavity that has a length of 

(L), as shown in Fig. 5.  𝜃 denotes the angle at which refracted rays within the cavity propagate in 
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relation to the norm. Moreover, k = 2𝜋𝑛 𝜆⁄  represents the constant of propagation within the cavity 

(𝜆 is the wavelength of free space). The variable n is the refractive index for the medium within 

the cavity. A portion of the incident beam goes into the cavity. The light that goes into the cavity 

will undergo multiple reflections within the cavity in the case that the incident beam’s wavelength 

relates to one of the cavity modes, which leads to a transmitted beam. The waves that are 

transmitted, e.g., A, B and C, become focused on point P on a screen through a lens [27]. This 

mechanism is illustrated in Fig. 5.  

All points like this that have the same 𝜃 are positioned on a circle near the etalon axis. The 

interference pattern consists of dark and bright rings, and bright rings are for constructive 

interference while dark rings are for destructive interference [32]. This FPI ring is illustrated in 

Fig. 6. The difference between the phases A and B is 2kLcos 𝜃; it is 2m𝜋, in which m denotes an 

integer for the purpose of constructive interference. Thus, P is bright (A, B, C, etc. are in a phase) 

if 

2kLcos 𝜃 = 2𝑚𝜋;  𝑚 = 0, ±1, . ..     (3)    

For a normal incidence, these waves that are transmitted may interfere only constructively when 

𝑘𝐿 =  𝑚𝜋 [33].  

The diameter of the interference ring is dependent upon the wavelength (𝜆) as well as on 𝑛𝐿, 

the optical separation (refractive index × distance) for the etalon’s plates. With just a tiny alteration 

of the optical path, 𝑛𝐿 (distance × refractive index) can result in a shift in the pattern of diffraction 

or displacement of the fringes that is measurable and may be utilized to infer on 𝑛𝐿 [34][35]. 
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Fig. 5. A Fabry–Pérot interferometer (the figure was modified and redrawn from [20], page 89). 

A, B and C are transmitted waves. L is the FP cavity length, 𝜃 is the angle of propagation, k is the 

constant of propagation within the cavity and n is the refractive index of the medium. 

 

Fig. 6. An FPI interference pattern. The dark rings are for destructive interference and the light 

ones are for constructive interference. 

In an FPI, interference’s intensity is determined and monitored as a result of alterations in an 

effective parameter (𝜆, 𝑛 or 𝐿) [17].  
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Returning to the reflectance and transmission of the light beams of an FP cavity, consider R1 

and R2, two mirrors’ (𝑀1 and 𝑀2) reflectances (Fig. 7).  

 

Fig. 7. A schematic of an ideal FP cavity that comprises two semi-transparent mirrors (M1 and M2) 

that are parallel and have equal reflectivities (𝑅′𝑠). The figure is redrawn from [29]. L is the FP 

cavity, 𝑃𝑖 is the incident, 𝑃𝑟 is the reflected light and 𝑃𝑡 is the transmitted optical power.  

The Fabry–Pérot reflectance 𝑅𝐹𝑃  and the transmittance 𝑇𝐹𝑃  are presented in (4) and (5), 

respectively, for mirrors with different reflectances. It is assumed that the incident light is a 

monochromatic light with the wavelength 𝜆 and optical power 𝑃𝑖. In addition, 𝑃𝑟 and 𝑃𝑡 represent 

the reflected and transmitted optical power [9]. 

𝑅𝐹𝑃 =
𝑃𝑟

𝑃𝑖
=

𝑅1 + 𝑅2 + 2√𝑅1𝑅2 cos ∅

1 + 𝑅1𝑅2 + 2√𝑅1𝑅2 cos ∅
      (4) 

𝑇𝐹𝑃 =
𝑃𝑡

𝑃𝑖
=

𝑇1𝑇2

1 + 𝑅1𝑅2 + 2√𝑅1𝑅2 cos ∅
      (5) 

A change in cavity length will cause a shift in the phase, and ultimately, the transmission will 

be varied [20]. (4) is a common equation in optical sensors that indicates the response of a Fabry-

Pérot sensor is a periodic function of the device’s FP cavity length [36].  
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Consider (4) and (5). R (reflectance) is used to determine the reflected light’s intensity in 

relation to the incident light’s intensity and is defined on its own for the components of an electric 

field that are perpendicular and parallel to an incidence plane [37] . It must be noted that in this 

thesis, only equations for normal incidence were considered because light that is emitted from 

numerous sources, e.g., light-emitting diodes (LEDs), is unpolarized. Consequently, it can be 

considered a collection or stream of EM waves, the fields of which are oriented randomly 

perpendicular to the light-propagation direction [29]. In a normal incidence, the reflectance for the 

components of an electric field that are perpendicular (𝑅⊥) and parallel (𝑅∥) to the incidence plane 

is equal [17].  

Therefore, with a normal incidence, 𝑅⊥ and 𝑅∥ are determined using the following expression: 

 𝑅 = 𝑅⊥ = 𝑅∥ = (𝑟)2,       (6) 

where the variable r is the term for reflection, which is greatly simplified for a normal incidence, 

as shown in (7) [21]: 

 𝑟 = 𝑟∥ =  𝑟⊥ =
𝑛1 − 𝑛2

𝑛1 + 𝑛2
,       (7) 

where n represents the refractive index of the medium.  

2.5 Single Fiber Optic FPI Interrogation 

The interrogation of an FPI involves obtaining a readout signal based on a measurand [33] as 

in FPIs, a measurand causes a change in an optical phase. Thus, measuring optical phase variations 

is a crucial issue in FPI interrogations. A phase variation can be obtained from either the intensity 
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or the wavelength shift of an interferometric fringe [38]. Therefore, the interrogating techniques 

are categorized into intensity interrogating and spectral interrogating, respectively [27]. 

 Intensity Interrogating Method 

A schematic diagram of the intensity interrogating method for monitoring the OPL variations 

of an FP sensor can be seen in Fig. 8 [27]. Light that is generated from a laser diode (LD) or LED 

passes through a circulator (or a fiber coupler) and then propagates to the FP cavity. Next, beams 

experience numerous internal reflections within the FP cavity. The fiber recollects a resulting 

signal, where a phase difference occurs in the light that is reflected from the fiber, which is 

interfering with the light that was recollected from the FP cavity. After passing through the 

circulator again, the signal is redirected to a detector, which results in an intensity loss. Through a 

photodetector, the reflected light’s intensity is converted; this is done by using a photodiode, and 

the light is converted into an electrical signal that is electronically processed. Finally, the electrical 

signal is transmitted for processing; light information is demodulated and utilized for a calculation 

of the measurand [39]. 

 



16 

Fig. 8. A schematic diagram of the intensity interrogation method for monitoring the OPL 

variations of an FPI sensor. 

 

 Spectral Interrogating Method 

The spectral interrogating scheme comprises a source of light, a coupler, and an optical fiber 

similar to the intensity interrogation method. The difference lies in the type of the detector. In 

spectral interrogation methods, a spectrometer is used  instead of a photodetector [40]. When a 

measurand causes a change in the OPL, there is a shift in the light wavelength. By measuring the 

light spectra, the shift in wavelength can be obtained. Therefore, obtaining the spectrum of a signal 

light is critical. In order to get the full spectra of FFPI sensors, various methods, such as a 

broadband light source combined with a spectrometer [41]; a broadband light source combined 

with a tunable filter [42] and a swept or tunable laser combined with a photodetector [43], have 

been introduced. The spectra interrogation scheme results in a higher measurement accuracy. 

However, spectrometer-based technology is extremely expensive and is often used for special 

environment sensing with high-performance requirements [27].  

2.6 Summary 

This chapter summarized the most fundamental concepts in photonics, which are the nature of 

optical fields,  including the wave nature of light, and Gaussian beam propagation. This chapter 

also reviewed basic principles in photonics related to fiber optics, including optical intensity, 

optical power, the interference of two nearly monochromatic waves, Fabry–Pérot optical cavities 

and interferometers. This provided a thorough understanding of the fundamental concepts related 
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to the continuation of this research work. These concepts are used when designing reliable harsh-

environment Fabry–Pérot pressure and temperature sensors, the design of which was the goal of 

this thesis. 
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3 Literature Review 
 

This chapter’s basis is a paper by the author titled “Review on Fabry–Pérot Interferometric 

Extrinsic Pressure Sensors.” It is an unpublished manuscript and is pending for submission in a 

journal. 

3.1 Single Fiber Optic FPI Configurations 

Fiber optic FPI sensors are typically categorized as intrinsic (IFPIs) or extrinsic (EFPIs) [37]. 

In both configurations, light is conveyed by a fiber through a two-stage process. The initial stage 

conveys it from an emitter to an interferometer, and the second stage conveys it from an 

interferometer to a detector. The difference lies in where the FP cavity is formed.  

 IFPI Configurations 

In IFPIs, modulation takes place directly in an optical fiber where an FP cavity is formed. This 

FP cavity can be established between an internal mirror (a surface that is reflective) and either the 

fiber’s polished surface or cleaved end surface (Fig. 9 (a)). Another way is to establish an FP cavity 

between two internal mirrors. Internal mirrors in IFPI configurations can be created through 

splicing together fibers that have end surfaces that are coated or through reflective splices of 

different kinds of optical fibers. Using these ways, the ends of an optical fiber should be non-

reflecting, i.e., one should use an angled cut or broken fiber (Fig. 9 (b)).  

The final way to form an FP cavity is to employ fiber Bragg grating (FBG; Fig. 9 (c)) [44]. 

Three mentioned configurations for IFPI sensors are shown in Fig. 9 , followed by brief discussions 

on the advantages and disadvantages of each.  
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Fig. 9. The intrinsic FPI configurations. L represents the FP cavity length; The figure was redrawn 

from [9] for convenience: (a) an FP cavity established between an internal mirror and a reflective 

end surface, (b) an FP cavity created between two internal mirrors and (c) an FBG employed to 

create an FP cavity.  

After discussing different configurations, we will now move on to discuss the advantages and 

disadvantages of each configuration. A thin film coating [45] has the advantages of mass 

production as optical fibers allow for a coating without any loss of spectral performance. However, 

a multi-layer coating with a small microscale thickness on the small cleaved surface of an optical 

fiber is not as stable as that of a substrate surface. Fusion splicing, which is a widely used method 

in FPI sensor fabrication, can be utilized to splice two coated fibers together [46][47]. Internal 

mirrors can be developed by fusion splicing two different fibers [48].  The most prominent 

advantage of fusion splicing is its low-cost fabrication [49]. However, such fibers spliced using 

the method lack repeatability, and the performance derived from final sensing strongly depends on 

the process of fusion splicing as the electric charge intensity and period need to be optimized 
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through a program in order to melt the surfaces of fibers for two-beam interference. Furthermore, 

the reflectance of mirrors distorts and significantly decreases as a result of fusion splicing [47]. 

The FBG IFPI sensor-fabrication process requires neither cleaving nor splicing over the sensor 

region [44]. The benefits of FBG IFPI sensors are a high mechanical strength, multiplexing and 

absolute measurements [50]. However, when using an optical spectrum analyzer, a shift in 

wavelength should be measured, which makes this technology complex and relatively expensive 

[51].  

Finally, a cross-sensitivity to temperature is the main drawback of IFPIs that limits their 

application when temperature is an issue [27]. IFPIs are used mostly where multi-fiber sensors are 

needed that are arranged in a line. Mostly, a single-point sensor is enough for many uses. EFPI 

sensors, discussed in the next section, are more practical for single-point measurements [9]. 

 EFPI Configurations 

A sensing process is EFPI if an FP cavity is formed in any medium except an optical fiber, such 

as solid materials or an air gap. However, due to optical loss, the optical cavity is limited to a few 

hundred microns in EFPI configurations [22][23]. The typical structures of EPPI pressure sensors 

are categorized into two main configurations: diaphragm-based and diaphragm-free [54]. In the 

following sections, the typical structures of EFPI configurations are briefly explained. 

3.1.2.1 Diaphragm-Free EFPI Pressure-Sensor Configurations and Recent Developments  

In diaphragm-free EFPI pressure sensors, both a change in the FP cavity length and a variation 

in the refractive index (RI) of the cavity will lead to pressure sensing [55][56].  
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In EFPIs, diaphragm-free pressure sensors work according to FP cavity-length variations; when 

the pressure is acting radially on the structure, an internal fiber is driven to result in an alteration 

in the FP cavity length. Moreover, an optical-frequency-domain reflectometer is used to 

demodulate the pressure. Numerous developed EFPI pressure sensors make use of an air gap as 

the FP cavity. An air gap can be created through different methods, such as laser micromachining 

[57][58], etching with chemicals [59][60] and focused ion beam milling [61]. After an air gap is 

created, two fibers are spliced together (Fig. 10) through fusion splicing [47]. 

 

 

 

Fig. 10. The fabrication of a diaphragm-free EFPI pressure sensor by making use of fusion splicing. 

L denotes the FP cavity length. 

Pevec et al. [62] used a micromachining process, including selective chemical etching, and a 

series of splicing and cleaving steps to fabricate a pressure sensor within the range of 0.003 psi. 

The developed pressure sensor was calibrated during the fabrication process by using controlled 

etching. The authors changed the pressure while the sensor was exposed to hydrofluoric acid (HF), 

and the sensor was connected to an optical signal interrogator. Reflected spectra were constantly 

monitored to read the cavity length to obtain the sensor’s pressure sensitivity. Then, the sensor was 

disconnected from the HF, which was neutralized as the pressure sensitivity reached 27.57 nm/psi 

(the target pressure sensitivity).  
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Zhang et al. [63] used the chemical-etching and fusion-splicing method to fabricate a ball EFPI 

sensor capable of measuring pressure between 0 and 2 MPa. The end face of a standard single 

mode fiber (SMF) was etched for 15 min in a solution of 40% HF and then spliced to another 

cleaved fiber. Similarly, by using an MMF fiber that had been etched and filled with a UV 

adhesive, Chen et al. [64] proposed and fabricated an EFPI pressure device. The sensor has a 

pressure sensitivity of −0.28 nm/psi within the range of 0 to 145 psi.  

The chemical-etching method has a low cost, and the process of creating cavities in a fiber tip 

is simple. The developed sensors have not only small measurement ranges normally in the kPa 

scale but also relatively poor mechanical strengths. 

Another method used to form an air gap is to align two polished and cleaved ends of fibers in a 

hollow capillary or tube (Fig. 11 (left)) [65][66]. An air-gap cavity can also be formed in part of a 

hollow-core fiber (HCF) that has been spliced between two SMFs [67] (Fig. 11 (right)). The air-

gap length (the FP cavity length) will lower in size as the hollow fiber’s length decreases due to 

the pressure that is applied.  

 

 

 

Fig. 11. Extrinsic FPI configurations with an air gap (L represents the FP cavity) [7][27].  The air 

gap is created (a) by aligning two polished and cleaved ends of fibers in a hollow capillary or tube 

and (b) by splicing an HCF between two SMFs. 

 HCF Capillary tube 

(a) (b) 
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As an example, Xu et al. used part of a silica rod (a hollow fiber) and spliced it between two 

SMFs to fabricate an EFPI pressure sensor [68]. A lead-in cleaved fiber was inserted into a hollow 

fiber, while another optical fiber that was cleaved was added from the hollow fiber’s other side to 

create an FP cavity between the two ends of cleaved fibers. The authors calibrated the developed 

sensor with the help of electric arcs. While the fiber was joined to a white-light interferometer 

system, the gap of air was altered ahead of time; this was done by having a splicer stage grasp the 

fiber tail that was reflecting and by reviewing the tail online through the use of the white-light 

system. Once the gap of air was altered to achieve a value close to the aim, the electric arc was 

used to join the hollow fiber end and the reflection fiber. This was one of the first instances of an 

optical fiber’s FP cavity length being controlled precisely by using electric arcs. This method is 

useful for the fabrication of sensors and for examining FP interferometers. However, it has two 

drawbacks: the system is costly and complicated.  

Liang et al. [69] investigated an EFPI gas-pressure sensor that was diaphragm-free as the FP 

cavity was created through inserting an FBG that was well-cut and a silica tube that was hollow 

on both sides into a casing of silica. The length of the FP cavity between the SMF’s ends and the 

hollow silica tube changed as the density of gas changed. Considering the principle that the density 

of gas changes based on changes in pressure, a measurement of pressure can be done in the range 

of room temperature to 800°C. The FPI gas-pressure sensitivity of the sensor is 0.029 nm/psi, and 

it has a high response to linear pressure of 14.5–101.5 psi. A method for temperature decoupling 

was used to enhance the sensor’s accuracy in applications that involve high temperatures. The 

sensor does not experience a plastic deformation issue that ensures a way of measuring pressure 

at a high temperature. However, for sensing pressure, the temperature should be raised. 
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Fusion splicing and micromachining techniques can be utilized to develop hybrid EFPI pressure 

sensors by splicing different fibers together [21], such as all-solid photonic crystal fibers (PCFs) 

[70] and other kinds of microstructure fibers. PCFs can be fusion spliced between two SMFs and 

form an EFPI [71]. Ding et al. [72] fabricated an all-solid distributed pressure sensor; this was 

done by splicing an SMF and PCF. The PCF’s free-end face had a film and a 99% reflectivity. 

Then, a digital resample was performed to obtain the PCF sensor head’s optical spectrum with a 

1 pm resolution. The sensor can experience the challenge of cross-sensitivity with two points of 

pressure, which is a limitation with respect to its practicability as a sensor of distributed pressure.  

Yang et al. [56] fabricated a similar sensor; the authors spliced part of a silica capillary with a 

hollow core between a hollow-core PCF and an SMF. A configuration for an FP cavity was created 

as a result, with the sensing cavity working as a capillary tube and the PCF working as a passage 

of gas to an exterior environment. They then compared four different gas-pressure sensors based 

on fibers with configurations for FP cavities that used various kinds of PCFs with hollow cores. 

They found that exterior pressure changes can result in changes to the sensing-cavity air’s 

refractive index. Consequently, a wavelength change occurs in interference dips. The authors 

measured the pressure sensitivity as about 0.027 nm/psi; the linearity was measured to be high at 

99.7% or above, no matter the kind of PCF that was utilized as an inlet of gas. 

Wu et al. [42] constructed a similar sensor within a range of 0–5,800 psi. The researchers 

performed this by splicing a standard SMF to a PCF of a short length. The PCF worked as an FP 

cavity and was a probe for direct sensing that did not require any more components. The FPI’s 

spectrum of reflection was examined through using an optical spectrum analyzer. 

By considering the dependence that applied pressure has on gas’s refractive index, an EFPI 

with no diaphragm can also be utilized in hybrid sensors for the detection of gas pressure. Zhang 
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et al. [74][75] used three types of optical fibers, including SMF, HCF and coreless fiber (CF), to 

fabricate an EFPI pressure sensor. First, the SMF was spliced to the HCF, the latter of which was 

cleaved a length from the point of splicing. Then, the CF was spliced to the HCF and sequentially 

cleaved. A structure resembling a sandwich was used for the SMF-HCF-CF and formed the EFPI. 

Next, a microchannel was drilled into the side wall of the HCF with a femtosecond (fs) laser so 

gas could enter/exit the HCF. This created a pressure sensor without a diaphragm that had a 0–

1,450 psi pressure range. However, using a high-quality fs laser requires one to establish high-

resolution monitoring; this means that the device is very costly. Moreover, it is fragile as a result 

of partially removing some fiber material. 

 Xu et al. [45] published a paper on an EFPI gas-pressure sensor. The sensor was created 

through the fusion splicing of a small piece of a main capillary. The authors placed a feeding 

capillary at one endpoint and an SMF on the remaining endpoint. This was done so gas could enter 

the feeding capillary and from there enter the main capillary. The interferometer device’s spectrum 

of reflection changed as the gas pressure changed; this was a result of the refractive index of the 

gas depending upon on the pressure that was used. The sensor has a pressure sensitivity of 0.028 

nm/psi with a 0 to 220 psi range of pressure.  

A similar EFPI gas-pressure sensor in the range of 174 psi was fabricated in 2017 [77]. An air 

cavity inside was created through fusion splicing together an SMF section to another SMF part 

that had an end-face microhole. Next, the authors crafted a microchannel; this was done to allow 

gas to flow in and vertically up the air cavity. Indeed, when a cavity of air cascades in a small 

length of SMF, an interference pattern involving three beams results. This varies along with the 

gas pressure within the inside cavity of air as a result of a refractive-index change in the gas. The 
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output fringe spectrum of the sensor is a three-beam interference pattern. The demodulation of a 

signal for a method like this is quite complex. 

Ran et al. [78] created a probe for gas-pressure sensors that does not have a diaphragm and that 

has a 1,160 psi range. They performed this by using a quartz capillary and a hollow-core PCF. The 

quartz capillary works like a channel for a gas inlet that is microfluidic, while the HC PBF part 

works like an FP cavity. The sensor has a fast response, which is beneficial with respect to pressure 

measurements that are dynamic; however, further research and characterizations of the sensor are 

needed. Similarly, Tang et al. [79] demonstrated an EFPI device based on HC PBF that utilizes a 

channel that opens at the side and has a pressure sensitivity of 0.029 nm/psi. The authors developed 

an FPI by splicing together a thin HC PBF part between two standard SMFs. Next, they drilled a 

channel that opens at the side through the HC PBF’s hollow core; this was done using an fs laser. 

They then examined cavity length’s impact on its performance with respect to sensing gas pressure. 

They found that shorter cavities result in larger ranges of measurement and provide larger limits 

of detection (and vice versa).  

 

 



27 

 

Fig. 12. The fabrication process of the diaphragm-free pressure sensor developed by [79]: (a) the 

HC PBF cross-section, (b) a schematic showing the creation with the fs laser and (c) an image of 

the side-opening FP cavity that the researcher drilled, presented from the side. 

Although the FPI sensors used for measuring changes in cavity RIs each typically have a 

significant range of measurement and a good robustness, they often have a low pressure sensitivity. 

Moreover, a sensor head that is carefully designed can increase a system’s complexity and 

manufacturing difficulty [33]. 
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Table 1. A summary of diaphragm-free EFPI pressure sensors. 

Authors Year 
Range  

(psi) 

Sensitivity 

(nm/psi) 
Fabrication Method 

Demodulation 

Method 

Yang et al. 

[56] 
2021 

3.23–20.6  

 
0.02–0.03  

Splicing a piece of a 

hollow-core silica 

capillary between a 

hollow core and an 

SMF 

Wavelength shift 

in the 

interference 

Pevec et al. 

[62] 

 

2014 0–0.003  27.58  Micromachining 

Spectral 

interrogation 

wavelength 

Zhang et al. 

[63] 
2019 0–290  

−0.00026  

 

Using the arc 

discharge-

enlargement method 

and chemical etching 

Shifts monitored 

by using an 

optical spectrum 

analyzer (OSA) 

 

Chen et al. 

[64] 
2017 

2.9–133  

 

−0.28  

 

Etching MMF filled 

with a UV adhesive 

FPI reflection 

spectrum noted 

upon using an 

OSA 

Xu et al. [68] 

 
2006 0–200  0.316–1.5  Fusion splicing 

Spectrum fringe 

shifts 

Zhang et al. 

[74][75] 

 

2019 0–1,450  12.41  Fusion splicing 

Wavelength 

shifts monitored 

by using an OSA 

Liang et al. 

[69] 

 

2018 14–101  0.029  Silica casing 
Interference 

spectrum 

Ding et al. 

[72] 

 

2012 0–1,500  
Not 

reported 

Splicing a PCF fiber 

segment and an SMF 
Optical spectrum 

Wu et al. [42] 

 
2011 0–5,800  3.8E-05  

Splicing a PCF fiber 

segment and an SMF 

Optical spectrum 

shifts 

Xu et al [45] 

 
2015 0–220  0.028  Fusion splicing 

Reflection 

spectra 

Xu et al. [77] 

 
2017 0–174  0.027  Fusion splicing OSA 

Ran et al. 

[78] 

 

2018 0–1160  2.87E-5  

Using a quartz 

capillary and a PCF 

with a hollow core 

Wavelength 

demodulation 
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Table 1 summarizes the above-discussed EFPI pressure sensors. These sensors had the common 

fused-splicing technique in their fabrication processes. A prominent advantage of fusion splicing 

is its low-cost fabrication. However, as aforementioned, fusion-spliced fibers (cleaved or coated) 

lack repeatability, and their sensing performance in the end depends significantly on the process 

of fusion splicing; the electric charge intensity and period need to be optimized through a program 

in order to melt the surface for two-beam interference. Furthermore, the reflectance of mirrors 

distorts and significantly decreases as a result of fusion splicing [60]. These kinds of EFPI 

structures suffer from a lack of mechanical strength and are applicable to only pressure 

measurements in kPa scale ranges [80][75].  

3.1.2.2 Diaphragm-Based EFPI Pressure-Sensor Configurations and Recent Developments 

In a diaphragm-based EFPI, for both a fiber-tip structure (Fig. 13 (left)) and a fiber-end structure 

(Fig. 13 (right)), a sensitive diaphragm is positioned close to the polished or cleaved end of an 

optical fiber. An FP cavity is created between the fiber’s end and the diaphragm’s reflecting surface 

[81][82]. The diaphragm has pressure placed on it, and a deformation occurs that corresponds to 

an alteration in the length of the FP cavity [83].  

 

Fig. 13. An extrinsic diaphragm-based FPI configuration [7]: (a) a fiber-tip structure and (b) a fiber-

end structure. 

 
Diaphragm 

Diaphragm 

(a) (b) 



30 

Wang et al. [84] established the design framework for pressor sensors with microdiaphragms 

by clarifying and defining the connections between sensitivity, side length, diaphragm thickness 

and resonant frequency. An investigation showed that a diaphragm that has a high resonant 

frequency and is sensitive has to be thin, and a small length of the side needs to be ensured. Rao 

et al. [27] recommended using a thick diaphragm for sensing high pressure and a thin diaphragm 

for sensing low pressure. 

Many fiber-tip diaphragm-based EFPI pressure sensors are produced using fusion splicing [47] 

and chemical etching [85]. Chemical etching is based on the different etching rates of fiber cores 

and cladding due to their different material compositions [26]. Ge et al. [85] developed an EFPI 

fiber-tip pressure sensor for the range of 0–14.5 psi using the fusion splicing of an etched fiber 

with another cleaved fiber. A multi-mode fiber (MMF) was etched by using HF and spliced 

together with an SMF in order to create an FP cavity. Following this, the MMF was lapped to 

decrease its thickness and to allow it to work as a diaphragm. Wavelength demodulation was used 

to determine the length of the cavity, and this was performed to determine the loaded pressure. 

Another diaphragm-based hybrid sensor had a thin diaphragm made of silica that allowed the 

researcher to obtain the response of the sensor’s pressure. It was fabricated using etching and 

polishing technology and can detect a pressure of 20.3 psi [86]. The resonator was formed by using 

an air cavity that was short and located at the fiber’s tip. Similarly, Cibula [87] formed a pressure-

sensitive diaphragm with a sensor sensitivity of about 0.068 nm/psi over a pressure range of 1,450 

psi by etching one end of an optical fiber and further splicing a fiber that had been etched into a 

fiber that was cleaved.  
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Fig. 14. A schematic of a diaphragm-based FPI formed by using fusion: (a) first, an etched fiber 

(lead-in fiber) is spliced with another fiber; (b) second, the end of fiber is cleaved. The figure was 

modified and redrawn from [87]. 

Zhu et al. [88] fabricated an all-fused EFPI pressure sensor that is made of silica; this was done 

directly on the tip of an optical fiber. The sensor includes three commercial silica fiber types, and 

the fibers were spliced together as follows. First, the researcher spliced an SMF with a 105 μm 

fiber and made a cleave beside it so there would be a thin 105 μm layer of fiber atop the SMF. 

Second, a fiber of 62.5 μm was spliced to that portion, and they cleaved it to a specific length to 

create an FP cavity. Third, the tip was placed in 50% HF; this was done in order to remove the 

62.5 μm fiber’s core. That fiber’s cladding was undoped fused silica and remained almost intact.  

 

 

 

Fig. 15. A schematic of the fabrication steps for Zhu et al.’s diaphragm-based EFPI pressure sensor 

(the figure was modified and redrawn from [88]): (a) the etch barrier; (b) the splicing, cleaving 

and etching of the cavity and (c) the splicing, cleaving and etching of the diaphragm. 

 (a) (b) 

(c) (b) (a) 

SM 105/125 SM 62.5/125 SM 105/125 
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The cladding was left as the pit’s wall. Fourth, the pit was spliced with a fiber of 105 μm to 

create an FP cavity. Finally, the 105 μm fiber was cleaved to serve as a diaphragm, which the 

researcher etched to reduce its thickness and allow it to work.  

Chemical etching has the advantages of a low cost and suitability for mass production, but the 

rough inner surface of a cavity resulting from chemical etching considerably decreases the cavity 

surface’s reflectivity. The roughness of the etched bottom of an air cavity usually renders it 

unstable for high-performance fiber optic EFPIs, and thus, it must be improved by optimizing the 

charge intensity and duration during the splicing process [85] [89].  

The mechanical strength of two chemically etched fibers spliced together is better than that of 

an etched fiber spliced with a cleaved fiber because the diameters of the two etched fibers are equal 

[89]. However, a residual etching solution still affects the etched fiber [27]. Moreover, chemical 

etching decreases the fiber’s melting point. Another drawback is that chemically etched fibers are 

cones, which is not ideal for EFPIs that are high quality [59].  

Another type of EFPI pressure sensor that is of all-fused silica can be created directly atop the 

tip of a fiber. It uses a simple fabrication that requires only cleaving and fusion splicing. Wang 

[90] developed a pressure-sensitive diaphragm using an arc fusion splicer that was electric in order 

to align a hollow fiber between two cleaved standard fibers. The creation was safe, easy and cost 

effective because it involved no chemical processes. However, conducting fusion splicing on a 

sensor that has a significant air cavity requires appropriate splicing recipes to be created to ensure 

a fusion of two fibers that is good and to ensure the enclosed air cavity’s mechanical and structural 

integrity are maintained. Furthermore, expansion and deformation can occur during the splicing 

[47]. 
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A pressure sensor based on a diaphragm created using an fs laser can detect a pressure of 0.7 

MPa [74]. An EFPI pressure sensor based on a microdiaphragm comprises an SMF optical fiber 

of silica glass, a glass diaphragm, and a glass capillary. The components are fused by utilizing a 

fusion splicer developed to measure pressure within the range of 14.5 psi [91].  

Similar to chemical etching and splicing, laser micromachining also reduces the mechanical 

strengths of fibers. A strong thermal effect of laser pulses is the main limitation in fabricating EFPI 

sensors with precise air gaps [40]. Such sensors typically have the usual drawbacks of a high cost 

and complex manufacturing. However, all the mentioned drawbacks led researchers to fabricate 

fiber-end diaphragm-based EFPI pressure sensors [9]. 

The benefits of fiber-end FPI optic sensors include a high sensitivity, small size and capability 

of remote sensing; they are desirable in numerous applications of sensing. One can easily extend 

these benefits to other uses and functions of pressure sensors that are interferometric and fiber 

optic [54]. Different methods have been investigated to fabricate fiber-end structures.  

By aligning an optical fiber with a diaphragm attached to the end of a ferrule, then using a 

ferrule of fused silica and the technology of CO2  laser-heating bonding, researchers created an 

EFPI [81]. In this case, there was no strain on the EFPI sensor, and deformation of the diaphragm 

directly corresponded to the phase changes of the EFPI. Similar to other EFPIs, it has the advantage 

of a cross-sensitivity to low temperatures of 0.013 nm/°C and a 36.54 nm/psi pressure sensitivity 

[92]. However, fusion splicing is the main drawback [47].  

Another configuration of a fiber-end diaphragm-based EFPI pressure sensor was fabricated 

with the help of MEMS techniques [62], such as the standard lithography process [94] and the bulk 

micromachining technique [64]. In this configuration, there was a hole in one wafer or substrate 

that formed an FPI cavity when the wafer was bonded to another substrate. Several kinds of EFPI 
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pressure sensors that use optical fibers and are based on MEMS have been discussed in extant 

literature, such as sensors made using silicon [96][97][98][99][100][101][102][103][104], SU-8 

biocompatible polymers [105][106][107][108], sapphire [102][109][110][111] and ceramic 

materials [18]. These discussions have concerned their uses and mechanical properties.  

MEMS technology has many benefits because it has a significant economical manufacturing 

potential [112]. Ma et al. [67] developed an EFPI pressure sensor based on a diaphragm using a 

MEMS technique. A silicon diaphragm was fabricated from a micromachined silicon wafer and 

was coated with a highly reflective thin film mounted on a Pyrex-glass substrate. An optical fiber 

was then fixed on another such substrate, and both were anodically bonded together. Finally, a 

homemade demodulator was used to measure pressure up to 145 psi. The authors reported a higher 

0.002% resolution with respect to pressure sensing compared with a similar structure for a sensor 

that had been reported. In a similar study, Yin et al. [113] used a silicon diaphragm to propose an 

EFPI pressure sensor with the help of a MEMS fabrication technique to measure pressure of 1.45–

36.25 psi.  

Ge et al. [104] created an EFPI pressure sensor  that has a 0–14.5 psi range and a 0.5 nm/psi 

sensitivity based on a MEMS technique. A thin silicon diaphragm was etched with the help of a 

lithography technique and was then anodically bonded to a glass tube. The finite-element method 

(FEM) was utilized for a comparison of analytical and experimental analyses. The researchers’ 

results showed that the theoretical deflection agreed with experimental data. Thus, they concluded 

that using the FEM by considering a real structure is necessary. Brace et al. [103] studied the 

effects of support material on a MEMS pressure sensor by developing an EFPI pressure sensor 

that is packaged with an industrial stainless-steel housing. A comparison showed that an analytical 

model did not correctly reveal the support’s impact. An empirical model with a non-linear term 

https://www.sciencedirect.com/science/article/pii/S092442471931787X?casa_token=zJZoCP084WUAAAAA:4mPyWP-XWhSLCCZ5_TjmKasLtZLe7x-OGglvQ953WA6HtQrsK4uC0u_VXbnlSSRq1ITSDwNYGBE#bib0090
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was proposed to address the deflection properly. The sensor can stand pressure up to 1,000 psi, 

although the stainless-steel housing needs modifications to support the fiber better. 

It is evident from the above discussion that silicon has been used frequently for diaphragm 

fabrications because of its unique mechanical properties [114]. However, in hostile environments, 

when a pressure sensor is exposed to corrosion, a silicon diaphragm has limited applications due 

to a poor corrosion resistance [115][116]. Hence, different materials that are silicon compatible, 

including silicon-on-insulator (SOI) and silicon carbide (SiC) diaphragms, have been studied for 

uses in difficult environments using micromachining technology [117][118][119]. 

Table 2. A summary of diaphragm-based EFPI pressure sensors. 

Author(s) Year Material 
Range 

(psi) 

Sensitivity 

(nm/psi) 
Fabrication method 

Cibula et al. 

[54] 
2009 Silica 0–1,015 68.94 Chemical etching 

Ma [98] 2020 Silicon 0–145 11.017 MEMS technique 

Li [99] 2006 Silicon 29–145 0.0068 
Bulk and surface MEMS 

techniques 

Ge et al. 

[100] 
2008 Silicon 0–435 Not reported MEMS technique 

Jia et al. 

[101] 
2018 Silicon 0–72.5 56.14–58.6 

Anodically bonding a local 

wafer that was made of silicon 

and was gold-plated to a 

micromachined wafer of Pyrex 

glass 

Ge et al. 

[104] 
2018 Silicon 0–14.5 0.51 MEMS technique 

3.2 Summary 

This section reviewed numerous EFPI pressure sensors in relation to their creation, 

configurations and techniques for sensing. This discussion had two sections, which were 

diaphragm-based structures and diaphragm-free structures. The former work was based on both 
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FP cavity-length variations and RI variations of gas. Many EFPI diaphragm-free sensor studies 

investigated variations in cavity length, and the sensors have pressure sensitivities that are quite 

low in comparison to sensors that use thin diaphragms. EFPI configurations for sensors based on 

diaphragms demonstrate a better performance for pressure sensing.  

The literature review on fiber optic sensing mainly focused on pressure measurements, but the 

objective of this thesis was to measure not only pressure but also temperature. Speaking 

technically, while there is no interference between temperature and other parameters, such as 

strain, all the FPI configurations discussed in this chapter can be used for temperature sensing. 

Great contributions have been made to design and fabricate a reliable and practical FPI sensor. 

However, as discussed above, the current developed sensors suffer from low mechanical strengths, 

a lack of repeatability and a lack of stability. Most of the reported FPI sensors are based on 

wavelength detection, which needs a spectrometer and is extremely expensive. To design an FPI 

sensor, it is also necessary to consider the value and cost of a system for end customers. The object 

of this thesis was to design and fabricate a reliable and stable self-temperature-compensated FPI 

sensor for simultaneous temperature and pressure measurements. Material selection, structure, 

sensor housing, cost and fabrication were considered in the design of the sensor.  

The main focuses of this thesis were as follows. 

1. The development of intensity-based interrogation methods that have the potential to be used to 

manufacture FPI sensors cheaply in massive quantities while offering superior performance 

characteristics.  

2. The development of a temperature-sensing EFPI device. 
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3. The development of self-temperature-compensated sensors for detecting pressure. Because 

temperature has a significant effect on FPI pressure-sensor readout signals, four main strategies 

were used to develop these sensors: 

i. The use of a diaphragm-based configuration using an SOI wafer for the membrane. 

ii. The use of extrinsic FPI sensors, which have low temperature sensitivities.  

iii. The design of a uniquely packaged FPI structure so that the temperature effect can be 

compensated for.  

iv. The use of an intensity-based interrogation method to arrive at a cost effective FPI 

sensor. 

A more detailed literature review of EFPI temperature sensing mechanism is given in the 

following chapter. 
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4 An Extrinsic FPI Temperature Sensor based 

on the Thermo-Optic Effect Using a Cost-

Effective Signal-Demodulation Method 
 

The basis of this chapter is an unpublished manuscript by the author that is pending submission 

in a journal; its title is “An Extrinsic Fabry–Pérot Interferometric Temperature Sensor based on 

the Thermo-Optic Effect Using a Cost-Effective Signal-Demodulation Method.” 

4.1  Introduction 

As aforementioned, the intrinsic advantages of FFPI sensors include an immunity to EM fields, 

remote sensing ability and small size and weight; these benefits have caused an increased interest 

in using FPI temperature sensors [6][120]. Fiber optic temperature sensors  do not use metal 

transducers to perform their conversions [121]. This allows for a minimal thermal dissipation 

through conduction and provides a quick response and extreme accuracy [11] that drives a need 

for the use of FPI temperature sensors instead of conventional ones, such as thermistors and 

thermocouples [122]. FPI temperature-sensing devices are categorized into two main types based 

on their working principles.  

The first type is based on FP cavity-length variations due to thermal expansion [123]. The 

second type relies on the TOE, whereby a temperature change, ∆𝑇, induces variations in either the 

refractive index of a material (n) or causes a wavelength shift (∆𝜆/∆𝑇) in a spectral response due 

to changes in the phase of reflected light [124]. In both configurations, light is conveyed by a fiber 

from an emitter to an interferometer; it is also conveyed from an interferometer to a detector [13].   
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In the first type of FFPI temperature sensor, the FP cavity can be developed either inside an 

optical fiber, where modulation takes place directly in the fiber, or in any medium, such as a solid 

material or an air gap. Fusion splicing, which is a widely used method in FPI sensor fabrication, 

can also be utilized to form an FP cavity inside optical fibers by fusion splicing two coated fibers 

[47], two chemically etched fibers [125][126] or two different types of fibers together 

[127][128][129][130][131][132][133].  

Zhu et al. [127] fusion spliced a section of solid PBF to an SMF and were able to fabricate an 

FPI temperature sensor that could measure a temperature range of −20°C to 1,200°C. Yang et al. 

[134] developed an extrinsic FPI temperature-sensing device formed in a mercury-filled silica 

tube. The mercury-filled tube was fusion spliced with an SMF. The mercury surface and the end 

face of the SMF formed an FPI. When a temperature increased, the volume of the mercury 

expanded, and therefore, the FP cavity length decreased.  

As pointed out before, the most prominent advantage of fusion splicing is its low-cost 

fabrication. However, fusion-spliced fibers lack repeatability, and the final performance of an FPI 

sensor depends significantly upon the splicing process. Other methods to create an FP cavity 

include focused ion-beam (FIB) micromachining [100], FIB milling technology [101], 

microfabrication [137] and fiber Bragg grating FPI [44] sensor fabrication. These processes require 

neither cleaving nor splicing over the sensor region; however, the fabrication steps are 

complicated. In addition, signal demodulation is a significant disadvantage of these kinds of 

developed sensors. 

In the second type of FPI temperature-sensing devices, the thermo-optic characteristics of 

materials can be used to fabricate optical temperature sensors [138]. Silicon is a desirable sensor 

material that shows not only a notable TOC ( 
𝜕𝑛𝑠𝑖

𝜕𝑇
= 1.86 × 10−4 𝐾−1 at a 1.55 μm wavelength) 
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[139] but also has unique properties, i.e., a large thermal diffusivity, low thermal-expansion 

coefficients and a high thermal stability [140]. There is a wide body of literature that has discussed 

the use of the TOE of silicon for sensing devices [10][141][142][143][144]. Wolthuis et al. [10] 

developed an FPI temperature sensor that consists of a silicon wafer sandwiched between two glass 

substrates. With an increase in temperature, the silicon’s refractive index (𝑛𝑠𝑖), and consequently, 

the phase shift of the reflected beam from the FPI, vary with temperature changes. Ge et al. [141] 

anodically bonded a silicon wafer on a glass fiber to develop a similar structure; the silicon’s 

thermo-optic characteristics changed, and this in turn led to a shift in the reflected spectra for 

measuring temperatures in the range of 20–48°C. In other similar work based on the silicon TOE, 

a small silicon cylinder mounted on the end face of an SMF served as an FPI that sends back an 

interferometric spectrum that is sensitive to the silicon’s temperature [142]. 

In all the literature reviewed above, the TOE has been seen mainly as a wavelength change 

(∆λ/∆T) in a spectral response that is induced by temperature. A constant value is usually 

considered for the value of 𝑛𝑠𝑖 for a wavelength range of interest [139][140][141][142][144][145]. 

To measure a wavelength shift, a spectrometer is typically used; interference spectra are analyzed 

by utilizing the fast Fourier transform (FFT), which makes this technology complex and expensive. 

Though it has been recognized that 𝑛𝑠𝑖 changes with both wavelength and temperature, refractive-

index changes with temperature are rarely considered when developing temperature-sensing 

devices [146].  

In this chapter, an extrinsic FPI temperature sensor is presented that is based on the thermo-

optic properties of silicon by using an SOI wafer. A cost-effective signal demodulation method 

was used to investigate the refractive-index variation of silicon as it was heated from an ambient 

temperature to 100°C. An analytical model was used to simulate the experimental results. A TOC 
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extracted from experimental data was compared with the published literature to validate the 

accuracy of the proposed device. The temperature device features a protective stainless-steel 

housing that protects the optical fiber and SOI wafer. Results show that the sensor described in 

this chapter is a precise, durable device at an affordable cost. 

4.2 Theory 

The principal operation of FPI sensors is multiple reflections that happen between two mirrors 

in an FP cavity. Interactions between the transmitting and reflecting waves cause either 

constructive or destructive interference, which causes the reflected light’s intensity to vary. The 

Airy formula is used to expresses the fraction of reflected light, as shown in (8) [103][27]: 

     
𝐼𝑅

𝐼𝑜
=  

𝑅1 + 𝑅2 + 2 ∙ √𝑅1𝑅2𝑐𝑜𝑠𝜙

1 + 𝑅2𝑅1 + 2 ∙ √𝑅1𝑅2 𝑐𝑜𝑠 𝜙
 ,           (8)  

where 𝐼𝑅  and 𝐼𝑜  represent the reflected and initial intensities, respectively. 𝑅1  and 𝑅2  are the 

normal reflectivities of the etalon surfaces, and 𝜙  gives the round-trip phase shift of the 

fundamental mode. 

𝜙′𝑠 and R’s values are simply given by using (9) and (10): 

            𝜙 =
2𝜋𝑛𝐿

𝜆
                   (9)  

and 

       𝑅 = (
𝑛𝑖 − 𝑛𝑡

𝑛𝑖 + 𝑛𝑡
)

2

,                (10)  
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where 𝑛 is the FP-cavity material’s refractive index, 𝐿 represents the length between the mirrors, 

𝜆 provides the light’s wavelength and 𝑛𝑡 and 𝑛𝑖 are the incident medium’s refraction index and 

the transmitted medium’s refraction index, respectively.  

Consider 𝐼 as the fraction of reflected light (𝐼 =
𝐼𝑅

𝐼𝑜
) in (8). Because the TOE determines a phase 

change, according to (9), 𝐼 will undergo a modulation showing a periodic pattern that has 𝐼𝑚𝑎𝑥 

(maximum) and 𝐼 𝑚𝑖𝑛 (minimum) amounts correspondingly at the two-phase conditions ∅ = 𝑚𝜋 

and ∅ = (𝑚 + 1 2⁄ )𝜋 , with 𝑚  being an integer. Thus, the modulation depth (a significant 

parameter that characterizes the FP cavity) is:  

                            𝑀 =
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥
                                (11)  

A higher modulation depth can be noted in a good-quality cavity composed of smooth and 

parallel surfaces, which have low losses. 

Moreover, in (9), 𝜙 has a double temperature dependence on both the refractive index variation 

and the thermal expansion. Therefore, differentiating (9)with respect to T gives [122]: 

         
𝜕∅

𝜕𝑇
 =  

2𝜋𝐿

𝜆

𝜕𝑛

𝜕𝑇
 +  

2𝜋𝑛

𝜆

𝜕𝐿

𝜕𝑇
 =  

2𝜋𝐿

𝜆
(

𝜕𝑛

𝜕𝑇
 +  𝛼𝑛),                         (12)  

where the term 𝛼 = 𝜕𝐿 𝐿𝜕𝑇⁄  is the thermal expansion coefficient. In equation (2), 𝜙 has a double 

temperature dependence on both refractive index variations and thermal expansion, however; the 

thermal expansion coefficient of silicon (an average value of 2.5 ×  10−6𝐾−1) is two magnitude 

orders tinier in comparison with the TOC (an average value of 1.86 × 10−4 𝐾−1). Furthermore, 

the silicon’s refractive index varies significantly with temperature when the wavelength of the 

considered light is near the silicon band gap [10]. 
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4.3 Device Structure and System Configuration 

The device structure includes a sensitive part, an optical fiber as a signal carrier and packaging 

that aligns the optical fiber with the silicon (the sensitive part). These parts are explained in the 

next two subsections.  

 Sensing Mechanism 

Due to the unique properties of an SOI platform, including the capability of mass production at 

an affordable cost [1][147][148], and the possibility of later integration with a membrane for added 

pressure sensing capabilities, an SOI wafer was selected for the sensing mechanism of the extrinsic 

FPI temperature sensor, as schematically displayed in Fig. 16 (a). The SOI wafer (5.5 mm × 5.5 

mm square) is comprised of three individual layers: a single-crystal silicon layer (400 μm thick), 

an insulating layer of silicon oxide (2 μm) and another single-crystal silicon layer (25 μm thick). 

All the SOI chips used in testing and preparing the presented temperature-sensing device were 

fabricated using the silicon-on-insulator multi-user MEMS process (SOIMUMP) approach offered 

by MEMSCAP. The full fabrication details can be found in Revision 8 of the SOIMUMP Design 

Handbook [116][16]. 

 Packaging 

A stainless-steel packaging was fabricated for the temperature-sensing device. A square pocket 

with a width of 5.5 mm was drilled on top of the housing (Fig. 16. (b)), and an SOI chip was placed 

inside. The other side of the packaging features a slot to which an FIS SMA905 stainless-steel 

connector (127 μm; Fiber Instrument Sales Inc., USA) [114][115] was attached; an optical fiber 

was then inserted inside the connector, as displayed in Fig. 16. (c). To position the optical fiber’s 

tip, a threaded locating component was used, removing any additional space between the fiber and 
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SOI wafer. The packaging is schematically shown in Fig. 16 (In appendix, Fig. 43 presents 

drawing of the device with the dimensions in detail). The real device’s structural parts and the 

device’s assembly are shown in Fig. 17. 

Fig. 16. The packaging assembly: (a) the SOI chip, (b) the housing, (c) the connector with the 

optical fiber inserted in the ferrule, (d) a full isometric view of the packaging and (d) a transparent 

view of the assembly with dimensions in mm. 
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Fig. 17. (Left) The device’s structural parts and (right) the full sensor-packaging assembly. 

4.4 Experimental Setup 

The experimental setup is schematically presented in Fig. 18. The sensing system was 

configured based on the intensity-interrogation method [151]. A DC power supply source 

(E3631A, Agilent) was used to provide power for an 850 nm laser light-emitting diode (LED) 

(OPV314AT, TT Electronics [152]) via a breadboard. Light generated from the LED source was 

passed through a 2:1 Y-coupler. The 2:1 Y-coupler, which is a passive device that splits and 

combines an optical signal, was used in the experiment to transmit and receive light from the FP 

cavity. The other split ends of the Y-coupler were connected to an in-house optical sensor 

interrogator (OSI) [153] with a built-in photodiode for measuring the intensity of the reflected light 

coming from the Y-coupler’s single end. The single end was directed to the FP cavity in the sensing 

device. In the FP cavity, light beams undergo internal reflection. Then, the reflected light from the 

surface of the SOI wafer is recollected with the optical fiber. After passing through the coupler 

again, the signal is redirected to the OSI. 

The gain and sampling rates of the photodiodes in the OSIs were optimized to achieve an optical 

signal with a high resolution and avoid the saturation of the signal. MATLAB (v. R2021b) was 
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configured to retrieve the signals from the OSI, provide a live plot of the measurements and store 

the data for further analyses. The temperature-sensing device was placed in a furnace box (Thermo 

Scientific Lindberg/Blue M Moldatherm Box Furnaces) [154] on top of a thermal brick. At the 

same time, a USB-TC01 temperature-input device (thermocouple) [155] was connected to the 

surface of the SOI wafer to record the temperature as a reference. 

 

 

 

 

 

Fig. 18. A schematic diagram of the experimental setup for temperature sensing. 

For experiments, three 2:1 SM Y-couplers and one 2:1 multi-mode Y-coupler were used [118]. 

The following table summarizes the couplers’ features. 

Table 3. A summary of the couplers used in the experiments. 

Fiber Type 
Name 

 (in this Chapter) 

Splitting 

Ratio 

Ratio Connected to 

the Receiver (OSI) 

Ratio Connected to 

the Source (LED) 

SM SM 50/50 50/50 50 50 

SM SM 80/20 80/20 20 80 

SM SM 90/10 90/10 90 10 

Multi-mode MM 50/50 50/50 50 50 

4.5 Experimental Results 

First, the experimental results were collected from an ambient temperature to 100°C in steps of 

1°C using the 2:1 SM Y-coupler with a splitting ratio of 50/50 (SM 50/50). The voltage, 
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determined by using the OSI, was recorded and plotted versus the temperature recorded through 

the thermocouple (Fig. 19). 

Then, the remaining two 2:1 SM Y-couplers and the 2:1 MM Y-coupler were used in the 

experiments [118]. The experiments were conducted from room temperature to 100°C. Fig. 20 

displays the intensity variation with respect to temperature from 50°C to 60°C. A temperature of 

10°C in the middle testing range was selected to produce clear plots. The experimental results, 

which are shown with solid dots, are connected through a solid line. 

 

Fig. 19. The SOI voltage responses when evaluated at a range of 0–100°C within the furnace box. 

The solid dots present experimental results. The solid blue line is the connection line. 
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Fig. 20. A comparison of the voltage responses of the FPI temperature device from 50°C to 60°C 

in the furnace box with the four Y-couplers. 

4.6 Discussion of Results 

Following the testing results, this section provides an analysis and discussion of the sensitivity, 

resolution, modulation depth and thermo-optic coefficient. Since sensors cannot reproduce an ideal 

transfer function, a sensitivity analysis is helpful to study sensors’ accuracy. Moreover, as pointed 

out in section 4.2, modulation depth is a significant parameter that characterizes FP cavities, and 

the thermo-optic coefficient is extracted to emphasize the accuracy of a sensor. 
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 Sensitivity Analysis 

A sensor’s sensitivity is the output signal to measured property ratio [157]. Sensitivity denotes 

how a system can detect a signal at a particular level. The larger a value of sensitivity is, the more 

favorable the system’s performance is [158]. For a temperature sensor based on an FPI, one can 

estimate the sensitivity by fitting the slope of the experimental data [128]. The linear range and its 

linear fitting is plotted in Fig. 21.  

 

Fig. 21. A comparison of sensitivities of the four Y-couplers. 

Using a linear regression model, the values of R square (R2), or goodness-of-fit measure, were 

found to be 0.996, 0.968, 0.998 and 0.996 and the sensitivities for each of the four Y-couplers were 

approximately 10.015 mV/°C, 223.24 mV/°C, 56.63 mV/°C and 13.93 mV/°C, respectively. 
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To obtain a better judgement about the performance of the developed sensor, the sensitivity was 

also compared with available commercial temperature sensors. Four different kinds of temperature 

sensors are the most popular for today’s electronics: resistance temperature detectors, 

thermocouples, semi-conductor-based integrated circuits and thermistors[160][161][162]. The 

most popular of these are thermocouples, which are created by connecting two different metal 

wires that are dissimilar. The result is a phenomenon called the Seebeck effect, wherein the 

difference in temperature between the two wires, i.e., conductors, that are dissimilar results in a 

difference in voltage betwixt the two different substances. One can measure the latter and utilize 

it in order to determine the temperature [162]. A plethora of thermocouples exist, all made from 

diverse materials, and as a result, various sensitivities and ranges of temperature can be measured. 

These thermocouples are distinguished from each other by using certain letters. The most popular 

kind of thermocouple is the K kind, which has a 0.041 mV/°C sensitivity. 

The following Table 4 [163] shows a comparison of some of the most popular thermocouples 

sensitivities with respect to the developed sensors. It can be easily seen that the sensitivity of the 

developed sensor is higher than the sensitivities of all the different thermocouples listed and that 

are available commercially.  
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Table 4. A comparison of the sensitivity of different thermocouple types extracted from [163] and 

the developed temperature sensors. 

Sensor 
Type Conduction Alley (+/−)/Splitting Ratio 

Sensitivity 

(mV/°C) 

Thermocouple E Nickel chromium/constantan 0.068 

J Iron/constantan 0.055 

K Nickel chromium/nickel aluminum 0.041 

N Nikrosil/nisil 0.039 

T Copper/constantan 0.043 

R/S Copper/copper nickel compensating 0.010 

B Platinum rhodium 0.010 

This Work SM 80/20 223.24 

SM  90/10 13.93 

SM  50/50 56.63 

MM  50/50 10.013 

 

 Resolution Analysis 

The tiniest differentiable alteration that the sensor can determine, and show is called resolution. 

Larger resolutions (thereby, tinier observable and showable alterations) result in more values that 

are specific. The standard deviation (SD) of a signal, shown using a unit of measurement, divided 

by the sensitivity of the sensor typically equals its resolution. Therefore, one can determine the 

latter using the following equation [164][165]:  

 

                                      Resolution = SD / Sensitivity                                        (13) 

 

The SD can be determined by using the square root of a value that can be found through a 

comparison of points of data and a population’s overall mean as follows [166]: 

                                                        SD =√
∑ (𝑌𝑖−𝑌̅)2𝑥

𝑖=1

𝑥−1
 ,                                                    (14)  
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where 𝑥  denotes the data set’s number of data points, 𝑌̅  denotes the mean data set value and 𝑌𝑖 

denotes the value of the data set’s i-th point.  

The SD for the four Y-couplers, as listed in Table 5, can be determined from the measured 

voltage at a particular temperature for the range plotted in Fig. 21 using equation (14). Using 

equation (13), the resolution for a specific temperature of 51°C, for example, are calculated as 

0.003 °C, 0.05 °C, 0.01°C and 0.07 °C, respectively. Table 5 shows a comparison of the resolution 

for the different Y-couplers investigated at a temperature of 51°C.  SM 80/20 shows the highest 

sensitivity and the smallest resolution. However, SM 50/50 was found to have a more stable signal. 

Table 5. A comparison of the resolution for the different Y-couplers investigated at a temperature 

of 51°C 

Coupler Type SD (mV) Resolution (°C) 

SM 80/20 0.75 0.003 

SM 90/10 0.71 0.05 

SM 50/50 0.68 0.01 

MM 50/50 0.79 0.07 

 

 Modulation Depth 

Based on equation (11) in Section 4.2, the modulation depth was calculated for all couplers and tabulated 

in Table 6. From this table, it can be observed that the SM 80/20 Y-coupler has the highest modulation 

depth, while the SM 90/10 Y-coupler has the lowest modulation depth.  Although SM 50/50 displayed 

a lower modulation depth than SM 80/20, the results for this coupler showed a more normal 

distribution. Therefore, SM 50/50 was selected for the optical coupler. 
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Table 6. A comparison of the modulation depths extracted from the experimental data. 

Coupler Type 𝐼𝑚𝑎𝑥 𝐼 𝑚𝑖𝑛 𝑀(Modulation depth) 

SM 80/20 1220.789 1040.052 0.148049 

SM 90/10 232.1719 221.8866 0.0443 

SM 50/50 575.1292 511.7942 0.110123 

MM 50/50 238.2543 224.8092 0.056432 

 

 Thermo-Optic Coefficient 

Silicon’s TOC, published by Cocorullo et al. in 1999 [145] and shown below as a second-order 

polynomial in (15), was considered as a reference for this work. 

𝜕𝑛

𝜕𝑇
= 9.48 × 10−5 + 3.47 × 10−7 × 𝑇 − 1.49 × 10−10 × 𝑇2 (𝐾−1),    (15)  

where 𝑛 is the refractive index and 𝑇 is the temperature. To extract TOCs from the experimental 

data, ∆𝑇𝜋 needed to be obtained. Once ∆𝑇𝜋, which induces ∆∅ = 𝜋, i.e., once the distance between 

two transmission maximums, was obtained, one could invert (12) in order to determine the 

material’s thermo-optic coefficient [167] as shown in (16):  

           
𝜕𝑛

𝜕𝑇
 =  

𝜆

2𝐿∆𝑇𝜋
 −  𝑛 (

1

𝐿

𝜕𝐿

𝜕𝑇
 ).                               (16)  

Considering Fig. 19, ∆𝑇𝜋 = 2.3𝐾,  and for 𝜆 = 850 nm, 𝑙 = 1 mm, 𝑛 = 3.6 and 𝛼 = 2.5 ×

10−6𝐾−1, so 𝜕𝑛 𝜕𝑇⁄ = 1.8514 × 10−4𝐾−1. This is equal to the silicon’s thermo-optic coefficient 

value at a 300–304 𝐾 (~27–31°C) temperature range.  

Similarly, the silicon’s thermo-optic coefficient, in all ranges of temperature, was obtained by 

measuring the transition from a maximum of transmission to a minimum and inserting the value 

for the silicon’s refractive index at corresponding temperatures. In this thesis, the silicon’s 
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refractive-index temperature dependence was obtained using the values published by Hi in 1980 

[120] and the empirical model developed by Xu et al. in 2019 [146]. The results of extracting the 

TOC from the experimental data are displayed in Fig. 22 with orange dots. 

To verify the accuracy of the obtained TOCs, the results were compared with the values 

published by Cocorullo et al. in 1999 [145]; these values were plotted by using (15) and are shown 

with a solid blue line in Fig. 22.  

 

Fig. 22. A comparison of the TOCs extracted from the experimental data and data available in the 

reference literature [110]. 

The results extracted from the experimental data were in good agreement with the data that is 

published. For data comparison, the mean squared error (MSE) [169][170], was determined as, 

                        𝑀𝑆𝐸 =
1

𝑥
∑ (𝑌𝑖 − 𝑌𝑖̂)

2𝑥
𝑖=1  ,                                                     (17)  

where 𝑌𝑖̂  denotes the values that were predicted (determined using the experimental data), 𝑥 

denotes the number of data points and 𝑌𝑖 denotes the values that were observed (determined using 

the reference). The determined MSE for the data shown in Fig. 22 is 2.15E-05, which is close to 
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zero and proves that the experimental data is in good agreement with the literature, thus verifying 

the developed FPI temperature-sensing device’s accuracy.  

4.7 Summary  

An extrinsic FFPI temperature sensor was developed and evaluated. This sensor was based on 

the TOE in the temperature range of 0–100°C. The limited temperature range was because of the 

optical fiber (for high temperatures, a specific optical fiber must be used). An SOI wafer, which is 

a batch-producible platform, was used for the development of the device. For recording variations 

in the refractive index of the silicon in response to an increasing temperature, a cost-effective 

signal modulation method based on a photodiode was used. By forgoing the need for packaging 

optical devices, the developed temperature sensor features a protective stainless-steel packaging 

with a threaded locating component to connect an optical fiber through a connector. The TOC of 

the silicon was theoretically and experimentally investigated. A comparison demonstrated an 

agreement between the TOC extracted from the experimental data and such a coefficient in the 

published literature. The modulation depth of the device was then studied by using different 

couplers with different splitting ratios. While an SM coupler with a split ratio of 80/20 shows the 

highest modulation depth, a 50/50 SM coupler results in a more uniform and normal intensity 

distribution. The sensitivities and resolutions for different couplers were investigated. For the SM 

50/50 coupler, the values were 56.63 mV/°C and 0.01°C, respectively. The developed device is a 

promising platform for the mass-scale production of a silicon FPI temperature apparatus, which 

has a cost-effective optical-signal demodulation method. The integration of pressure 

measurements and temperature sensing is investigated in the next chapter.  
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5 A Packaged Temperature and Pressure-

Sensing Extrinsic Fabry–Pérot Interferometer 

MEMS Device for Harsh Environments with 

Self-Temperature-Compensation 

The basis of this chapter is a manuscript by the author that is pending for submission in a 

journal; it is titled “Packaged Temperature and Pressure-Sensing Extrinsic FPI MEMS Device for 

Harsh Environments with Self-Temperature-Compensation.” 

5.1 Introduction 

As aforementioned, sensors are used regularly in various sectors, including industry, energy 

and health care. They are crucial for measuring different parameters and understanding when 

something might go wrong [1]. Two of the most commonly measured parameters are pressure and 

temperature. Measuring pressure is key in a wide variety of technologies and application areas 

ranging from health care for detecting hypertension [10] to fuel tank pressure monitoring in space 

shuttles [171]. Temperature detection also plays a significant role in energy-saving systems and in 

the monitoring of production processes during which temperature is influential [10]. As 

aforementioned, the literature offers numerous examples of sensors capable of measuring either 

temperature [125][172][173] or pressure [37][27]; however, few sensors have been created for use 

in both high-pressure and elevated-temperature environments. The demand for such a device for 

parameter measurements, especially in harsh environments, is on a constant rise. The development 

of a reliable long-term temperature- and pressure-monitoring device would bring substantial value 

to various industries, thereby supporting investment in such a measurement system.  
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MEMS technology is gaining interest for use in hostile environments in different industries due 

to the unique properties of MEMS devices, which, as aforementioned, include a small size, light 

weight, high accuracy and high resolution [4]. However, the commonly used technologies have a 

number of reported challenges. The performance of the current industrial piezoresistive [123][175] 

and capacitive [176][177] MEMS pressure-sensing systems is impacted by temperature, which can 

disrupt the performance and accuracy of such a device and destabilize sensing elements. Moreover, 

conventional temperature-sensing devices, such as thermistors and thermocouples, must often 

operate in or near intense EM fields or at long distances. In such environments, sensors with metal 

leads are prone to experience eddy currents [178][179][180]. This may cause noise and the heating 

of such a sensor, which can lead to inaccurate temperature measurements.  

These shortcomings are driving a need for the use of optical sensing devices instead of 

conventional ones. As previously noted, the intrinsic advantages of fiber optic sensors make them 

attractive for measurements even in harsh environments [130][182]. A combination of MEMS and 

fiber optics may therefore pave the way for novel sensing concepts and applications.  

One of the most effective methods of combining a versatile optical fiber with MEMS is using 

FPIs [8]. Several researchers have employed extrinsic FPI schemes to investigate multi-parameter 

temperature and pressure sensors. Jinde et al. [113] were able to develop an FPI configuration for 

simultaneous temperature and pressure sensing by bonding a silicon wafer, a glass substrate and a 

silicon membrane together. The silicon wafer formed a temperature-sensing cavity and made use 

of the thermo-optic properties of silicon for temperature measurements. A second cavity was 

formed between the silicon membrane and glass substrate to sense pressure. By using signal 

processing and demodulating, the reflectance spectra were analyzed to separate measurand 
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frequencies. Complex and expensive signal processing and a low sensing range are the drawbacks 

of this configuration.  

Cheng et al. [183] employed the thermo-optic properties of silicon to fabricate a multi-

parameter MEMS temperature and pressure sensor. An air cavity between a fiber’s top surface and 

a membrane’s bottom surface was considered one FP cavity, and silicon on the top side of the 

device was considered another FP cavity. Since silicon has a larger refractive index than air, the 

researchers noted that an optical-path difference in the output spectrum is distinguishable when an 

FFT is performed. The sensing range, however, was not reported. This sensor suffers from a 

complex and expensive structure and the signal-demodulation method to obtain a measurand. 

Similarly, Bing et al. [184] formed an EFPI sensor by using a polymer cap that bonded to an SMF’s 

end. The interference fringe’s wavelength shift was measured with a spectrometer. 

These developed multi-parameter temperature and pressure sensors make use of the total 

reflection spectrum’s wavelength shift, which is inherently expensive and complex, even when it 

is used to measure one parameter, such as pressure. It can be more complex when it is used for 

multi-parameter sensing. The shape and wavelength shift of the total reflection spectrum can be 

affected by any variation in an FP cavity. Cross-sensitivity will seriously influence the accuracies 

and the linearities of measurands. Thus, although the investigated sensors are capable of double-

parameter sensing, the factors of complex fabrication schemes, a lack of stability, low sensing 

ranges and complex and expensive signal demodulation are drawbacks of the in-line cavity 

method. 

The implementation, therefore, of a successful double-measurement device necessitates a 

system that can adjust to deviations in temperature and resist harsh environmental conditions while 

maintaining a high sensitivity to pressure. In this chapter, a stainless-steel housing is fitted with 
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two fiber optic FPI sensors and a silicon-on-insulator (SOI) chip to simultaneously measure 

temperature and pressure. The pressure-sensing FPI portion is sensitive to the deflection of the 

SOI chip’s membrane, while the temperature-sensing FPI is sensitive to the thermo-optic 

properties of silicon. The device response to temperature dependence is investigated and an 

empirical model is developed in this work.  

5.2 Theory and Working Principle 

As explained in previous chapters, the principal operation of FPI sensors is multiple reflections 

that happen between two mirrors in an FP cavity. Interactions between the transmitting and 

reflecting waves cause either constructive or destructive interference, which causes the reflected 

light’s intensity to vary. The formula for the light intensity shown in (8), and the values for 𝜙 and 

R are simply given in (9) and (10).  

Based on (9), any change in L, n or 𝜆 will result in a phase shift, causing changes to the intensity 

of the reflected light. In membrane-based FPI pressure sensors, pressure causes a deflection in the 

membrane that changes the length of the FP cavity. For temperature sensing, as investigated in the 

previous chapter, 𝜙  in (9) has a double temperature dependence on both the refractive index 

variation and the thermal expansion. Therefore, differentiating (9) with respect to T gives [122]: 

         
𝜕∅

𝜕𝑇
 =  

2𝜋𝐿

𝜆

𝜕𝑛

𝜕𝑇
 +  

2𝜋𝑛

𝜆

𝜕𝐿

𝜕𝑇
 =  

2𝜋𝐿

𝜆
(

𝜕𝑛

𝜕𝑇
+ 𝛼𝑛).                           

As mentioned, the term 𝛼 = 𝜕𝐿 𝐿𝜕𝑇⁄  is the thermal-expansion coefficient, which for silicon is 

two orders of magnitude smaller than the TOC.  
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5.3 Device Structure and System Configuration 

The device structure includes a SOI chip, two signal-carrying optical fibers and a unique 

packaging that aligns the optical fibers with the SOI chip. These parts are explained in the next 

two subsections. 

 SOI Chip 

An SOI chip was selected due to its small form factor, ability to withstand high pressures and 

ability to be produced in large batches [1]. As mentioned before, SOIMUMP is a commercial 

fabrication process offered by MEMSCAP. All the SOI chips used in testing and preparing the 

presented sensor were fabricated using the SOIMUMP approach from MEMSCAP. The full 

fabrication details are described in Revision 8 of the SOIMUMP Design Handbook [116][16]. The 

SOI chip is produced by dicing 5.5 mm × 5.5 mm squares from a wafer consisting of three 

individual layers. The bottom substrate layer is a single-crystal layer of silicon (400 μm thick), 

followed by an insulating layer of silicon oxide (2 μm) and second single-crystal silicon layer 

(25  μm  thick). Near the center of the SOI chip, a square space with depth of 402μm  (400 

μm ×  400 μm ×  402 μm) is etched to create a 25 μm thick silicon membrane that deflects when 

exposed to pressure. The unetched region of the silicon substrate is utilized for temperature sensing 

as its refractive index changes due to the TOE.   

 Packaging 

The sensing system requires a unique packaging process to operate in harsh environments. The 

packaging process is designed to not only hold an SOI chip and two optical fibers but also provide 

support and shielding. Stainless steel was selected as the material of choice for fabricating the 

housing due to its strength and machinability [185][186]. The packaging consists of a core piece, 
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named the fiber locator, and a threaded shelter as the housing. A square pocket with a length of 

5.5 mm was machined on the top section of the housing that tightly fits the SOI chip. An epoxy 

(EPO-TEK 353ND) with a 350°C maximum operating temperature [187] was used to hold the SOI 

chip inside the pocket and create a hermetic seal (shown in Fig. 23). Two holes were drilled 

through the housing within the formed pocket aligning the reflective SOI membrane with one of 

the optical fibers near the center, and the second hole exposes the second fiber to the SOI chip’s 

substrate. The external section of the housing is threaded and consists of a 45° chamfer seal that 

closely resembles an earlier design by Eric et al. to meet industrial standards [103]. The housing 

was drilled from the bottom end to allow the insertion of the fiber locator. The locater has two 

stainless-steel ferrules (SFLC127; 6.4 mm long; Ø1.25 mm and Ø127-µm bore size) [135] that 

hold the optical fibers. Two single-mode (SM) 2:1 Y-couplers with a 50/50 split ratio and a 65 µm 

silica core, compatible with wavelengths of 800–900 nm, were inserted into the fiber locator [118]. 

A set screw was used to fix the fiber locator after adjusting the distance between the optical fibers 

and the SOI chip, ensuring no drifts in the fiber locator’s position. (In Fig. 23, the threads are not 

shown in the full length of the schematic view of the packaging in order to show the set screw 

clearly.) 
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Fig. 23. The packaging assembly: (a) a transparent view with dimensions in mm [inches], (b) a 

detailed view of the parts, (c) a full isometric view of the packaging and (d) a detailed two-

dimensional plot of the model geometry of the SOI chip. 

Upon the assembly of the device (see Fig. 24), an FP cavity for sensing pressure was present 

between the optical fiber surface and the membrane. A second FP cavity for temperature 

measurements was present between the second fiber and the SOI chip’s substrate. 
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Fig. 24. The full assembly of the device: (a) side view of the fiber locator with the ferrules and 

optical fibers, (b) the packaged sensor, (c) a top view of the housing before placing the SOI chip 

and (d) the SOI chip with the 400 μm silicon membrane visible near the center. 

5.4 Experimental Setup 

The entire experimental setup is schematically presented within Fig. 25. The sensing system 

was configured based on the intensity-interrogation method [151]. Two SM Y-couplers with a 

50/50 splitting ratio (Fiber Instrument Sales Inc.) were used as the main avenue for light to transmit 

and receive from each of the FP cavities. The Y-couplers were each connected to a voltage-

controlled 850 nm laser LED (OPV314AT, TT Electronics [152]) at one of the split ends of the Y-

couplers. The two LEDs were connected in parallel to a DC power supply (E3631A, Agilent) via 

a breadboard. The DC power supply was configured to allow a maximum supply of 1.994 V and 

0.01 amps. The other split ends of the two Y-couplers were each connected to an in-house optical 

sensor interrogator (OSI) [153] (as explained in Chapter 4, the OSI has a built-in photodiode for 

measuring the intensity of the reflected light coming from the Y-couplers’ single end). The single 
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ends were adhered to the ferrules found within the fiber locator seen in Fig. 24 (a) using epoxy 

(EPO-TEK 353ND) and directed to the two FP cavities, i.e., one for the pressure sensing and the 

other for temperature sensing). The gain and sampling rates of the photodiodes in the OSIs were 

optimized to achieve an optical signal with a high resolution and avoid the saturation of the signal. 

MATLAB (v. R2021b) was configured to retrieve the signals from the OSI, provide a live plot of 

the measurements and store the data for a further analysis. A manual pressure calibration apparatus 

with an automatic temperature control supplied by MPI MorHEAT [189] was used to manipulate 

the pressure applied on the developed sensing system. The designed housing was threaded to fit 

into the calibration machine and form a strong seal to prevent any fluid leakage. A digital pressure 

gauge was used on the calibration machine to display a true supplied pressure that was taken as 

the reference value. 

 

Fig. 25. A schematic of the testing setup. 
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5.5 Experimental Results 

The developed FPI sensor underwent two experimental phases: an investigation of the 

temperature response and an investigation of the pressure response. For the former, the 

experiments were done twice. During the first test, the applied pressure was increased from 

atmospheric pressure to 1,000 psi in steps of 25 psi while the temperature of the heater increased 

in intervals of 5°C up to 120°C simultaneously. For the second test, the temperature was increased 

only while the gauge pressure was held at an atmospheric pressure.  

Fig. 26 shows the intensity response of Optical Fiber 1, i.e., the fiber facing the SOI substrate 

used for temperature sensing, in the temperature range of 45–75°C (the small range was selected 

to produce clear plots to compare the results; the data for 25–120°C is plotted in the appendix Fig. 

44). The results clearly demonstrate that pressure has no effect on the temperature-sensing 

mechanism in the developed FPI sensor. In other words, no cross-sensitivity was observed for the 

temperature sensor. 

      To investigate the pressure response, the pressure was increased from atmospheric pressure to 

1,000 psi while the temperature was held constant at 60°C; this was repeated with 80°C, 100°C 

and 120°C. At each constant temperature condition, at least five trials were performed to ensure 

repeatability.  

     Fig. 27 shows the results plotted for five trials when the temperature was held at 100°C, 

captured from the intensity responses of Optical Fiber 2 (the pressure-sensing fiber facing the 

membrane). The experimental intensities of the device in response to the pressures at different 

constant temperatures are shown in Fig. 28. The results demonstrate that temperature has a 

significant effect on the pressure sensor’s signal, where a clear shift in the signal occurs as 

temperature increases. 
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Fig. 26. The experimental intensity responses to temperature variations for Optical Fiber 1 (the 

fiber at the corner). 

 

Fig. 27. The experimental intensity responses for Optical Fiber 2 (the fiber in the middle) when 

the pressure changed from atmospheric pressure to 1,000 psi while the temperature of the heater 

was stable at 100°C. 
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Fig. 28. The experimental intensity responses for Optical Fiber 2 (the fiber in the middle) when 

the pressure changed from atmospheric pressure to 1,000 psi while the temperature of the heater 

was stable at 60°C, 80°C, 100°C and 120°C. 

To understand and compensate for the temperature effect on the pressure response, the sensing 

system was modeled. 

5.6 Modeling 

A numerical model can be an asset in studying a device’s performance under different 

conditions and parameters [190]. The approach used in this work was a combination of analytical 

and numerical methods as the designed device is a multi-physics sensor combining mechanical 

modeling with optical theory. The mechanical component of the sensor was numerically modeled 

(through finite element analysis (FEA) with COMSOL), and the optical section was modeled 

analytically. Combining numerical and analytical models, an analytical model was developed for 

the designed sensor. 
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 FEM 

The finite element method (FEM) and COMSOL (v. 5.3a) were used to model the response of 

the SOI chip to pressure and temperature. The model simulated thermal expansion and membrane 

deflection utilizing analyses of static structural mechanics. A solid mechanics interface was 

utilized for the numerical simulation, and for the silicon membrane, a membrane interface was 

utilized. The equations for the two interfaces are discussed in the Structural Mechanics Module 

User’s Guide by COMSOL Inc. [191]. The stresses were set to zero at 293 K. The solid-mechanics 

interface boundary conditions were determined by setting the SOI chip boundaries in regards to 

the x, y and z rotations and displacements. For the mesh structure, a mix of elements that were free 

tetrahedral and free triangular was used. Overall, 21,406 such mesh elements were used for the 

model; a mesh study was conducted ensuring the results were independent of the mesh size (the 

results for a numerical simulation with a smaller mesh with 27,526 elements were the same, which 

proves the simulation is mesh independent). To simulate applied pressure, a boundary load on the 

top boundary of the SOI chip was applied. The simulated applied pressure ranged from 

atmospheric pressure to 1,000 psi, while the environmental temperature was held constant at the 

ambient temperature (22°C); this was repeated for 60°C, 80°C, 100°C and 120°C. The simulated 

membrane’s maximum deflection with an applied pressure of 1,000 psi is shown in Fig. 29. 

Fig. 30 shows the membrane’s maximum deflection in a plot as a function of the pressure for 

each of the simulated constant temperature conditions. It is clear that as a temperature is increased, 

the deflections increase. The silicon membrane at the ambient temperature was simulated to deflect 

2.33 µm at 1,000 psi, and when the environmental temperature was increased to 120°C, the 

deflection increased to 2.71 µm.  
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Fig. 29. The displacement of the SOI chip at a pressure equal to 1,000 psi (a) at the ambient 

temperature (T = 22°C) and (b) at T = 100°C (393.15 K). The maximum of displacement occurred 

in the center of the membrane. 

 

Fig. 30. A plot showing the membrane’s displacement at the center point when a pressure of 0–

1,000 psi was applied to the membrane at the ambient temperature. 
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As pointed out, to model the developed FPI pressure sensor, a combination of optics and 

mechanics was needed. A thin silicon membrane acts as a sensitive element, and an optical fiber 

acts as a signal carrier. The FEM was used to study the mechanical aspects of the sensor and the 

housing. To numerically analyze the optical part of the device, the membrane’s deflection from 

the FEM simulation was used as an input and used in equations (8)–(10) to solve for the fraction 

of reflected light. 

5.7 Modeling Results and Discussion 

Fig. 31 compares the normalized experimental results for when the pressure was varied from 

atmospheric pressure to 1,000 psi (Fig. 27) with the normalized simulated model results. 

Comparing the experimental and analytical results, the sinusoidal trend was closely followed by 

the model, indicating a good fit. The MSE is 0.008 which is close to zero and proves the data are 

in good agreement. Overall, the results demonstrate the reliability of the pressure sensor at the 

ambient temperature and a high pressure, i.e., up to 1,000 psi.  
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Fig. 31. The normalized membrane intensity as a pressure function while the temperature of the 

heater was stable at 100°C. 

Fig. 32 shows the sensor’s simulated response and normalized experimental response at various 

environmental temperatures. The results indicate a shift in the phase of the sinusoidal trend while 

the frequency of change with pressure remains constant. Temperature affects the material 

properties of the SOI chip, increasing the deflection as it increases. 
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Fig. 32. The analytical analysis results for the intensity response at the die’s function of pressure 

for the ambient–120°C temperature range. 

5.8 Empirical Model for Self-Compensated Temperature Effect 

To investigate the temperature effect on the sensor’s performance, an empirical model needed 

to be developed to relate the deflection to the pressure and temperature together. There is no 

general expression for a deflection within a plate; the solutions for straight boundary plates are 

typically numerically determined for certain plate dimension ratios, load locations and boundary 

conditions [192]. For rectangular plates that are uniformly loaded, Roark et al. provided analytical 

solutions [193]. The primary equation for deflection (𝛿) is:  

                              𝛿 =
𝑃𝑏4

𝐸𝑡3 ,           (18)               

where 𝑃 denotes the force’s/area’s distributed load, 𝑏 denotes the side length of the membrane, 

𝐸 denotes the elastic modulus and 𝑡 denotes the membrane’s thickness. 
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For some special ratios of plate dimensions and boundary conditions for Poisson’s ratio 𝜈 = 

0.316, specific values for these terms were extracted from the literature and tabulated in Roark’s 

formulas for stress and strain [193]. 

Using the results of the numerical simulations, the extracted coefficient for the membrane is 

0.034. Therefore, the deflection of membrane is: 

                          𝛿 = −
0.0345𝑃𝑏4

𝐸𝑡3  .               (19)  

The temperature rise introduced thermal stress to the structure due to a mismatch of the thermal 

expansion coefficient in the device’s parts. Such stress altered the membrane deformation as a 

response to the pressures that were placed and changed the sensor’s response. Furthermore, 

deformation arose within the device due to thermal expansion. To study the effects of temperature, 

a numerical simulation was done at the temperature range of the ambient temperature to 120°C.  

Using the numerical method’s results, the developed analytical model for the deflection of the 

membrane at higher temperatures was as follows:  

                        𝛿 =  −
0.0345𝑃𝑏4

𝐸𝑡3  +  (
𝑇  −  𝑇0

𝑇0
∗ 𝐶1),                  (20)  

where  T is the testing temperature, 𝑇0 is the ambient temperature (20°C) and 𝐶1 is a constant equal 

to 𝐶1: 6.1 × 10−8. 

(8)–(10) and (20) were used to visualize temperature’s effects on the pressure response in Fig. 33. 

This combination of equations allowed for a much quicker estimation of the sensor’s response 

versus FEM simulations, and with further work, it allows for an advanced signal analysis of the 

developed sensing system. 
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Fig. 33. The self-temperature-compensation effect on the pressure response of the sensor. 

The ambiguity that exists in the intensity results limits the usage of the sensor to a linear range. 

The next chapter is dedicated to the demodulation of the signal. 

5.9 Sensitivity and Resolution Analysis 

Sensitivity is defined based on the fitting of the slope of a linear curve [128]. To investigate the 

sensitivity for temperature, the linear range of the experimental data plotted in Fig. 26 was 

extracted. The linear fitting curve is plotted in Fig. 34 showing a sensitivity of 380.31 mV/°C with 

a 0.99 R2 value. 
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Fig. 34. Linear fitting curve of the experimental intensity response with respect to temperature 

variations for Optical Fiber 1. 

The sensitivity of the sensor to pressure was obtained by fitting a linear curve through the 

average of the five trials shown in Fig. 27, plotted in Fig. 35 : 
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Fig. 35. Linear fitting curve of the experimental intensity response to pressure variations for 

Optical Fiber 2. From the slope of this curve, the sensor’s sensitivity is 0.4 mV/psi, which is 

consistent across all ranges of temperature (refer to Fig. 28).  

As discussed in the previous chapter the sensor’s resolution can be determined by using the SD 

equation (13). Equation (14) is used to determine the experimental data’s SD at a particular 

temperature. For example, SD is equal to 0.84 for  55°C, and 0.78 for temperature 75°C.  Thus, 

using equation (13), resolutions for specific temperature of 55°C, and 75°C are calculated as 

0.0022°C and 0.0021°C, respectively. Using the same method, SD is equal to 0.66 for a pressure 

of 200 psi, and 0.68 for a pressure of 500 psi. Therefore, calculated resolutions are 1.63 psi and 

1.67 psi, respectively. The results are summarized in the following table.  
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Table 7.Sensitivity and resolution extracted from the experimental data. 

Parameter SD (mV) Sensitivity  Resolution  

Temperature 55°C  
0.84 

 
380.31 (mV/°C) 

0.002 (°C) 

 

Temperature 75°C  0.78 

 

380.31(mV/°C) 0.002 (°C) 

 

Pressure 200 psi 
0.66 0.405 (mV/psi) 1.63 (psi) 

Pressure 500 psi 0.68 

 
0.405 (mV/psi) 

1.67 (psi) 

 

 

Results show that the developed sensor has high sensitivity to temperature and pressure. Since 

the intensity interrogation method is different with the common method used in the literature 

(spectral interrogating) a direct comparison of sensitivity values cannot be made. 

5.10 Summary 

An extrinsic FPI MEMS pressure- and temperature-sensing device was designed and fabricated. 

The sensing mechanism has a stainless-steel housing created so the optical fiber can be easily 

aligned with the membrane. The results showed that the device can sense pressure up to 1,000 psi 

and temperature up to 120°C. Due to the unique features of the housing, the temperature response 

is insensitive to pressure. To compensate for temperature’s effect on the pressure response, by 

combining material-science and solid-mechanics principles, a predictive model for the behavior of 

the increased-temperature membrane was developed. By combining finite-element analysis and 

equations of membrane deflection with the temperature deviations and thermal expansion of 

material properties, an approach that is multi-variable was utilized to consider temperature’s 
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effects on the pressure sensor. Thus, an FPI pressure sensor that can work at 120°C and at over 

1,000 psi was planned and created. The sensor has 380.31 (mV/°C) temperature sensitivity and 

0.405 (mV/psi) pressure sensitivity. Due to clearing components that are electronic from the 

sensing area, operating temperature limits occurred due to only the materials’ mechanical 

limitations. 
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6 Modeling and Optical Demodulation of an 

Intensity-Based Fiber Optic Fabry–Pérot 

Interferometer Pressure Sensor 
 

The basis of this chapter is the following paper, which is a pending submission by S. Ghaderian, 

A. Ghannoum and P. Nieva: “Optical Demodulation of an Intensity-Based Fiber Optic Fabry–

Pérot Pressure Sensor”  

6.1 Introduction 

Interferometers each use a coherent light source and two separate optical paths or arms. Light 

is divided and inserted into each arm. A phase shift appears when an environmental factor disturbs 

one arm relative to the other one. At the end of one arm, FPIs consist of two reflective mirrors 

divided by a cavity that has a certain length [15]. As previously noted, FPIs have high perturbation 

sensitivities with respect to impacts on the two mirrors’ OPL. When a perturbing parameter, such 

as pressure, is applied to such a device, the OPL changes, consequently causing a change in the 

optical phase of the reflected light [9]. The interrogation of an FPI implies to obtain a readout 

signal based on the measurand, and the measurand can be obtained by using signal processing. A 

phase variation can be obtained from either the intensity or the wavelength shift of the 

interferometric fringe [17]. Therefore, the interrogating techniques are categorized into intensity 

interrogation and spectral interrogation, respectively [27]. 

In spectral interrogation methods, a spectrometer is used  to measure light spectra. When a 

measurand causes a change in the OPL, there is a shift in the light wavelength. By measuring the 
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light spectra, the shift in wavelength can be obtained. That shift is plotted versus pressure to 

measure the latter. This method can be used for only a limited range of pressure: 0–290 psi 

[110][194][195][196]. Moreover, spectrometer-based technology is extremely expensive and is 

often used for special-environment sensing with high-performance requirements. 

In the intensity-interrogation method, through a photodetector, a photodiode turns the intensity 

of light that is reflected into a signal that is electrical and is electronically processed. The electrical 

signal is transmitted for processing, whereby demodulating information on the light is obtained to 

obtain the measurand. This intensity-interrogation method is simple and cost-effective compared 

to spectral interrogation.  Yet, since light interference is periodic, ambiguity exists in measuring 

the parameters [39][197]. Therefore, in this method, the linear range in the signal is used to relate 

pressure to intensity. Consequently, using this method, a limited range of pressure is measurable 

[112]. 

For this chapter, a demodulation method was developed to remove the sensor linear range 

limitations of intensity-based interrogation methods. This demodulation model improves signal 

processing by converting all measured intensities to all values of pressure ranges. Thus, pressure 

measurements up to even 1,000 psi are possible. This chapter is a follow up to the research 

presented in Chapter 5.  

6.2 Theory and Working Principle 

As mentioned in previous chapters, interferometers each use a coherent light source and two 

separate optical paths or arms. The light is divided and inserted into each arm. A phase shift 

appears when an environment disturbs one arm relative to another one. ∅ , the round-trip 

propagation phase shift for an FPI, is presented in (9) below.  



81 

∆∅ =
2𝜋𝑛𝐿

𝜆
 , 

where for the medium in which the cavity is located, 𝑛 denotes the refractive index, 𝐿 denotes the 

FP cavity length and 𝜆 denotes the incident light’s wavelength. 

 

Fig. 36. A schematic of the fiber optic FPI. 

Where a sensing fiber’s light and a reference fiber’s light are in phase once recombining occurs, 

the lights interfere constructively with an increase in light-intensity. In cases where the lights are 

out of phase, destructive interference happens, and there is a decrease in the light intensity. Recall 

from Chapter 4 that (8) gives the intensity change of the light: 

I =
𝑅1 + 𝑅2 + √𝑅1𝑅2 𝑐𝑜𝑠∅

1 + 𝑅1𝑅2 + 2√𝑅1𝑅2𝑐𝑜𝑠∅
 , 

in which R1 and R2 give the reflectance from the reflecting mirrors (displayed in Fig. 36) through 

(10): 

𝑅 = (
𝑛𝑖 − 𝑛𝑡

𝑛𝑖 + 𝑛𝑡
)2. 

When the perturbance parameter is pressure, the calculated displacement (𝛿 = ∆𝐿(𝑷)) obtains 

the cavity distance through subtracting from the initial cavity distance at an applied pressure of 
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zero, as (21) shows. The first cavity distance, determined using 𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙, is the length between the 

optical fiber’s end surface and the membrane’s surface.  

𝐿𝑐𝑎𝑣𝑖𝑡𝑦 = 𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝛿       (21)  

(8) shows that I reaches a maximum for cos ϕ = −1 equal  to ϕ = (2m + 1) π, in which the variable 

m is integral. Thus, the optical-spectrum intensity changes periodically along with the perturbation 

parameter for a certain cavity. Therefore, there is ambiguity with respect to the signal as a result 

of the signal being periodic, as was shown in the data on the responses. 

 

Fig. 37. A schematic diagram of the linear range. 

In the linear range, the relationship between the OPL variation and the light intensity that is 

reflected is almost linear, as shown in Fig. 37. The intensity interrogation is quite simple, but up 

until now, it has been limited to this linear range. 
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6.3 Optical Signal Demodulation 

The system pressure is obtained by considering the expression of intensity in relation to a 

membrane’s mechanical response. By reorganizing and substituting (8) and (3), a pressure 

expression with respect to optical intensity and material properties may be determined. To begin, 

(8) is reorganized in order to obtain an expression for phase as an intensity function; see below. 

𝑐𝑜𝑠∅ =
𝐼 + 𝐼𝑅1𝑅2 − 𝑅1 − 𝑅2

−2𝐼√𝑅1𝑅2 + 2√𝑅1𝑅2
      (22)  

The researcher needed to obtain ∅ from the above equation. From trigonometry in math, it was 

known that 𝑎𝑟𝑐 cos 𝜙 has a [-1, 1] domain as well as [0°, 180°] range, or [0, π]. This causes a 

limitation to Quadrant I and Quadrant II when finding solutions to expressions using the inverse 

cosine function [198][199]. Thus, for this range, only ∅ = 𝑎𝑟𝑐(𝑐𝑜𝑠∅). In other ranges, 𝑎𝑟𝑐 cos 𝜙 

could not return the values that were desired. When cos−1 cos 𝜙 is wanted in other ranges, one has 

to shift 𝑥 in the range of [𝟎, 𝜋]. Thus, one gets [200]:  

∅ = 2Kπ ±  cos−1(𝑐𝑜𝑠∅)      (23)  

when K∈ℤ (K is the integer), which depends on the range of x. Remember that 𝑐𝑜𝑠(𝟐𝜋 − 𝑥) =

𝑐𝑜𝑠𝑥, so no change was made to the original equation.  

Therefore, 

∅ = 2Kπ ± cos−1 (
𝐼 + 𝐼𝑅1𝑅2 − 𝑅1 − 𝑅2

−2𝐼√𝑅1𝑅2 + 2√𝑅1𝑅2
).     (24)  

Keep in mind that the definition of L relates to the etalon’s cavity distance; it modulates 

membrane deflection. By taking (21), substituting in (23), and reorganizing for 𝛿, a cavity-distance 

expression was obtained as an intensity function: 

https://www.rapidtables.com/math/trigonometry/index.html
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𝛿 ≈  𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −
𝜆

2𝜋𝑛
 ×  2Kπ ±  cos−1 (

𝐼 + 𝐼𝑅1𝑅2 − 𝑅1 − 𝑅2

−2𝐼√𝑅1𝑅2 + 2√𝑅1𝑅2
).   (25)  

A membrane that is square was utilized for this study; its deflection was a pressure function 

that was defined using (26), which was explained in a previous chapter in (20).  

𝑃 =
(𝛿 − 𝐴)(𝐸𝑡3)

0.0345𝑏4  ,     (26)  

where 𝑃 denotes the load that is distributed within a force/region, 𝐸 denotes the elastic modulus, 𝑡 

denotes the membrane’s thickness and 𝑏 denotes the side-length of the membrane. In (26), A 

represents the sensor’s thermal behavior by compensating for alterations in thermal expansion, 

material properties and residual stresses as a temperature function. Combining (25) and (26), the 

pressure is obtained from the intensity. 

6.4 Results and Discussion 

The method discussed in the previous section provides the means to calculate the initial cavity 

length. In this section, initial cavity length is investigated in section 6.4.1. Then, constructive and 

destructive interference is modeled using a mathematical analysis. Based on constructive and 

destructive interference, plus or minus signs had to be inserted in (25). Two examples are presented 

to clarify the plus minus sign and underpin the model.  

 Initial Cavity Length 

The solution to the phase equation, (22), can create a specific value of K for each initial FP 

cavity length. The relationship between initial cavity length and K is linear, as shown in Fig. 38. 

Therefore, one can correctly determine the path difference by utilizing this method and can achieve 

a high sensitivity. 
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Fig. 38. The linear-fitting curve between the initial cavity length and values for K. 

The values for K in the above equation relate to the initial length of the FP cavity; however, 

this does not predict the pressure of the whole intensity range. For the whole range of the phase, 

K𝑛𝑒𝑤 = K-n, in which n increases by one for each induction of ∆∅ = 𝜋, i.e., the transition from a 

transmission maximum to the following one.  

  Constructive and Destructive Interference 

The initial start points in the reflected intensity spectra determined whether two light spectra 

interfered destructively or constructively. The plus/minus sign in (25) is related to constructive 

and destructive interference. The first linear range determines whether to use a plus or minus sign 

for each linear-range intensity value. As an example, the intensity values versus the pressure up to 

1,000 psi for an FPI pressure device with an initial cavity length equal to 1.45E-04 (K = 328) are 

displayed in Fig. 39. The first linear range shows a decrease in the intensity values up to ∆∅ = 𝜋; 
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therefore, for all the linear ranges with increases in the intensity values (intensity values for (2m + 

1)𝜋, i.e., for ∅ = 𝜋, 3𝜋. . .) a plus sign had to be considered in (25), while for intensity values for 

linear ranges with decreases in the intensity values (intensity values for 2m𝜋 , i.e., for ∅ =

0,2𝜋, 4𝜋. . .), a minus sign had to be considered. 

 

Fig. 39. The intensity spectra versus the pressure for an FPI with an initial cavity length equal to 

1.45 E-04 (K = 328). 

Fig. 40 shows the intensity versus the relative pressure curve for another FPI with an initial 

cavity length equal to 1.35 E-04 (K = 303). In this case, the first linear range shows an increase in 

intensity values up to ∆∅ = 𝜋. Therefore, for ranges with an increase in intensity (2m + 1)𝜋, i.e., 

for ∅ = 𝜋, 3𝜋, a plus sign had to be considered in (25), while for ranges with decreases in the 

intensity 2m𝜋, i.e., for ∅ = 0,2𝜋, 4𝜋. . . , a minus sign had to be considered. 
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Fig. 40. The intensity spectra versus the pressure for an FPI with an initial cavity length equal to 

1.35 E-04 (K = 303). 

Exclusive of the plus/minus sign for each linear range, the whole intensity spectra follow the 

interferometer rules. Maximum intensity happens when the two legs of an interferometer are in 

phase and constructively interfere (∅ = 0,2𝜋, 4𝜋. . .). However, at the phase shift of an odd-

number multiple of 𝜋, an integral number of a half wavelength (∅ = 𝜋, 3𝜋. . .), two light beams 

provide destructive interference and a minimum intensity. The sensitivity is as much as zero at the 

maximum and minimum points. Meanwhile, the region of a one-quarter wavelength shift (𝜋 /2, 3 

𝜋 /2. . .) provides the highest intensity, the greatest rate of intensity variation with a phase shift. 
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6.5 Summary 

This intensity-interrogation method is a simple and cost-effective signal interrogation method. 

Yet, since light interference is periodic, ambiguity exists in measuring the parameters as was 

shown in the data on the responses. In other words, each intensity value (on the y axis) corresponds 

to significant pressure (on the x axis). In this chapter, a signal demodulation method for the FFPI 

pressure sensor was developed so that each intensity value yields a specific pressure, even up to 

1,000 psi. The model consists of a constant integer (K) that is related to the initial length of the FP 

cavity. There is a linear relationship between K and the initial FP cavity length. Moreover, in the 

model, a plus/minus sign must be chosen for each linear range. The first linear range determines 

whether one should insert a plus or minus sign. If one is in the first linear range, there is an increase 

in the intensity in all linear ranges; with an increase in the intensity, a plus sign must be considered. 

Therefore, by knowing the intensity values from an experiment, the corresponding pressure values 

can be obtained. 
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7 Summary and Conclusion 
 

With rapid, affordable, low-cost and reliable devices for making parameter measurements, 

especially in harsh environments, on the rise [2], the intrinsic advantages of combining MEMS 

technology with an FFPI sensing device is increasingly of interest. MEMS technology typically 

enables sensors to reach a higher sensitivity and significantly faster measuring time compared with 

macroscopic approaches [3].  

The intrinsic advantages of fiber optic sensors have made such sensors an attractive means for 

measurements, even in harsh environments [6]. These benefits include an electromagnetic (EM) 

[2] field immunity and a resistance to radio frequencies as well as a small size and weight, high 

accuracy, high resolution, remote controllability, and distributed sensing capabilities. 

For these reasons, this thesis’s overall aim was to create a custom fabricated FPI MEMS sensing 

device. We provided an FPI MEMS temperature sensor by using the TOE of silicon. Moreover, a 

multi-functional sensor for measuring temperature and pressure in harsh environments using FPI 

and MEMS was created.  

Chapter 1 introduced the study, and Chapter 2 provided background information on the 

research. Chapter 3 reviewed fiber optic configurations with a focus on pressure. Literature 

reviews on temperature and multi-parameter sensing were presented in the next chapters. 

As the optomechanical design of multi-parameter FPI temperature and pressure sensors is a 

highly integrated process involving many technical disciplines, including structural mechanics, 

thermomechanics, heat transfers, MEMS fabrication and signal processing, first, temperature 

sensing was investigated by developing an FPI temperature sensor. Thus, Chapter 4 was dedicated 

to an investigation of temperature measurement. The chapter began with an introduction and 
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literature review, and then the developed sensor was discussed. For this sensing device, a 25 𝜇𝑚 

thick SOI wafer—a batch-producible platform—was used. 

 This FPI temperature sensor was developed during this research based on the TOE of silicon. 

An 850 nm LED was selected as the light source because the refractive index of silicon changes 

substantially with temperature when observed with light near the band gap of silicon. Therefore, a 

relative refractive index change with temperature is much larger than other changes occurring 

within the silicon, including the expansion of silicon itself [8].  

The sensor is housed in an epoxy-free protective packaging that increases the mechanical 

stability of the device. The TOC of silicon was extracted and compared with reference data. 

Moreover, four different couplers with different splitting ratios were used in experiments; an 80:20 

SM coupler showed a higher modulation depth and sensitivity, while a 50:50 SM coupler displayed 

a more uniform signal with a normal distribution.  

Chapter 5 then presented an integrated FPI temperature and pressure module. The proposed 

multi-parameter module makes use of membrane deflection for pressure sensing and the TOE for 

temperature measurements. The device features a unique packaging wherein an FFPI self-

temperature-compensated mechanism is formed using an SOI wafer coupled with two optical 

fibers contained in a stainless-steel housing. A modular system was utilized for an easy alignment 

of a chip containing the dual sensor with the optical fibers. The features of the housing prevent 

pressure from affecting the temperature measurements, and limitations on operating temperature 

result from only the thermal mechanical properties of the sensor materials. The dual mechanism 

was designed so that the temperature-sensing mechanism is insensitive to pressure. 

A series of experiments were conducted to test the performance of the multi-functional sensor 

and showed that it can withstand pressures of up to 1,000 psi and temperatures of up to 120°C; the 
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temperature is restricted by only the fiber optic materials. The experimental results are in good 

agreement with a numerical model. Moreover, an empirical model that combines solid mechanics 

and optical theory was used to model the FFPI self-temperature-compensated sensor and its 

packaging using finite-element analysis. The model integrates membrane-deflection equations, 

thermal expansion and temperature’s effects on the material properties and accounts for the 

impacts of temperature on the membrane deflection of the pressure-sensing mechanism. This 

model can be used to design and fabricate an FPI pressure sensor capable of operating in 

environments with elevated temperatures and high pressures. The optical signal interrogation 

method, which was used for signal analyses, is cost-effective and simple compared to spectral 

interrogation. However, due to the periodic nature of the interference of light, ambiguity exists in 

measuring the parameters.  

To address this ambiguity, a demodulation method was developed and presented in Chapter 6. 

It removes the linear-range limit of the intensity-interrogation method. In the model, a minus/plus 

sign is used based on the destructive and constructive interference of beams of light. This 

demodulation model improves signal processing by converting all measured intensities to all the 

values of a pressure range. Thus, pressure measurements up to even 1,000 psi are possible. By 

using this model, the researcher was able to obtain the initial length of the FP cavity.  

For the developed sensor, sensitivities were calculated by using the slope of a linear fitting 

curve. The results showed a high sensitivity of 380.31 mV/°C to temperature, and 0.4 mV/psi to 

pressure. On the other hand, resolutions for temperature and pressure were calculated to be 0.002 

°C and 1.6 psi, respectively. 
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A primary potential use of the developed sensor is plastic injection molding. The sensing of 

pressure in this application is crucial to the control of the manufacturing process; if the pressure is 

not sufficient, poor quality items can be created, if the pressure is too large, employees could be 

injured or experience an accident or equipment may experience damage [201]. Industrial 

piezoresistive sensors available today have significant limitations due to the temperature effect on 

the sensors’ behaviour. As a result, manufacturers are limitedto in-process data. Such sensors infer 

machine barrel pressure by determining the deflection of a membrane from observable changes in 

the resistivity of its piezoresistive elements. Transfer fluids, such as silicone oil and mercury, allow 

for remote sensing and protect the membranes  against direct plastic melt exposure. Historically, 

mercury has been utilized as the main transfer fluid for such devices, but the Canadian 

Environmental Protection Act, 1999, Products Containing Mercury Regulations SOR/2015-254 

restricts its use.  Sensing elements, e.g., films of doped polysilicon, destabilize and degrade, and 

although it is not until 600°C that parts made out of silicon undergo a mechanical destabilization, 

electrical challenges may occur at temperatures as low as 150°C [202]. The intrinsic advantages 

of the optical fibers and MEMS used in the proposed device make it potentially viable for use in 

reliable and cost-effective multi-parameter sensing in the plastic injection molding industry. 

This dissertation discusses an optical system that has the capability to sense pressure and adjust 

with respect to temperature’s impacts while it is being utilized in harsh environments; thus, this 

thesis increases sensors’ process characterization abilities. However, since the sensing area’s 

electronic components are removed, there are still limits with respect to operating temperatures, 

but they are caused only by the chosen materials’ mechanical limits. 
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7.1 Future Work 

The sensor for harsh and/or complex environments developed in this work provides a 

framework based on which improvements to the system can be implemented. Additional features 

and stability will better prepare this device for commercial viability. 

 MEMS Chip 

The SOI wafer used in the device demonstrates good features for measuring pressure and 

temperature; however, aligning the optical fibers with the membrane for measuring pressure was 

challenging. The fact that the membrane is off-center because the chips are cut asymmetrically 

makes the alignment even more difficult. Moreover, fixing the chip on the housing with epoxy is 

tricky because the epoxy can slide to cover the membrane. 

 A proposed MEMS chip for a second prototype is displayed schematically in Fig. 41. This chip 

consists of a 300 μm glass substrate with a thin layer of silicon. Based on the experimental results, 

single-crystal silicon, having a thickness of 10 μm, provides a more-than-adequate refractive-

index variation for temperature measurements.  

The fabrication process will have the following steps: 

1. On the 300 μm  glass substrate, plasma-enhanced chemical vapor deposition will be 

performed to create a silicon layer with a 10 μm thickness. 

2. Deep reactive ion etching (DRIE) will be used to etch a cavity in the silicon surface to 

create an FP cavity for pressure sensing. 

3. DRIE will be used to create two holes at the bottom of the glass substrate for fibers. 

4. A 25 μm SOI wafer will be anodically bonded on the top surface. 
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5. The handle wafer will be micromachined via the anisotropic etching of a (100) surface 

using a 20% KOH (potassium hydroxide) solution initially heated to a temperature of 65°C 

(an etching rate of approximately 30 μm/hr) and gradually reduced to a temperature of 

45°C (an etching rate of approximately 10 μm/hr). The buried oxide, once exposed, will 

be removed using a 10% buffered-oxide etch to expose a 25 μm thick membrane window. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 41. The proposed MEMS chip from different perspectives, created by using CoventorWare 

2.0. The blue is the glass substrate. The yellow stands for a silicon layer with a 10 μm thickness, 

and the red is 25 μm crystal silicon. 
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6. In the proposed MEMS chip, the glass substrate will support the SOI wafer properly and 

make the alignment with the optical fiber easy. Attaching this chip to the housing with 

epoxy will be easier, and the risk of covering the membrane will decrease. 

 Material for the Housing 

To design a sensor to be used in elevated temperatures and at high pressures, the thermal 

properties of the materials that will be used will need to be considered. Stainless steel, which was 

used in the fabrication housing in this thesis, is a cost-effective material that has a good mechanical 

stability. Ceramics, such as zirconia, are stable materials with low thermal-expansion coefficients. 

Thus, ceramics are suitable candidates for elevated temperatures. In Fig. 42, the coefficients of 

thermal expansions are compared [203]. 
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Fig. 42. A comparison of the thermal expansion coefficients of different materials (the figure was 

modified and redrawn from [203], page 163).  

 Signal Processing 

Fiber optic sensors have the advantages of removing electrical parts from sensing points. 

However, the long lengths of optical fibers and couplers that must be connected to a computer 

might make using this sensing mechanism difficult. Using a wireless system may miniaturize the 

bulky optical measurement system for applications in future optical wireless-sensor networks.  
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Appendix  
 

 

Fig. 43. A detailed plot of the developed packaging for temperature sensor with dimensions in mm 

(discussed in chapter 4). 
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Fig. 44. The experimental intensity responses to temperature variations from 25℃–120℃ for 

Optical Fiber 1 (the fiber at the corner). 
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