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Introduction 

 
In recent decades, nano-electromechanical resonators (NEMS) or micro-electromechanical 

resonators (MEMS) have demonstrated their tremendous potential for sensing applications. 

Thanks to their electrical-mechanical coupling, they exhibit an excellent sensitivity. This 

permits them to be used in high precision applications such as mass spectrometry. Nowadays, 

these technologies appear mature and can detect atoms in vacuum. The mass resolution of a 

nano- and micromechanical resonator is proportional to its effective mass. The lower the mass 

of the resonators, the better the achieved resolution. Consequently, the resonators have been 

subject to a miniaturization campaign in order to reach the highest resolution possible. 

Nevertheless, this has led to fragile structures. Such devices are only used in unconstrained 

environments like vacuum or air. In a constrained environment such as liquid, the viscosity 

causes the beam-based micro and nano mechanical devices to break and not to resonate. 

In the state of the art, more robust devices exist such as optomechanical disks. This kind of 

resonator hosts two resonance modes: optical and mechanical. A coupling called 

"optomechanical coupling" connects these two modes, which allows the interaction between 

light and a mechanical disk resonator at the low energy level. An optomechanical resonator is 

a device in which the propagation of light is modified (modulated) by its mechanical motion. 

These devices are able to resonate in an unconstrained environment (vacuum, air) with 

excellent quality factor (𝑸𝒗𝒂𝒄𝒖𝒖𝒎 ≈10000 and 𝑸𝒂𝒊𝒓 ≈1500), as well as in a constrained 

environment like liquid with a moderate mechanical energy loss (𝑸𝒍𝒊𝒒𝒖𝒊𝒅 ≈50). This makes 

them more interesting for the realization of mass sensors for a vast panel of applications such 

as biological and chemical detection. CEA-Leti develops this kind of disk resonator for mass 

applications. These resonators are based on silicon and have an excellent mass sensitivity of 

𝟏 𝑯𝒛/𝟏𝟎−𝟏𝟖𝒈. 

This research project is part of the development of a mass measurement system based on an 

optomechanical resonator. The objective of the thesis is to develop electronics for the reading 

of an optomechanical resonator. The electronic to be designed must also be compatible with 

matrix reading. Over the past three years, we have focused on these objectives. We present in 

this work, a compact analytical model of the optomechanical resonator. Such a model is 

necessary to design a circuit. This allowed us to perform realistic and complete electrical 

simulations. We also propose a discussion on the ideal matrix configuration that will facilitate 

the design of a readout circuit. At last, to the best of our knowledge we report for the first time 

in this manuscript a reading circuit able to read accurately optomechanical resonators. Alone, 

the proposed circuit has a resolution of 20 ppb but when combined with the optomechanical 

sensor the resolution degrades and becomes 500 ppb. 

 

Outline of the Thesis 

Except the introduction and conclusion, this thesis manuscript is composed of five chapters: 

• Chapter 1 - Introduction to optomechanics, is an outline of optomechanical cavities.  
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Introduction 

 

Part I presents the history and development of optomechanical resonators from the first 

experiments in the 17th century to the modern times. We introduce the operating 

principle of a basic optomechanical system (OM) by considering the optical resonance, 

the mechanical resonance and the optomechanical coupling. We will see the two main 

families of optomechanical resonators (photonic Crystal and circular cavity). Each kind 

of resonator is used in a variety of applications such as force detection, magnetic field 

detection, acoustic wave detection, mass detection, .... In the last part of the chapter, we 

will describe the optomechanical devices used for the mass detection. We will describe 

the optically actuated device and the electrostatically actuated device. 

• Chapter 2 - Optomechanical Sensor: Theory and Modeling, describes analytically the 

behavior of optomechanical resonators. The optical and mechanical behavior of the disk 

is presented in the first section. We will examine the optomechanical coupling that links 

the two resonance modes. For each type of resonator (optically actuated and 

electrostatically actuated) we will present the equations describing the principle of 

operation. Based on these equations, we propose the development of a compact model 

in Verilog A. Then we validate the coherence of this model with respect to the 

experimental results. 

• Chapter 3 - Towards a matrix integration of optomechanical resonators, suggests a new 

matrix configuration for optomechanical resonators. First, we will see the interest of 

such a structure for mass detection. Then the specifications on which we have based our 

design. The optomechanical matrix will be read sequentially, we will explain why. To 

allow this sequential reading we exploit the thermo-optical effect of the resonator. This 

consists in shifting the optical resonance to mask the mechanical response of the disk. 

We will show the means to exploit this effect. Finally, we will evaluate the complexity 

of manufacturing such a matrix. 

• Chapter 4 - Frequency tracking readout architectures, is a review of readout 

architectures potentially applicable to the optomechanical resonator. We will examine 

closed-loop architectures such as the self-oscillating loop (SOL) and the frequency 

locked loop (FLL). We will also discuss open loop architectures such as the lock-in 

amplifier (LIA). For each architecture, a theoretical analysis of phase noise, mass 

resolution and loop stability are proposed. To read our optomechanical resonator, we 

have chosen an architecture based on the FLL, called AH-FLL for Adjustable 

Heterodyne Frequency Locked-Loop. The last part of the chapter describes the working 

principle and the specification of this AH-FLL architecture. 

• Chapter 5 - Practical realization and experimental validation, presents the realization of 

the readout circuit based on the AH-FLL architecture. Firstly, we validate this 

architecture by stability studies and electrical simulations. Then, we illustrate the design 

steps of the circuit by explaining the different design constraints including the 

adaptation of the transmission lines. Lastly, we show the results of the demonstration of 

the discrete circuit with the optomechanical sensor. In this demonstration, we succeeded 

in reading and self-actuating the optomechanical disk with our circuit assembly. The 

resolution reached by the system (sensor and circuit) is 500 ppb. 
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This chapter presents the outline of optomechanical cavities. In the first part of the chapter, 

we will present the history and development of optomechanical resonators. Then we will 

explain the operating principle of a basic optomechanical system (OM) by considering the 

optical resonance, the mechanical resonance and the optomechanical coupling. We will present 

the two main families of optomechanical resonators (photonic crystals and circular cavity 

resonators). In the second part we will see a state of the art of optomechanical resonators and 

their applications. Today optomechanical devices are used in the detection of forces, magnetic 

fields or acoustic waves. They are also used to measure with great accuracy a mass or an 

acceleration. In the last part of the chapter, we will describe the optomechanical devices used 

for the mass detection. Precisely the optically actuated micro-disk and the electrostatically 

actuated resonator.  
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Chapter 1: Introduction to optomechanics 

 
1.1. Background and context of optomechanics 

 

 

Optomechanical cavities have in the last years experienced a very strong development in 

fundamental research to better understand the physical aspects (optical, mechanical and 

thermal). Indeed, the optical wave is extremely sensitive to small variations of force, mass, 

acceleration, and displacement [1]. Therefore, optomechanics becomes a privileged field of 

study to design ultra-sensitive, modern sensors with unequalled performances. 

 

In this section, we propose to review the development of optomechanics since the first 

experiments. This history allows us to see the efforts made but also to see where the research 

and development of optomechanical cavities stand today. For that we will present a state of the 

art of the different types of optomechanical cavities currently existing. Then we will see their 

different applications. 

 

 

1.1.1  Brief history 
 

At the beginning of the 17th century, while observing comets, Kepler realized that their light 

tails were moving away from the sun [2]. He therefore assumes that light contains a quantity of 

movement giving rise to optical pressure forces. The first experimental demonstrations 

highlighting this optical pressure force were made by Lebedew [3]. Nichols and Hull realized 

in 1901 an experiment within a glass cavity demonstrating the property of light to exert pressure 

forces on the external surfaces of the device. Figure 1.1 below shows the plan and photo of the 

device used by Nichols and Hull to demonstrate the pressure force of light. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1: (a) The design of the torsion balance suspension, used to measure the light radiation pressure 

(b) the image of the torsion balance [4]. 

 

In 1909, Einstein was able to theorize the radiation pressure force of the optical wave. For 

this he introduced a statistic of the photon fluctuations that are exerted on a moving mirror [5]. 

In his study he included the effects of friction of radiation that allowed him to discover the 

wave-particle nature of light. The mechanical interaction of photons on atoms or macroscopic 

objects were first demonstrated by Frisch in 1933 [6] and by Beth in 1936 [7]. In his experiment, 

Beth realized a rotating cavity which is activated by the light effect. Figure 1.2 shows the 

schematic and the photo of the device of Beth to prove the mechanical character of light.

(a) (b) 
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Figure 1.2: (a) The design of the angular rotation device, used to prove the mechanical character of light 

(b) Photograph of the angular rotation device [7]. 

 

In the early 70's and 80's, the first experiments on opto-mechanical cavities were performed. 

In 1978, Dykman [8] explored the vibrations that light causes on solid systems. In 1983, Dorsel 

realized the first optomechanical cavities where he studied the force of radiation pressure acting 

on a macroscopic cavity mirror [9]. In 1994, Fabre [10], Mancini and Tombesi [11], Jacobs 

[12], began to develop the theory and understand the optical and mechanical properties of opto-

mechanical systems. 

 

At the beginning of the 2000's, different types of opto-mechanical systems started to be 

explored in order to develop them for specific applications. This is when the miniaturization of 

devices started to be seriously considered. In 2005, T. Carloman successfully designed micro-

toroid optomechanical resonators having both optical and mechanical properties with a high 

optomechanical coupling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3: Experimental setup (a) Micro-toroid cavity (b) light propagation inside de cavity (c) 

circulating power (d) and (e) radial micro-toroid deformation [13]

(a) (b) 
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(1.1) 

(1.2) 

 

Figure 1.3 shows the Carloman resonator. When a continuous optical power is injected, the 

resonator starts to resonate radially see Figure 1.3.d. This modulates the optical power to the 

mechanical resonance frequency of the resonator. After that, many major improvements 

followed and new optomechanical systems appeared. Among them, they are membranes [14], 

whispering gallery micro-disks [15]-[16], microspheres [17]-[19], photonic crystals 

[20].Thanks to all these theoretical and technological advances, optomechanical systems appear 

today as mature technologies. 

 

 

1.1.2  Optomechanical cavity description 
 

Optomechanics is a field of study in which light (optical) and mechanical motion 

(mechanical resonance) interact. Optomechanical devices are devices where these two 

characteristics coexist. Within an optomechanical cavity, the two physical domains (optical and 

mechanical) are linked together in a so-called “optomechanical coupling”. 

 

Figure 1.4 presents a classical optomechanical system (OM). It is composed of an optical 

cavity of Fabry-Perot type delimited by two mirrors. A fixed mirror on the left (partially 

transparent) to let the light enter in the cavity. A moveable mirror which is connected to a spring 

held by a fixed support. When an optical power is injected through the left mirror, the photons 

start to bounce on the two mirrors and exert a pressure force that moves the moveable mirror. 

With a displacement 𝑥(𝑡), the moveable mirror behaves like a mechanical resonator. From an 

optical point of view, the cavity starts to resonate when photons are reflected between the 

mirrors as shown in Figure 1.4. Analytically, this condition is written: 

 

2𝐿 = 𝑚𝜆0 

 

where 𝐿 is the Fabry-Perot cavity length, 𝜆0 = 2𝜋𝑐/𝑤0 is the optical resonance wavelength 

with c the speed of light and 𝑚 an integer. The link between the optical resonance 𝑤0 and the 

displacement 𝑥(𝑡) of the movable mirror is given by the optomechanical coupling. In general, 

this coupling is noted 𝑔𝑜𝑚and is defined as the derivative of the optical resonance frequency 

𝑤0 in relation to the elementary displacement 𝜕𝑥. The expression is: 

 

𝑔𝑜𝑚 = −
𝜕𝑤0

𝜕𝑥
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.4: A classical optomechanical system (OM) with a fixed mirror and a moving mirror.
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(1.3) 

  

 

 
 

 

 

 

 

 

 

 

 

 

Figure 1.5: Optical reading of a mechanical movement (a) Modulation of the optical resonance (b) 

Spectral power density of the mechanical movement.  

 

The optomechanical system illustrated in Figure 1.4 also behaves like a mechanical 

resonator. Indeed, when a continuous optical power is injected, the photons exert a pressure on 

the surface of the movable mirror. The latter vibrates by moving along the x axis. In this way, 

the light causes a mechanical movement. Also at the same time, the mechanics changes the 

optical resonance. 

 

As shown in Figure 1.5.a, the displacement 𝑥(𝑡) changes the length 𝐿 of the cavity and 

consequently modulates the optical resonance frequency 𝑤0. This variation of the optical 

resonance frequency is only visible when the frequency of the laser 𝑤𝑙𝑎𝑠𝑒𝑟is close to that of the 

resonator 𝑤0. Equation (1.2) well describes the change of optical resonance. Figure 1.5.b shows 

the power spectral density of the mechanical motion generated by the optical power. The 

mechanical resonance frequency is noted  𝑚. 

 

There are several types of optical forces that cause mechanical displacement. According to 

[21]-[22] the most important are:   

 

- Radiation Pressure Force: 

 

Electromagnetic waves in contact with any solid surface exert a force. This force is known 

as the radiation pressure force. For optomechanical devices, it is the force that primarily 

generates the mechanical motion. In physics, this can be explained simply by the fact that 

photons bounce off the edges of a cavity. Therefore, this force is proportional to the number of 

photons and therefore to the amount of optical power 𝑃(𝑡). The radiation pressure force is 

defined as follows: 

 

𝐹𝑟 (𝑡) =
2𝑃(𝑡)

𝑐
 

 

- Photo-thermal Force : 

 

The photo-thermal force or Langevin force is a force characteristic of optomechanical 

systems [23]. When photons impact on the cavity, some of them bounce back to give the 

pressure force 𝐹𝑟  seen previously. Other photons are absorbed by the material. This produces 

a heating of the wall which leads to an elastic distortion of the mechanical device. 

 

Normalized Transmission

 0

 𝑙𝑎𝑠𝑒𝑟

 𝑃
𝑥(𝑡)

 
 𝑚

   ( )
(a) (b) 
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- Electrostriction Force: 

 

Within a dielectric material, the electrostriction force is a force that moves the ions contained 

in the crystal lattice [24]. Under the effect of an external electric field, positive ions move in 

the direction of the field and negative ions in the opposite direction. The displacement of these 

ions leads to a deformation of the cavity walls. The deformation induced by this force is 

proportional to the square of the polarization. 

 

 

1.1.3  State of the art of optomechanical resonators 
 

In the last few years, optomechanical systems have been developed very strongly. From a 

fabrication point of view, we have been able to realize smaller and smaller devices. Today in 

the state of the art, there are a variety of optomechanical devices: mirror cavities, Nano-rams, 

cantilevers, whispering gallery mode (WGM) micro-cavities and photonic crystals. 

 

We propose here, to limit ourselves to optomechanical devices with a very strong interest 

for high resolution applications.  With the help of [25], we will realize a state of the art of the 

micro-cavity devices and photonic crystals. These two optomechanical systems present a very 

strong optomechanical coupling, and very interesting optical and mechanical quality factors for 

sensing applications. 

 

- State of the art of photonic crystals : 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Optomechanical crystal photonic (a) SEM image of two coupled photonic crystal [26] (b) 

SEM of a single photonic crystal [27] (c) SEM of split coupled photonic crystal [28]. 

 

Photonic crystals are types of materials presenting a variation of the dielectric constant at 

the surface. They are ultra-sensitive to light and have a very strong optomechanical coupling. 

This means that when optical power is injected into photonic crystals, they begin to resonate 

mechanically with a very high mechanical quality factor of the order of 109. They constitute 

today a very promising field of research for applications of magnetic, mass, force 

detection...etc. The first optomechanical structure based on photonic crystals was realized by 

Painter's team in 2009 (see Figure 1.6.a). Today, there are many different optomechanical 

structures made of crystal nano-beams (see Figure 1.6.b) or coupled crystal structures (see 

Figure 1.6.c) with high quality factors up to 5 × 1010.

(a) 

(b) 

(c) 
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(a) (c) (e) 

(f) (d) 
(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Whispering gallery mode (WGM) optomechanical resonators. (a) spherical resonator [29] 

(b), (c) and (f) micro-disk resonators [30]-[32] (d) and (e)  micro-toroidal resonator [33]-[34]. 

 

 

- State of the art of whispering gallery mode (WGM) micro-cavities: 

 

In the state of the art of optomechanical systems, there are also whispering gallery mode 

(WGM) devices. It is a type of device which presents a circular optical cavity in which the 

propagation of the light expands the walls in a mechanical way. There are several types of 

WGM resonators:  

 

As illustrated in Figure 1.7.a, the spherical micro-resonator is a type of optomechanical 

resonator with WGM optical resonance. The first demonstration of this type was realized in 

silica by the team of Tao Liu [29] for mass detection.  The realized microsphere had a diameter 

of 100 µm and exhibited optical and mechanical quality factor  𝑜  ~5 ∙ 10
6 and  𝑚𝑒𝑐~3 ∙ 10

6 

respectively. Thanks to its performance, the microsphere is able to detect a BSA molecule of 

mass 66 KDa. 

 

There are also micro-disk devices. They have a strong coupling between the WGM optical 

resonance mode and the mechanical resonance mode. This type of device is used for different 

types of applications, e.g. for the detection of biological particles [31], as shown in Figure 1.7.c. 

In this configuration the surface of the micro-disk is smoothed to receive receptors to fix 

bacteria, viruses, and proteins. They can help to detect a mechanical torsional motion [32] using 

the configuration of Figure 1.7.f. This kind of device has a coupling of 3.4 GHz/mrad. Or to 

detect a force [30] as presented in Figure 1.7.b with a sensitivity of about 74 𝑎𝑁/√𝐻𝑧 . 

 

And finally, the micro-toroidal devices that have a greater degree of mechanical freedom. 

They are able to resonate mechanically both radially and azimuthally. As explained in section 

1.1.1, the first optomechanical micro-toroidal device was realized by T. Carloman in 2005 [13]. 

Today this type of resonator is used to detect forces [33]-[16], as shown in Figures 1.7.d and 

1.7.e. 

 

 

 



  

10 

 

Chapter 1: Introduction to optomechanics 

 

1.2. Optomechanics for sensors applications  
 

 

In the previous section we have presented, the different types of optomechanical resonators, 

such as photonic crystals and WGM resonators with circular cavities (micro-disks, spherical or 

micro-toroidal). Today these devices are used in several types of applications. As shown in 

Figure 1.8, optomechanical devices can be used to sense: a mass, a force, an acceleration, a 

magnetic field or an acoustic wave. We propose in this section to see each type of application 

and the associated optomechanical resonator. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: Types of applications of optomechanical resonators. 

 

 

1.2.1  Force sensing  
 

Optomechanical resonators are able to detect an external force with a very high accuracy. In 

general, the force is applied to the mechanical resonator in order to modify the mechanical 

behavior (frequency and displacement). Thanks to this change of mechanics, we are able to 

estimate the amplitude of the force that is exerted. To detect a force it is necessary to use 

resonators that have a very high mechanical sensitivity such as a photonic crystal or a micro-

disk. A spherical resonator is not very suitable for this type of application. 

 

In the state of the art, the first realization of a force sensor with an optomechanical resonator 

was published by T. J .Kinppenberg's team in 2012 [30]. They have successfully combined a 

silica optomechanical micro-disk with a  𝑖3𝑁4 nano-beam as illustrated on Figure 1.9.a. When 

an external force is applied, the nano-beam deforms. This affects the coupling between the 

micro-disk and the nano-beam and the optical power observed at the output. The variation of 

this power indicates the value of the applied force. The force sensitivity for this type of device 

is 74 𝑎𝑁/√𝐻𝑧. 

 

In 2017, Zhou's team [34] demonstrated that a classical optomechanical system could also 

be used to detect the magnitude of a force. Figure 1.9 b shows the experimental setup performed 

by Zhou. The optomechanical system is composed of a Fabry-Perot cavity bounded by two 

mirrors. A fixed mirror and a movable mirror placed above. The movable mirror is attached to 

Optomechanics Mass sensing

Acceleration sensing

Force sensingMagnetic sensing

Acoustic sensing
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Figure 1.9: Optomechanical devices for force sensing applications (a) silica micro-disk resonator 

coupled to a  𝑖3𝑁4 nano-beam [30] (b) Fabry-Perot optomechanical cavity [34]. 

 

a spring and moves according to the external force applied. When a force is applied, the mirror 

moves and changes the length of the optical cavity. This results in reducing the distance that 

photons travel and therefore change the optical resonance. By following this shift of the 

resonance we are able to estimate the force.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.10: Experimental Setup (a) SEM of the silicon carbide nanowires (b) and (c) Cryogenic 

experimental platform (d) Optical apparatus showing a fraction of focused light (e) Schematics of the 

interferometric reading (f) Displacement of the nanowire [35]. 

 

In 2020, Arcizet's team have developed an ultra-sensitive nano-optomechanical sensor [35]. 

Specifically they have implemented optomechanical readout techniques where the idea is to 

evaluate photons to determine the dynamics of a silicon carbide nanowire suspended in a 

refrigerator. The vibrations or forces of this nanowire are measured using optical power. The 

force sensitivity of the sensor is about 40 𝑧𝑁/√𝐻𝑧. Figure 1.10 above shows the complete 

experimental setup. 

 

 

1.2.2  Acceleration sensing  
 

An accelerometer is an inertial sensor that measures a linear non-gravitational acceleration. 

This measurement can be done on the three orthogonal axes (X, Y, and Z). The accelerometer

(a) (b) 

   

 

 

 

(a) (b) (d) 

(c) 

(e) 

(f) 
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Figure 1.11: Presentation of an optomechanical accelerometer (a) Optical coupling between the two 

photonic crystals (b) SEM image of the optomechanical accelerometer (c) FEM simulation of the 

accelerometer (d) SEM image of an array of accelerometer devices [36]. 

 

applications, are used today in many fields (automotive, consumer electronics ...). The detection 

of acceleration is done by measuring the displacement of a mechanical mass compared to its 

state at rest. This reading can be done optically with optomechanical resonators with an 

excellent sensitivity. Among the optomechanical resonators used for the detection of 

acceleration, there are photonic crystals which have a very high sensitivity to displacement and 

the WGM circular cavity resonators.   

 

Photonic crystal resonators have a very high displacement resolution of the order of a pico-

meter. This makes them very interesting for the design of acceleration sensors. Alexander G. 

Krause [36] has realized for the first time an accelerometer based on photonic crystals. Figure 

1.11.b depicts the optomechanical device for the detection of acceleration. It consists of an 

optical waveguide attached to a SiN nano-beam. A few nanometers from the waveguide is 

placed a moving mass. When the mass moves along the x axis, it disturbs the mass-waveguide 

optical coupling as shown in Figure 1.11.c. From this interference, we can determine the value 

of the acceleration. With an optical power less than a milliwatt, the resolution is 10 𝑛𝑔/√𝐻𝑧 

with a bandwidth of 20 𝑘𝐻𝑧. 

 

Optomechanical resonators with circular cavities can also detect acceleration. In Figure 

1.12.a we present an accelerometer sensor with an optical ring [37].  The device is composed 

of a silicon optical ring, a waveguide and a moving suspended mass. When an optical power is 

injected on the waveguide, the light enters into the ring by evanescent coupling. As the mass 

moves it disturbs the propagation of photons inside the ring. This results in a modification of 

the optical resonance with a sensitivity of about 3.279 𝑝𝑚/𝑔. The bandwidth of the resonator 

is about 30 𝑘𝐻𝑧. 

 

 There are also spherical resonators for sensing acceleration [38]. Figure 1.12.b shows an 

optomechanical accelerometer based on a WGM microsphere. The device consists of an optical 

waveguide and a microsphere resonator placed at a few nanometers. The microsphere is 

positioned on a piezoelectric actuator. When the piezo vibrates it moves the microsphere 

vertically. This changes the waveguide-microsphere gap and the optical coupling. Therefore 

the contrast of the optical resonance is modulated as the microsphere moves.  The resolution 

achieved by this device is 40 𝜇𝑔/√𝐻𝑧.

   

 

  (a) 

(b) 

(c) (d) 



 

 

 

13  

Chapter 1: Introduction to optomechanics 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 1.12:  WGM optomechanical accelerometer (a) SEM image of an optical ring accelerometer [37] 

(b) SEM image of a micro-sphere accelerometer [38]. 

 

 

1.2.3  Magnetic field sensing  
 

A magnetometer or magnetic sensor is an equipment able to measure the intensity and 

direction of a magnetic field. On Earth, due to the nature of the landscape, the magnetic field is 

not the same in all places. It is therefore interesting to design field sensors that can accurately 

measure the intensity of the magnetic field. Nowadays, the magnetometer is used in many fields 

(industry, automotive, aeronautics ...). Among the diversity of magnetometers existing in the 

state of the art, the optomechanical resonators are particularly distinguished. Thanks to the 

optical detection, they have an excellent sensitivity to magnetic fields. There are different types 

of optomechanical resonators (micro-toroidal, cylindrical cavity, micro-spherical ...) to detect 

the magnetic field.  

 

The micro-toroidal optomechanical resonators can detect a magnetic field [39]-[40]. Figures 

1.13.a and 1.13.b show the SEM image of optomechanical micro-toroidal devices. To be able 

to detect the magnetic field, the micro-toroidal devices use a ferromagnetic material (Terfenol-

D) placed in the center as shown in Figures 1.13.a and 1.13.b. The whole structure is elevated 

to facilitate mechanical resonance. By applying a magnetic field, the micro-toroidal deforms 

and thanks to this mechanical deformation the field intensity can be estimated.  There are also 

 
 

 

 

 

 

 

 

 

 

Figure 1.13: Optomechanical magnetometers (a) and (b) SEM image of a micro-toroid with Terfenol-D 

[39]-[40] (c) Microtoroid magnetometer using polydimethylsiloxane (PDMS) [41].   

 (a) 

 

(b) 

   (a) (b) (c) 
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micro-toroidal using other ferromagnetic materials such as polydimethylsiloxane (PDMS) as 

illustrated in Figure 1.13.c. 

 

Optomechanical cylinder resonators can be used to detect a magnetic field [42]. Figure 

1.14.a shows the SEM image of the optomechanical cylinder resonator. The device is machined 

from a block of crystal CaF2 attached to a ceramic base. First, the diameter of the block is 

reduced by machining to reach a diameter of 12 mm and a thickness of 4 mm respectively. Then 

the cylinder is covered with a ferromagnetic material (Terfenol-D). When a field is applied to 

the device, it mechanically deforms along the direction of the field. For an optical power of 100 

µW, this magnetometer has a sensitivity up to 131 𝑝𝑇/√𝐻𝑧. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.14: Optomechanical magnetometers (a) SEM image of a cylinder cavity [42] (b) Microsphere 

magnetometer working at hundreds of MHz to a few GHz [43]. 

 

As shown in Figure 1.14.b, microsphere optomechanical resonators can also detect a 

magnetic field. The device is composed of a barium-titanium-silicate microsphere and a thin 

magnetic film of yttrium iron garnet (YIG). The concept here is to couple the optical-

mechanical interaction of the microsphere to the ferromagnetic resonance of the YIG thin film. 

As depicted in figure 1.14.b, when a field is applied the YIG layer deforms. This distorts the 

microsphere and changes its optical and mechanical resonance. This magnetometer has a 

sensitivity of  850 𝑝𝑇/√𝐻𝑧. 

 

 

1.2.4  Mass sensing  
 

Mass detection is the reference application for nano/micro-mechanical resonators. In the 

state of the art there exists a great variety of devices allowing to detect a mass quantity. The 

most famous are the cantilevers or the nano-beam. Optomechanical resonators, according to 

their configuration, show very high sensitivity for mass sensing and this whatever the 

environment (vacuum, air or liquid). 

 

This offers a significant benefit compared to cantilever or nano-beam. Indeed, due to the 

viscosity of the liquid, cantilever or nano-beam resonators can break down and do not resonate. 

Moreover, optomechanical WGM cavities (micro-disk, sphere or micro-toroidal) are much 

more resistant. They also present a moderate mechanical energy loss in liquid. In this section 

we will present the different types of optomechanical resonators (circular cavity, nano-ram…) 

dedicated to mass detection. 

 
 (b) (a) 
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(1.4) 

(1.5) 

 

The detection principle of masses is very simple. The optomechanical resonator behaves like 

a mechanical resonator which resonance frequency is written as follows: 

 

𝑓𝑚 =
1

2𝜋
√
𝑘𝑒𝑓𝑓

𝑀
 

 

where 𝑀 = 𝑚𝑒𝑓𝑓 +𝑚  with 𝑚𝑒𝑓𝑓 the effective mass of the resonator and 𝑚  the mass of the 

particle, 𝑘𝑒𝑓𝑓 is the effective stiffness of the resonator. From equation (1.4) and the sensitivity 

 𝑚 = 𝛿𝑓𝑚/𝛿𝑀, we can estimate the mass resolution 𝑀𝑚𝑖𝑛 of the optomechanical resonator as 

follows : 

𝑀𝑚𝑖𝑛 = −
2𝑀

𝑓𝑚
𝛿𝑓𝑚 

 

- Microsphere for mass sensing : 

 

An optomechanical microsphere presents interesting characteristics for mass detection. It 

presents both an optical WGM resonance with a very high-quality factor of the order of 106and 

a mechanical resonance. A strong coupling allows the interaction between the optical and the 

mechanical. As the mass lands on the mechanical resonator (microsphere), the mechanical 

frequency changes according to equation (1.4). And this change is optically detectable. 

 

The first realization of a microsphere for the detection of molecule was realized by the team 

of Tao Lu [29]. Figure 1.15.b illustrates the SEM image of a 100 µm diameter microsphere 

made in silica. When a mass (BSA protein) impacts the microsphere, the resonator becomes 

heavier and its resonance frequency changes as shown in figure 1.15.c. Also, the optical 

resonance wavelength is changed as depicted in Figure 1.15.a. In terms of resolution, the 

optomechanical microsphere can detect up to 66 kDa (1 Da = 1,66 ∙ 10−27𝐾𝑔). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.15: Optomechanical microsphere (a) Schematic illustrating the BSA mass detection (b) SEM 

image of the microsphere (c) Spectrogram of the mechanical resonance frequency [29].

(a) 
 

 

(b) 

(c) 
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- Nano-ram for mass sensing : 

 

Optomechanical nano-ram resonators can be used as mass detectors. The optical resonator 

is completely dissociated from the mechanical resonator. Here the nano-ram is the mechanical 

resonator and an optical cavity the optical resonator. On this type of device, the idea is to make 

the mass deposit above the ram. The latter changes resonance frequency and this is visible in 

an optical way. 

 

Figure 1.16 below shows an optomechanical nano-ram device [44]. The device is composed 

of an electrostatically excited nano-ram and an optical ring. The nano-ram is the mechanical 

resonator and the ring the optical resonator. When a mass is deposited on the nano-ram, its 

resonance frequency and its displacement are modified. This affects the light which propagates 

in the ring and thus the optical resonance. Figure 1.16.c shows the results of mass deposition. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.16: Optomechanical nano-ram (a) and (b) SEM image of an optomechanical nano-ram with an 

optical ring cavity (c) Mass sensing process [44]. 

 

-  Microtoroid for mass sensing : 

 

There are also other optomechanical resonators dedicated to mass detection. It is the case of 

the microtoroid [45] or the micro-disk resonator. Compared to the microsphere or nano-ram, 

the microtoroid resonator has a larger detection surface.  Figure 1.17.a shows the SEM image 

of a 40 µm diameter silica microtoroid resonator. The particle deposition is done on the top of 

the microtoroid as depicted in figure 1.17.b. As more mass is deposited the mechanical 

resonance frequency is changed. In figure 1.17.c, we observe the resonance frequency 

associated with each quantity of mass.   

 
 

 

 

 

 

 

 

 

 

Figure 1.17: Optomechanical microtoroid (a) and (b) SEM image of the optomechanical microtoroid 

made in silica (c) Variation of the mechanical frequency as a function of the deposited mass [45].

   (a) (b) (c) 

  (a) (b) (c) 
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1.2.5  Acoustic sensing  
 

Thanks to its high optical sensitivity, optomechanical resonators can be used to detect an 

acoustic wave. In terms of application, acoustic sensors can be used in many fields such as 

avionics systems, or in the biomedical field. Today, the resonators used to detect acoustic waves 

are based on capacitive MEMS. However, they have some limitations such as low sensitivity 

and displacement. For this reason, optomechanical resonators are being considered as an 

alternative for acoustic wave detection. 
 

- Microsphere for acoustic sensing : 
 

Microsphere resonators can be used to detect acoustic waves [46]-[47]. Figure 1.18.a and 

1.18.b show some examples of different microspheres used for ultrasonic wave detection. The 

idea is to place a sound wave just next to the microsphere. This wave will locally deform the 

resonator and change its mechanical frequency. This frequency variation is optically visible 

because the distance covered by the photons (optical resonance) is also disturbed.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18: Optomechanical acoustic sensor (a) SEM image of a microsphere resonator [46] (b) 

Schematic of a microsphere-based sound detector [47]. 

 

- Micro-ring for acoustic sensing : 
 

Optical rings can also detect an acoustic wave [48]. Figure 1.19.a shows an SEM image of 

the optical ring resonator. The operating principle is the same as for the microsphere. When an 

acoustic wave is applied the membrane is deformed on the optical ring. This changes the 

coupling between the membrane and the optical ring and consequently the optical resonance.   

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.19: Optomechanical acoustic sensor (a) SEM image of an optomechanical ultrasound sensor 

(OMUS) (b) 3D schematic of the OMUS [48].

 

(a) (b) 

 (a) (b) 
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1.3. Mass detection context and available resonators 
 

 

When we talk about mass detection, we are talking about detection in an unconstrained 

environment (air and vacuum) and in a constrained environment such as detection in a liquid 

medium. Concretely, it can be the detection of gas molecules, chemical or biological particles, 

.... In the state of the art, we can find a wide variety of resonators that can detect tiny masses. 

 

 

 

 

 

 
Figure 1.20: The main resonators that can detect particles (a) Optical resonators (b) Mechanical 

resonator (cantilevers or beam) (c) Nanowire sensor inspired from [49]. 

 

 Figure 1.20 illustrates the main resonators able to detect a particle. There are optical 

resonators like the micro-disk, or microsphere (see Figure 1.20.a ). This kind of resonator 

behaves like a very sensitive optical cavity and can detect extremely small masses. Mechanical 

resonators with cantilevers or beam (see Figure 1.20.b) are also known for their mechanical 

sensitivity especially in vacuum. And finally, the nanowire sensors (see Figure 1.20.c ) in which 

the capacitance changes as a mass are applied to the wire. 

 
Table 1.1 : Comparison table  of the main resonators capable to detect a molecule inspired from [49]. 

 

In this table, the resonators are evaluated on four criteria: operability in a liquid medium, 

ability to detect a molecule or a flow of molecules with a microfluidic channel and integration 

in a matrix form. If we refer to Table 1.1, the three resonators OR, MR and MS present the 

ability to detect a single molecule. In liquid medium, the OR and MS resonators have proven 

their capability to resonate. In contrast, the mechanical beam resonator breaks because of the 

high viscosity of the liquid environment. Only the optical resonators and the nanowire sensor 

can detect particles in this medium. 

 Optical Resonator 

(OR) 

Mechanical resonator 

(MR) 

Nanowire sensor 

(NS) 

Transduction principle 
Optical  and 

Mechanical frequency 

variation   

Mechanical frequency 

variation 
Conductance change 

Operability in a liquid 

environment 

Resonates in liquid 

environment with 

 𝑚~10 − 30 [50] 

MR does not resonate 

in liquid environment 

due to viscosity 

Resonates in a liquid 

environment [54] 

Ability to detect a 

molecule 
Yes [51] Yes in vacuum [52] Possible [55] 

Microfluidic 

Integration 

Fit to a continuous 

flow of particles 

Fit to a continuous 

flow of particles 

Fit to a continuous 

flow of particles 

Matrix or multiplexing 

integration 

Possible thanks to the 

dimensions of  OR  

Already demonstrated 

[53] 

Possible thanks to the 

dimensions of  NR 

(a) (b) (c) 
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1.4. Optomechanical microdisk resonator 
 

 

Among the available optical resonators, optomechanical micro-disks stand out. They can 

resonate in an unconstrained environment (vacuum, air) with excellent quality factor, and they 

are robust enough to not break in a liquid environment. Figures 1.21.a and 1.21.b show a 

graphical illustration of an optomechanical micro-disk embedded in liquid environment. The 

large area provides the opportunity to attach receptors so that the particles attach to the disk as 

shown in Figure 1.21.b. Otherwise, due to the inertia of the liquid, the particles will float and 

take a long time to attach to the disk. 

 

 
 
 
 
 
 
 
 

 

 

Figure 1.21: (a) and (b) Graphic illustration of an optomechanical micro-disk resonator in liquid with 

particle deposition inspired from [56]. 

 

The CEA has developed silicon optomechanical micro-disk resonators for mass applications.  

In terms of fabrication process, the resonators are made from a 200 mm SOI wafer. From the 

top to the bottom of the wafer, we have a thin layer (220 nm) of  𝑖 to realize the optomechanical 

micro-disk, then a layer of  𝑖𝑂2 insulator (1 µm) to realize the pedestal and a thick layer of Si 

bulk. Today for the detection of particles, we have two types of resonators: optically actuated 

resonators and electrostatically actuated resonators. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.22: Optomechanical silicon micro-disk resonator (a) with optical actuation (Brownian) (b) with 

electrostatic actuation. 

 

Optically actuated optomechanical resonators are devices in which the mechanics is optically 

stimulated. Figure 1.22.a shows the SEM image of our optomechanical micro-disk with optical 

actuation. The principle is the following, when an optical power is injected, the photons 

propagate in the waveguide and enter by evanescent coupling in the resonator disk. Then inside

 (a)  (b) 

 (b)  (a) 
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the disk the photons propagate by successive reflection in WGM mode and exerts a radial 

pressure force on the walls of the cavity. This results in a radial mechanical movement of the 

disk. As seen in equation (1.3), the radial pressure force depends on the injected optical power. 

The higher this force is, the more the disk is mechanically stimulated. We will see this resonator 

in more detail in chapter 2. 
 

Electrostatically actuated optomechanical resonators are devices in which the mechanics is 

electrically stimulated with electrodes. Figure 1.22.b shows the SEM image of the 

optomechanical micro-disk with electrostatic actuation. In this case we have both the optical 

excitation due to the photons that exert a radial pressure force and the external excitation with 

the electrodes. The electrostatically actuated resonator has a better mechanical quality factor, 

better SNR, better mass resolution than the optically actuated resonator. We prefer to work with 

this device to detect very small masses. We will see in the chapter 2 the operating principle of 

this resonator. 

 
 

1.5  Conclusion  
 

 

The objective of this chapter is to introduce optomechanical cavities. In the first part of the 

chapter, we have first presented the history of optomechanical cavities. From the very first 

experiments that highlighted the optical pressure forces to the present day with smaller and 

smaller cavities for more and more efficient sensor applications. In this section, we have 

presented the operating principle of an optomechanical system (OM) by explaining optical and 

mechanical resonance modes. The link between these two resonance modes is called 

“optomechanical coupling”. For sensing applications, we found two main families of 

optomechanical resonators: photonic crystal and WGM circular cavity. 

 

In the second part of the chapter, we have reviewed the state of the art of optomechanical 

resonators and their applications. Today optomechanical devices are used in several fields of 

application. For example, to detect a force with a disk resonator [30] or a Fabry-Perot cavity 

[35], to measure an acceleration with photonic crystals [35] or a magnetic field with a 

microtoroid [40]-[42] or a microsphere [44]. The resonators are also able to measure with a 

very high accuracy a mass with a microsphere [29], a nano-ram [45] or a microtoroid [46]. 

Thanks to its high optical sensitivity, optomechanical resonators can also be used to detect an 

acoustic wave [47]-[48]. 
 

In the last part of the chapter, we explained the context of the thesis project. Among the 

resonators available for the mass sensing optomechanical micro-disks stand out. There are two 

types of optomechanical resonators : optically actuated and electrostatically actuated resonators 

which are both developed at CEA-Leti. During this thesis, we will work on the electrostatically 

actuated configuration to realize the compact modeling and the design of the readout circuit. 

We will see why in the next chapiter.  
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In this chapter we will analyze the behavior of a silicon micro-disk. In the first section, we 

will present the optical and mechanical resonator of the disk. An optomechanical coupling 

allows to link these two resonance modes. In this thesis we have at our disposal two kinds of 

optomechanical sensors: optically actuated and electrostatic. In the case of an optically driven 

resonator, the disk is mechanically stimulated by the optical power injected through the 

gratings. We will see in the second section how it works and the equations that describe it. In 

the case of an electrostatically actuated resonator, the disk is mechanically stimulated by 

electrodes. In this thesis, we will mostly work on this type of device because the resonator has 

better mechanical signal . In the perspective of the design of a readout electronics, we propose 

the development of a compact Verilog-A model. 
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Chapter 2: Optomechanical Sensor: Theory & Modeling 

 
2.1. Theory of a silicon optomechanical micro-disk 

 

In this section, we present the physics of an optomechanical micro-disk. Fabricated in 

silicon, the micro-disk constitutes the basic element for the design of ultra-sensitive opto-

mechanical sensors for the mass detection. In terms of dimensions, its diameter is in the 

micrometer order (from 5 µm and 20 µm) and has a thickness of several hundred nanometers 

(~220 nm). Thanks to its small size, the silicon micro-disk supports two resonance modes. An 

optical resonance mode and a mechanical resonance mode. The optical resonance mode is 

supported by the optical cavity that constitutes the micro-disk. In this mode, due to the 

difference of the refractive index, the light propagates by reflection, it is the Whispering Gallery 

Mode (WGM). The mechanical resonance mode is supported by the mechanical cavity. The 

micro-disk is able to resonate radially, it is the Radial Breathing Mode (RBM). This resonance 

mode appears only at high mechanical frequencies. Figure 2.1.a below illustrates the two 

resonance modes of the micro-disk. A coupling called "optomechanical coupling" allows 

linking its two resonance modes. In order to optimize this coupling, a 𝑆𝑖𝑂2 pedestal as shown 

in Figure 2.1.b supports the micro-disk. 
 

 

 

Figure 2.1: (a) Graphical view of a silicon optomechanical micro-disk with the two resonance modes 

(optical and mechanical). (b) SEM image of a disk cross section, a 𝑆𝑖𝑂2 pedestal supports the whole 

structure.    

 

In the following sub-sections, we will first present the theory of the micro-disk optical cavity. 

Then we will see the theory of the micro-disk mechanical cavity. Finally, we will introduce the 

equations that describe the opto-mechanical coupling.  

 

 

2.1.1  Optical micro-disk cavity 
 

The silicon micro-disk hosts the WGM optical resonance mode. It behaves like an optical 

resonator and has a resonance wavelength 𝜆𝑟𝑒𝑠 and an optical quality factor 𝑄𝑜𝑝𝑡. 

 

2.1.1.1 Whispering Gallery Mode  
 

The Whispering Gallery Mode [1]-[3] is a concept introduced in the 19th century by Lord 

Rayleigh to explain the propagation of the sound inside the Saint-Paul Cathedral in London (see 

Figure 2.2.a). Indeed, he observed that inside the dome (30 m diameter) the whispering of a 

person located near the wall could be heard at any point of the gallery (see Figure 2.2.  b).  

Si Bulk

𝑆𝑖𝑂2
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(a) (b) 

(a) (c) (b) 

 
 

Figure 2.2: (a) The Saint-Paul Cathedral in London (b) The Cathedral dome in which Lord Rayleigh 

introduced the WGM resonance mode. 

 

 

He assumed that the sound wave propagates along the dome by successive reflection. By 

sticking to the wall, the intensity of the sound only decreases as a function of the inverse of the 

distance. This explains why whispers are audible at any point in the dome. To support his thesis, 

he developed the acoustic theory of whispering waves [4]-[5].  
 

The same behavior can be observed in the propagation of optical waves. In a circular optical 

cavity, because of the difference in refractive index, the light also propagates by successive 

reflections. For a silicon micro-disk resonator this property has been demonstrated [6], by 

analogy we speak of optical WGM mode.  

 

- Micro-disk geometrical approach : 

 

  
 
 
 
 
 
 
 
 
 

 

 

Figure 2.3: (a) Schematic of a micro-disk where the optical wave propagates in a WGM in red (b) The 

azimuthal (i) and radial propagation mode (k) (c) The multiple optical resonance of the micro-disk. 

 

Within the micro-disk, the light propagates in two possible ways. In one case, it propagates 

by sticking to the wall and following the angle 𝜃, this is the Azimuthal mode. In the other case, 

it propagates from the wall to the center of the disk along the r axis, this is the Radial mode. 

Figure 2.3.b above illustrates the two propagation modes. 

 

Optically, a micro-disk resonates when the light makes a complete loop as illustrated in 

Figure 2.3.a. The photons, at the end of their turn loop on themselves in phase. This creates 

constructive interferences, which are at the origin of the several optical resonances of the disk 

as shown in Figure 2.3.c.

Optical responses of the disk 

 

z

r𝜃

Azimuthal mode (i)

Radial mode (k)
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(2.1) 

(2.2) 

(2.3) 

(a) (b) 

The optical resonance condition of the micro-disk is written as follows: 

 

2𝜋  𝑒𝑓𝑓 =  𝜆𝑟𝑒𝑠 

 

where R is the radius of the disk,  𝑒𝑓𝑓 is the effective index of the disk and    an integer such 

as  = 1,2,3, … Equation (2.1) gives the optical multiple resonances of a micro-disk. The 

resonance wavelengths are spaced by Δ𝜆𝐹𝑆𝑅 the Free Spectral Range (FSR) which is expressed 

as below : 

 

Δ𝜆𝐹𝑆𝑅 = ( + 1)𝜆𝑟𝑒𝑠 −  𝜆𝑟𝑒𝑠 

 

 

- FEM simulations of a micro-disk : 

 

In an optical cavity of given geometry, the propagation of the WGM mode can be described 

analytically by Maxwell's equations. The propagation equation of the electromagnetic wave 

(electric field 𝐸⃗  and magnetic field 𝐻⃗⃗ ) is given by Helmholtz’s equations :  

 

{
∇2𝐸⃗  + (

𝜔

𝑐
)
2

𝐸⃗  =  ⃗  

∇2𝐻⃗⃗ + (
𝜔

𝑐
)
2

𝐻⃗⃗ =  ⃗ 
 

 

where c is the speed of light in vacuum, and  𝜔 the angular frequency. The micro-disk can 

support two modes of field propagation: Transverse Electric (TE) and Transverse Magnetic 

(TM) modes. The TE mode corresponds to a type of field propagation where the 𝐸𝑟, 𝐸𝜃, 

𝐻𝑧 components are non-zero. The TM mode corresponds to the field propagation where the 

𝐻𝑟, 𝐻𝜃, 𝐸𝑧 components are non-zero. To implement and solve the propagation equations in a 

micro-disk we use the Finite Element Method (FEM).  
 

 

 

Figure 2.4:  2D numerical simulations of WGMs for a 2 µm-radius disk (a) The FEM simulation of the 

azimuthal propagation mode (b) FEM simulation of the azimuthal and radial propagation mode [7]. 

 

Figure 2.4 depicts the FEM simulations made on a micro-disk. The red and blue colors 

correspond to the intensity of the electric field. In these simulations we can see in Figure 2.4.a 

that the optical wave propagates along the wall along the axis 𝜃, it is the azimuthal mode. The 

radial mode corresponds to the propagation along the 𝑟 axis. The optical wave can also 

propagate with a combined azimuthal and radial mode as illustrated in Figure 2.4.b. 
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(2.4) 

2.1.1.2 Optical quality factor 
 

Optically the micro-disk is a resonator and has a quality factor 𝑄𝑜𝑝𝑡. This factor is defined 

as the ratio between the maximum energy stored and the energy dissipated per cycle. 

Experimentally, 𝑄𝑜𝑝𝑡 is calculated from the resonance spectrum by using the expression: 

 

𝑄𝑜𝑝𝑡 =
𝑒 𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑

𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
=

𝜆𝑟𝑒𝑠

Δ𝜆
 

 

where 𝜆𝑟𝑒𝑠is the resonance wavelength extracted when the gain is maximum and Δ𝜆 is the 

resonance bandwidth. The quality factor indicates the damping of the optical resonator. The 

higher this factor is, the longer the resonator will oscillate. The micro-disk resonator has a very 

high optical quality factor in general of the order 𝑄𝑜𝑝𝑡~1 5. This is explained by the fact that 

the resonator is subject to low losses. As discussed in [7]-[8], the different sources of energy 

loss of a micro-disk are:  

 

- Bending losses : 

 

Bending losses are a very common type of loss for waveguide devices with curved geometry. 

Indeed, the wave is not totally reflected near the curvature between the junction of the two 

mediums. This induces internal and external losses to the surrounding environment. In the case 

of the micro-disk, these losses are not negligible because of its circular structure. Every time 

the optical wave is reflected on the wall of the disk, there exists an inflection loss. The bending 

losses of a disk depend strongly on its radius and its effective index. The larger the radius and 

the effective index, the lower the bending losses. 

 

- Absorption losses : 

 

The loss of absorption is related to the properties of the materials and chemicals used in the 

fabrication process of the micro-disk. There are two types of absorption losses, internal and 

external. The internal losses depend on the micro-disk composition. Here the device is made of 

silicon (Si), which has an energy gap of 1,14 𝑒𝑉 at 273 𝐾. To avoid the linear absorption zone, 

it is necessary that the photons propagate by respecting this condition ℏ𝜔 < 1,14 𝑒𝑉. This 

corresponds to a minimum wavelength of 1087 nm. In our experiments, we generally work 

between 1500 nm and 1600 nm, which guarantees the non-absorption condition. External losses 

are generated by other materials and chemical elements used in the fabrication process. 

 

- Scattering losses : 

 

Scattering losses are caused by the interaction between light and wall imperfections. At the 

end of the fabrication process, the wall of the disk is not smooth. At the nano-metric level, 

roughness and structural imperfections are observed due to the different manufacturing 

processes (etching step ...). In contact with these imperfections, the light diffuses in a radiative 

way in all directions. 

 

- External evanescent losses : 

 

These losses are visible when two optical devices are very close. A part of the wave that 

propagated in the first cavity is transmitted by evanescence to the other cavity. 
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𝑦 

(a) (b) (c) 

 
2.1.2  Mechanical micro-disk cavity 
 

In the section above, we have presented the optical properties of the micro-disk. We will see 

in this section its mechanical properties. When an optomechanical micro-disk is placed on a 

pedestal, it behaves like a mechanical resonator. This means that for a certain range of 

frequencies, it enters in resonance and deforms mechanically. This frequency range depends on 

the disk radius. The smaller the radius, the higher the mechanical resonance frequency. The 

main resonance mode of the disk is the Radial Breathing Mode (RBM). As a mechanical 

resonator, the micro-disk has a resonance frequency 𝑓𝑚 and a quality factor 𝑄𝑚. 

 

2.1.2.1 Radial Breathing Mode (RBM) 
 

The radial breathing mode [9]-[11] is a mechanical resonance mode based on the phonon. 

Phonons are the ability of a crystalline solid to vibrate mechanically when an energy is brought 

to it. In our case, the micro-disk is considered as a crystalline structure composed of silicon 

atoms. When a quantity of energy is supplied, the atoms start to vibrate mechanically from near 

to near in a radial way, this is called radial breathing. There are several ways to provide energy 

to the structure. Optically through the wave that propagates in the cavity or by external 

stimulation. In the next sections, we will see these two types of excitation. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.5: Graph explaining the disk RBM resonance mode (a) initial disk configuration (b) 

configuration where the disk expands  (c) configuration where the disk contracts. 

 

Figure 2.5 is a schematic diagram explaining the different steps of the RBM mechanical 

mode. Figure 2.5.a shows the initial state of the disk without deformation. When a quantity of 

energy is supplied, it expands (Figure 2.5.b) and then contracts (Figure 2.5.c), this is the 

breathing mode. 
 

- FEM simulations of a micro-disk : 
 

To determine the resonance frequency 𝑓𝑚 and the micro-disk radial displacement, COMSOL 

numerical simulations were performed. We considered, as shown in Figure 2.1.a, a silicon disk 

of radius 5 µm, fixed at the center by a 𝑆𝑖𝑂2 pedestal. Figure 2.6 below shows the results of 

FEM simulations. At the mechanical resonance here at 509 MHz, the disk expands to up to 5.5 

µm radius as illustrated in Figure 2.6.b. It then re-contracts down to 4.1 µm in radius.
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Figure 2.6: COMSOL numerical simulations of RBM resonance mode for a 5 µm-radius disk (a) initial 

disk configuration (b) Configuration where the radius of the disk expands. 

 

 

2.1.2.2 Mechanical quality factor 
 

As a mechanical resonator, the micro-disk has a mechanical quality factor 𝑄𝑚𝑒𝑐. This factor 

is defined as the ratio between the maximum energy stored and the energy dissipated per cycle. 

Experimentally, 𝑄𝑚𝑒𝑐 is calculated from the resonance spectrum by using the following 

expression: 

 

𝑄𝑚 =
𝑒 𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑

𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
=

𝑓𝑚
Δ𝑓

 

 

where 𝑓𝑚 is the mechanical resonance frequency extracted when the gain is maximum and Δ𝑓 

is the bandwidth of the resonator. The mechanical quality factor is an important feature to 

evaluate the performance of our mass sensor. A high-quality factor allows us to have a very 

high signal-to-noise-ratio and therefore a better mass resolution. To estimate the quality factor, 

it is necessary to know the different sources of mechanical losses. The main sources are [7]-[8]: 

 

- Viscosity damping : 
 

The surrounding environment is an important source of energy loss for the mechanical 

resonator. Indeed, depending on the environment viscosity, the resonator has not the same 

mechanical quality factor. In liquid, for example, because of the high viscosity, the micro-disk 

resonator has a moderate mechanical quality factor 𝑄𝑚~1 − 5 . While in vacuum or air, this 

mechanical quality factor is very high up to 1   . To evaluate the losses caused by the damping 

from the environment to the mechanical quality factor, a simplified analytical expression has 

been proposed by [12]: 

 

𝑄𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 =
3.34 ∙ 1 5

3.18/√ + √ /𝐻

1

√𝜌𝜇
 

 

where   and 𝐻 are the radius and thickness of the disk respectively, 𝜌 and 𝜇 are the density and 

the fluid viscosity respectively of the surrounding environment. If we consider air (𝜌 =
12   𝑘𝑔/ 3 , 𝜇 = 1.8 ∙ 1 −5𝑃𝑎/𝑠 ) and liquid water (𝜌 = 1    𝑘𝑔/ 3 , 𝜇 = 1 ∙ 1 −3𝑃𝑎/𝑠 ) as the 
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(a) (b) 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2.7: Analytical variation of viscosity losses in air and liquid (water) as a function of (a) disk 

radius variation (b) and thickness variation. 

 

medium, we can plot an analytical estimation of the viscosity based on Equation (2.6). Figure 

2.7 shows the variation of viscosity as a function of disk radius and thickness for different 

environment (air and liquid). Viscosity losses are very important in the liquid and this strongly 

limits the mechanical quality factor 𝑄𝑚. In order to have negligible viscosity losses, it is 

necessary to adjust the dimensions of the disk. For a given thickness, reducing the disk radius 

will reduce the viscosity losses as shown in Figure 2.7.a. Similarly, for a given radius, 

increasing the thickness helps to reduce the losses as represented in Figure 2.7.b. 

 

- Clamping losses : 

 

The clamping losses correspond to the dissipation of the mechanical energy caused by the 

disk-pedestal clamping area. The more the clamping area is important and the more the 

mechanical energy losses by clamping is high. According to [13], to get a very low clamping 

loss, the ratio ( −  𝑝𝑑)/   between the disk radius   and the pedestal radius  𝑝𝑑must be 

between 0.822 and 0.835. 

 

- Thermo-elastic damping : 

 

When an elastic solid is set in motion, it becomes unstable and has an excess of kinetic and 

potential energy. This excess energy is dissipated thanks to the coupling between the 

mechanical deformation and the temperature, which allows the system to return to equilibrium. 

This energy dissipation process is called thermo-elastic damping. Based on [14], for a circular 

silicon resonator with a radius between 3 and 20 µm, the thermo-elastic losses are estimated at 

1 6. These losses are not the main losses limiting the mechanical quality factor. 

 

 

2.1.3  Optomechanical coupling coefficient 
 

In the previous sections 2.1.1 and 2.1.2, we have seen that the micro-disk behaves both as 

an optical resonator and as a mechanical resonator. Optically the disk resonates in WGM mode 

and mechanically in RBM mode. These two modes of resonance are superimposed by a 

coupling called the optomechanical coupling (see Figure 2.8.a). We describe here this 

optomechanical coupling to understand the physical interaction between the optical and 

mechanical resonance modes.
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(2.7) 

(2.8) 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Principle of the optomechanical coupling (a) interaction between the mechanical and optical 

resonators (b) Displacement of the optical resonance as a function of the mechanical deformation. 

 

 

Physically, the optomechanical coupling can be explained as follows. When photons 

propagate in WGM (successive reflection) mode, they exert a radial pressure force on the disk 

wall. Depending on the magnitude of this force, the disk expands or contracts (RBM). 

Conversely this contraction and dilation changes the distance that the optical wave travels and 

therefore the optical resonance wavelength (see Figure 2.8.b). The shift of the optical resonance 

wavelength is written as follows: 

 

𝜆𝑟𝑒𝑠
′ (𝑡) = 𝜆𝑟𝑒𝑠 −

𝑐 ∙ 𝑔𝑜𝑚

𝜐𝑟𝑒𝑠
2

𝑟(𝑡) 

 

where 𝜆𝑟𝑒𝑠 is the initial resonance wavelength, 𝑐 is the speed of light, 𝜐𝑟𝑒𝑠 is the initial 

resonance frequency, 𝑟(𝑡) is the disk radius variation and 𝑔𝑜𝑚 the optomechanical coupling 

coefficient described as follow : 

 

𝑔𝑜𝑚 = −
𝑑 𝜐𝑟𝑒𝑠

𝑑𝑟
 

 

As defined by Equation (2.8), for a micro-disk, the optomechanical coupling is the variation 

of the optical resonance frequency 𝜐𝑟𝑒𝑠 with respect to the disk radial displacement 𝑟. Here, 

𝑔𝑜𝑚 is estimated by a 2-D axisymmetric FEM model. In this model, the silicon disk is 

represented by a rectangle whose length and width are respectively equal to the radius and the 

thickness of the disk. The rectangle is placed in a first medium (air or liquid) delimited by a 

semicircle and then a perfectly matched layer (PML) with the same properties is added to 

simulate the infinite space around it. The optomechanical coupling coefficient is estimated at 

15 GHz/nm, for a disk with a 10 µm radius. 
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expansioncontraction
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2.2. Analytical Modeling of an Optomechanical Sensor 

with Optical Actuation 
 

 

The optomechanical micro-disk resonator alone cannot be a sensor for mass detection. To 

have a complete sensor, we need a device that can introduce light from an external laser source, 

for example a grating coupler and an optical waveguide to direct the light into the 

optomechanical resonator disk by evanescent coupling. Among the optomechanical devices 

compatible with mass detection, we can distinguish two types: electrostatically actuated devices 

and optically actuated devices. In this section, we will present the analytical modeling of the 

optomechanical sensor with optical actuation. The electrostatically actuated opto-mechanical 

sensor will be described in the next section. 

 

 

2.2.1  Operating Principle  
 

The optomechanical sensor with optical actuation is a sensor in which the mechanical 

movement is stimulated by the injected optical power [15]. In fact, when the power is injected 

into the disk, the photons propagate by successive reflection on the wall of the cavity in WGM 

mode. They exert a radial pressure force (introduced in the Chapiter 1) which generates a radial 

displacement of the micro-disk resonator. The greater this pressure force, the greater the 

induced mechanical movement. 

 
 

 

 

 

 

 

  

 

 

 

 
 

Figure 2.9: Operating principle [15] (a) schematic view of the optomechanical sensor with optical 

actuation (b) SEM Image (c) the disk radius variation (d) Input and output optical power. 

 

Figure 2.9 shows the operating principle of a silicon optomechanical device with optical 

actuation. As illustrated in Figure 2.9.a, the device is composed of a waveguide with two 

gratings couplers at its ends. A micro-disk optomechanical resonator is placed at a few hundred 

nm from the waveguide. In order to optimize the disk radial displacement and waveguide-disk 

optical coupling the entire structure is suspended on a pedestal (see Figure 2.1.b).  

 

When an optical power Pin (DC component) is injected into the input grating, the light 

propagates in the waveguide and couples to the disk by evanescent coupling at some resonance 
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frequencies. The injected photons exert a radial pressure force and induce a dilatation then a 

contraction of the disk radius. Figure 2.9.c, shows the radial displacement 𝑟(𝑡) of the disk. As 

described in Equation (2.1), the radius variation changes the distance covered by the optical 

wave and therefore the optical resonance wavelength 𝜆𝑟𝑒𝑠. If we consider 𝜆𝑟𝑒𝑠 close to the laser 

wavelength, the output optical power Pout is modulated at the disk mechanical frequency 𝑓𝑚 

(see Figure 2.9.d). 

  

 

2.2.2  Analytical Modeling  
 

The modeling of the optomechanical sensor with optical actuation involves several fields of 

physics (optical, mechanical, thermal ...). Optical because the sensor is composed of several 

optical devices like the grating, the waveguide and the micro-disk (considered as an optical 

cavity). Mechanical, because the disk behaves like a mechanical resonator and resonates 

radially in RBM mode. An opto-mechanical coupling gain allows to easily switch from the 

optical cavity to the mechanical cavity. In addition, thermally, because the sensor self-heats due 

to the injected power. In the following, we will describe analytically all these behaviors.   

 

2.2.2.1 Optomechanical Sensor: Optical Description  
 

To describe analytically the optical behavior of the sensor, it is necessary to know the 

mathematical expression of the optical responses of the gratings, the waveguide and the micro-

disk resonator. Figure 2.10.a below represents the global optical response of the optical sensor. 

We can see the multiple resonances introduced by the micro-disk, then the optical response of 

the grating (the bell) and the waveguide (attenuation of the amplitude level). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Optical description (a) Optical responses of the optomechanical sensor (waveguide, 

gratings and multiple resonances of the disk) (b) Optical response of the micro-disk resonator. 

 

- Micro-disk optical response : 

 

The microdisk resonates each time the photons make a complete loop. At the end of their 

turn, the photons loop back on themselves in phase and create constructive interference, which 

is at the origin of a second optical resonance. This process is repeated as many times as the 

photons are in phase with each other, resulting in several optical resonances. We can 

discriminate the resonance wavelengths, with the index   = 1,2,3, … as illustrated in Figure 

2.10.b. Each resonance condition 𝜆𝑟𝑒𝑠,𝑚 was introduced in Section 2.1.1.1 with Equation (2.1). 

(a) (b) 
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(2.9) 

(2.10) 

(2.11) 

For a given resonance 𝜆𝑟𝑒𝑠,𝑚, the disk optical response can be mathematically expressed as 

a Lorentzian function (see Figure 2.10.b). The disk optical response expression is defined as 

follows [16]: 

 

 𝑑𝑖𝑠𝑘,𝑚(𝜆) = 1 − 𝐶𝑟,𝑚

𝜆𝑟𝑒𝑠,𝑚
2

𝑄𝑜𝑝𝑡,𝑚
2

4(𝜆𝑟𝑒𝑠,𝑚 − 𝜆)2 −
𝜆𝑟𝑒𝑠,𝑚

2

𝑄𝑜𝑝𝑡,𝑚
2

 

 

where 𝐶𝑟,𝑚 is the intrinsic contrast and 𝑄𝑜𝑝𝑡,𝑚 is the optical quality factor for each disk 

resonance labelled  . The contrast is a normalized parameter. It characterizes the absorption 

rate of the resonator (see Figure 2.10.a). Analytically, it is expressed as follows: 

  

𝐶𝑟,𝑚 =
𝑘𝑖𝑛𝑘𝑒𝑥𝑡𝜆𝑟𝑒𝑠,𝑚

2

(𝜋𝑐)2
𝑄𝑜𝑝𝑡,𝑚

2  

 

where 𝑄𝑜𝑝𝑡,𝑚 = 2𝜋𝑐/𝜆𝑟𝑒𝑠,𝑚(𝑘𝑖𝑛 + 𝑘𝑒𝑥𝑡), 𝑘𝑖𝑛 is the total intrinsic losses of the disk, 

𝑘𝑒𝑥𝑡represents the evanescent coupling losses between the waveguide and the disk and 𝑐 is the 

light speed. The 𝑘𝑒𝑥𝑡 parameter depends on disk-waveguide gap and the 𝑘𝑖𝑛 parameter is 

obtained by FEM. In the optical resonator, several absorption regimes can be distinguished: 

 

• When 𝐶𝑟,𝑚 = 1, this means that the entire optical power transmitted by the waveguide 

is absorbed by the disk. In this condition, 𝑘𝑖𝑛 = 𝑘𝑒𝑥𝑡 it is the critical coupling regime. 

In practice for mass detection, we prefer to work on a resonance wavelength where the 

disk is in critical coupling. 

 

• When 𝐶𝑟,𝑚 < 1, we are either in an over-coupling regime or an under-coupling regime. 

The over-coupling regime (𝑘𝑒𝑥𝑡 > 𝑘𝑖𝑛) is a regime where the power injected is greater 

than the power required by the disk. There is an excess of energy, which is dissipated 

by thermal or radiation losses. The under-coupling regime (𝑘𝑒𝑥𝑡 < 𝑘𝑖𝑛), is a regime 

where the power injected is lower than the power required by the disk. In this 

configuration, the quantity of photons introduced is insufficient and this can limit the 

mechanical movement of the disk. 

  

- Grating coupler optical response : 

 

As seen in Figure 2.9, two gratings couplers are used to introduce the optical wave in the 

waveguide. The gratings are designed to work between 1500 nm and 1600 nm with a 

transmission peak placed at 1550nm. Mathematically, the optical response of the gratings can 

be seen as a Gaussian function. The optical response is: 

 

 𝑔𝑟𝑎𝑡𝑖𝑛𝑔𝑠(𝜆) =
1

𝜎√2𝜋
𝑒

−
1
2
(
𝜆−𝜆𝑐

𝜎
)
2

 

 

where 𝜆𝑐 is the wavelength for which the transmission is maximum and 𝜎 is the standard 

deviation. 𝜆𝑐 and 𝜎 depend on the fiber angle of attack and also on the effective index of the 

grating. For simplicity, these parameters are determined from experimental data.
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(2.12) 

(2.13) 

(2.14) 

(2.15) 

- Waveguide optical response : 

 

When the optical wave propagates in the waveguide, it is attenuated due to propagation 

losses. Portions of the losses are due the absorption of the material and the rest due to roughness 

or fabrication defects. In general, for a silicon waveguide with a thickness of 5 µm and a length 

1-5 mm, the insertion losses are about 1-3dB at 1500 nm [17]. 

 

- Global optical responses : 

 

The total optical response  𝑜𝑝𝑡,𝑚of the optomechanical sensor around the wavelength 𝜆𝑟𝑒𝑠,𝑚 

is a combination of the optical responses of the disk, grating coupler, and waveguide.  𝑜𝑝𝑡,𝑚 is 

calculated from Equation (2.9) and (2.11) as follow: 

 

 𝑜𝑝𝑡,𝑚(𝜆) =  𝑔𝑟𝑎𝑡𝑖𝑛𝑔𝑠(𝜆) ∙  𝑑𝑖𝑠𝑘,𝑚(𝜆) ∙ 1 −
𝛼
10 ∙ 𝜂 

 

where α is the insertion loss of the waveguide and 𝜂 is the background optical noise term (white 

noise). The complete expression of the global optical responses is: 

 

 𝑜𝑝𝑡,𝑚(𝜆) =
1 −

𝛼
10

𝜎√2𝜋
𝑒

−
1
2
(
𝜆−𝜆𝑐

𝜎
)
2

(

 
 

1 − 𝐶𝑟,𝑚

𝜆𝑟𝑒𝑠,𝑚
2

𝑄𝑜𝑝𝑡
2

4(𝜆𝑟𝑒𝑠,𝑚 − 𝜆)2 −
𝜆𝑟𝑒𝑠,𝑚

2

𝑄𝑜𝑝𝑡,𝑚
2

)

 
 

 

 

 𝑜𝑝𝑡,𝑚 represents the optical response of the sensor for a given resonance peak. To consider the 

multiple resonances of the disk (see Figure 2.10.a), it is necessary that  𝑑𝑖𝑠𝑘 = ∏  𝑑𝑖𝑠𝑘,𝑚𝑚 . 

Equation (2.12) becomes: 

 

 𝑜𝑝𝑡(𝜆) =  𝑔𝑟𝑎𝑡𝑖𝑛𝑔𝑠(𝜆) ∙ 1 −
𝛼
10 ∙ 𝜂 ∙ ∏  𝑑𝑖𝑠𝑘,𝑚(𝜆)

𝑚
 

  

 

2.2.2.2 Optomechanical Sensor: Mechanical Description  
 

To describe the mechanical response of the sensor, we need to know the resonance of the 

disk. As shown in Figure 2.11, to resonate radially, the disk is subjected to two forces: the radial 

pressure force [18] and the thermal force [19]. The radial pressure force 𝐹𝑟𝑝 is exerted by the 

photons, which by successive reflection expand the micro-disk. The thermal force 𝐹𝑡ℎ is the 

force that characterizes the thermal fluctuation of the disk. More this force is important and 

more the disk is easily deformed. This force is not constant and has a stochastic character. As 

shown in figure 2.11.b, the radial movement of the disk is assimilated to a double mass-spring-

damper system. In the center, the systems are fixed around the pedestal, which is itself 

embedded on the bulk substrate. The disk mechanics is defined by the following differential 

equations: 

 

{
 

 
   

 

2
𝑟̈(𝑡) +

 Γ𝑚

2
𝑟̇(𝑡) +

𝐾𝑚

2
𝑟(𝑡) =

𝐹𝑟𝑝(𝑡) + 𝐹𝑡ℎ(𝑡)

2
 

2
𝑟̈(𝑡) +

 Γ𝑚

2
𝑟̇(𝑡) +

𝐾𝑚

2
𝑟(𝑡) =

𝐹𝑟𝑝(𝑡) + 𝐹𝑡ℎ(𝑡)

2
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(2.16) 

(2.17) 

(2.18) 

 

 

 

 

 

 

 

 

 
Figure 2.11: Mechanical description of the micro-disk (a) Schematic explaining the disk RBM resonance 

mode (expansion and contraction) (b) Mechanical model: double mass-spring-damper system.  

 

The disk is homogeneous, so the differential equations add up, Equation (2.15) becomes: 

 

  𝑟̈(𝑡) + Γ𝑚𝑟̇(𝑡) + 𝐾𝑚𝑟(𝑡) = 𝐹𝑟𝑝(𝑡) + 𝐹𝑡ℎ(𝑡) 

 

where 𝑟(𝑡) is the disk radial displacement,  =  +  𝑝 is the mass of the disk   plus the 

mass of particles  𝑝 , Γ𝑚 is the damping and 𝐾𝑚 is the stiffness of the disk. 𝐹𝑟𝑝(𝑡) = ℏ ∙ 𝑔𝑜𝑚 ∙

𝑃(𝑡) is the expression of the radial pressure force with ℏ the reduced Planck constant, 𝑔𝑜𝑚 is 

the optomechanical coupling coefficient and 𝑃(𝑡) = 𝐶𝑟,𝑚 ∙ 𝑃𝑖𝑛(𝑡) the optical power inside the 

disk which depends on the contrast and the input power. 

 

𝐹𝑡ℎ(𝑡) is the thermal Langevin force, it describes the random thermal fluctuation of the disk. 

This force is estimated analytically as a Gaussian distribution. For our case, compared to its 

initial state, the thermal fluctuation of the disk is low, so we assume 〈𝐹𝑡ℎ(𝑡)〉 =   (constant over 

time). If we take into account this hypothesis in the frequency domain, the transfer function 

from Equation (2.16) is written: 

 

𝐻𝑚𝑒𝑐(𝑠) =

ℏ ∙ 𝑔𝑜𝑚 ∙ 𝐶𝑟,𝑚 ∙ 𝑃𝑖𝑛

 

𝑠2 + Γ𝑚𝑠 +
𝑘𝑚

 

 

 

𝐻𝑚𝑒𝑐(𝑠) is the transfer function that characterizes the mechanics of the disk . The system 

receives at its input an optical power and generates at its output a radius deformation. The 

resonance frequency is Ω𝑚 = √𝑘𝑚/  and the mechanical quality factor Q𝑚 = Ω𝑚/Γ𝑚. 

 

2.2.2.3 Optomechanical coupling 
 

We have presented in section 2.1.3, the opto-mechanical coupling. As a reminder, this 

coupling allows to link the mechanical resonator to the optical resonator. As seen in Figure 2.8, 

the variation of the radius modulates the optical resonance wavelength 𝜆𝑟𝑒𝑠. The expression of 

this wavelength modulation is given in Equation (2.7). If we inject this variation of resonance 

in the expression of the optical response of the disk, the Equation (2.9) becomes:  

 

 𝑑𝑖𝑠𝑘,𝑚(𝜆) = 1 − 𝐶𝑟,𝑚

(𝜆𝑟𝑒𝑠
′ (𝑡))2

𝑄𝑜𝑝𝑡
2

4(𝜆𝑟𝑒𝑠
′ (𝑡) − 𝜆)2 −

(𝜆𝑟𝑒𝑠
′ (𝑡))2

𝑄𝑜𝑝𝑡
2

 /2  /2

𝑟(𝑡)

 
𝐹𝑟𝑝/2

𝑟(𝑡)

𝐹𝑡ℎ/2

𝐹𝑟𝑝/2

𝐹𝑡ℎ/2

𝑟(𝑡)

(a) (b) 
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(2.19) 

(2.20) 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.12: Illustration of the thermo-optical effect. When the power dissipated inside increases, we 

observe a non-linear shift of the disk resonance, which gives the triangular shape. 

 

where 𝜆𝑟𝑒𝑠
′ (𝑡) is defined in Equation (2.7) and modulates optical resonance wavelength. 

Equation (2.18) represents the modulated optical response of the disk. The optical response of 

the gratings and the waveguide remain unchanged. The optical response of the sensor is 

determined by injecting Equation (2.18) into Equation (2.14). 

 

 

2.2.3  Thermo-optical effect  
 

The thermo-optical effect is a physical effect observed consistently. It reflects the self-

heating of the micro-disk. Figure 2.12 shows an illustration of the thermo-optical effect. The 

disk optical resonance is obtained by sweeping the wavelength of the laser (see the black point 

in the Figure 2.12). At the beginning, a small quantity of power is dissipated inside the disk, the 

optical resonance corresponds to the blue curve with the first black point.  

 

When the optical power inside the disk becomes important, the optical resonance shifts 

(green and red curves). Equation (2.1) shows it clearly, the increase of the temperature modifies 

the effective index and thus the optical resonance of the disk. Within the disk, there is a moment 

where the maximum power is reached (red curve) and increasing the wavelength decreases the 

dissipated power. The disk abruptly returns to its initial state, which gives the triangle shape. 

 

As shown in Figure 2.12, the thermo-optical effect can be seen mathematically as a shift of 

the resonance wavelength. This shift is introduced by Δ𝜆𝑃𝑖𝑛the thermo-optical term. The works 

[20] and [21], propose the following expression: 

 

Δ𝜆𝑃𝑖𝑛 =
𝜆𝑟𝑒𝑠,𝑚

 𝑔

𝑑 𝑒𝑓𝑓

𝑑 
ΔΤ 

 

where  𝑔 is the group index,  𝑒𝑓𝑓 is the effective index, Τ and ΔΤ are the temperature and 

temperature variation respectively.  It is more convenient to express Δ𝜆𝑃𝑖𝑛 as a function of the 

input optical power. Equation (2.19) becomes: 

 

Δ𝜆𝑃𝑖𝑛 =
𝜆𝑟𝑒𝑠,𝑚

 𝑔
 𝑡ℎ𝑃𝑎𝑏𝑠
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(1) 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 𝑐𝑎𝑣𝑖𝑡𝑦 =  

(3) 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 𝑐𝑎𝑣𝑖𝑡𝑦 = 𝑃𝑖𝑛

Different stages of disk expansion:
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(2.21) 

(2.22) 

 

where 𝑃𝑎𝑏𝑠 = 𝛼𝑎𝑏𝑠 ∙ 𝐶𝑟,𝑚 ∙ 𝑃𝑖𝑛 is the absorbed power,  𝑔 =
𝜆𝑟𝑒𝑠,𝑚

2

2𝜋𝑅 𝜆𝐹𝑆𝑅
 is the group index,  𝑡ℎ is 

the thermal resistance of the disk calculated form the geometric parameters (radius, thickness) 

and the thermal conductivity of silicon. For example, a 16 µm disk-radius and 220 nm of 

thickness has an  𝑡ℎ = 2.84 ∙ 1 −4 𝐾/ 𝑊.  

 

Equation (2.19) describes the resonance shift introduced by the thermo-optical effect 

independently of the disk mechanics. The complete optical response of the disk is therefore 

written : 

 𝑑𝑖𝑠𝑘,𝑚(𝜆) = 1 − 𝐶𝑟,𝑚

𝜆𝑟𝑒𝑠,𝑓
2

𝑄𝑜𝑝𝑡,𝑚
2

4(𝜆𝑟𝑒𝑠,𝑓 − 𝜆)2 −
𝜆𝑟𝑒𝑠,𝑓

2

𝑄𝑜𝑝𝑡,𝑚
2

 

where, 

 

𝜆𝑟𝑒𝑠,𝑓(𝑡) = 𝜆𝑟𝑒𝑠,𝑚 −
𝑐 ∙ 𝑔𝑜𝑚

𝜐𝑟𝑒𝑠
2

𝑟(𝑡) + Δ𝜆𝑃𝑖𝑛 

 

 

𝜆𝑟𝑒𝑠,𝑓 is the final optical resonance wavelength which depends on the initial wavelength 

𝜆𝑟𝑒𝑠,𝑚, the disk radius modulation term 
𝑐∙𝑔𝑜𝑚

𝜐𝑟𝑒𝑠
2 𝑟(𝑡) and the thermo-optical coefficient Δ𝜆𝑃𝑖𝑛. The 

optical response of the gratings and the waveguide remain unchanged. The optical response of 

the sensor is determined by injecting Equation (2.21) into Equation (2.14). 

 

 

2.2.4  Experimental Validation and discussion  
 

In the previous sections 2.2.2 and 2.2.3, we presented the equations describing the analytical 

behavior of the optomechanical sensor with optical actuation. Its optical response is the 

combination of the responses of the gratings, waveguide, and disk resonator. Mechanically the 

sensor is modeled by a double mass-spring-damper system. The analytical equations describing 

the optomechanical coupling and the thermo-optical effect have been implemented. 

 

In this section, we propose an experimental validation of these analytical equations. At our 

disposal, we have several optomechanical devices with different radius. The aim is to evaluate 

the relevance of our optical, mechanical and optomechanical coupling descriptions. We will 

also evaluate the accuracy of our thermo-optical model. 

 

- Optical description of the sensor : 

 

The optical response of the sensor is given analytically by Equation (2.14) with the disk 

response, which includes the multiple resonances. The response of the gratings is a Gaussian 

function whose parameters 𝜆𝑐 and 𝜎 have been adjusted to match the model to the experiment. 

For the disk, the first resonance wavelength is fitted. When this wavelength is fixed, we can 

predict with Equation (2.1) the successive resonances of the disk. The contrast and quality factor 

are calculated from the coupling coefficients 𝑘𝑖𝑛and 𝑘𝑒𝑥𝑡 see Equation (2.10). The 𝑘𝑒𝑥𝑡 

parameter depends on the disk-waveguide gap (~ 75 − 12    ) and the 𝑘𝑖𝑛 parameter is 

obtained by FEM.
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Figure 2.13: Experimental/theoretical comparison of the sensor optical response for a disk of (a) 10 µm 

radius (b) 12 µm radius (c) 16 µm radius (d) 20 µm radius. 

 

As shown in Figure 2.13, the optical response of the gratings (the bell) is well estimated. 

However, a very slight shift is observed for the configuration where R=20um, probably due to 

the perturbation of the fiber angle of attack. Once the first resonance wavelength is fitted, 

Equation 2.19 predicts with a low error rate the successive resonances of the disk. The 

theory/experimental comparison of contrast and quality factor shows a slight mismatch due to 

the incertitude on the coupling coefficients 𝑘𝑖𝑛and 𝑘𝑒𝑥𝑡. 

 

- Mechanical description of the sensor : 

 

It is commonly assumed that disk mechanics is a double mass-spring-damper system, so it 

is not necessary to validate experimentally these equations. To predict the resonance frequency 

and the quality factor, it is necessary to know the stiffness of the silicon disk and the damping 

coefficient. The amplitude of the mechanical movement depends on the nature of the 

environment (viscosity, permittivity,…) . 

 

- Thermo-optical effect : 

 

We will verify by experiment the validity of our thermo-optical model. Indeed as presented 

in the Equation (2.20), we consider the thermo-optical effect as a linear shift of the optical 

resonance. For experimental validation, we consider a disk of radius R = 16 µm. We change 

the optical input power in order to observe, for a given resonance, the shift introduced by the 

thermo-optical effect. In this experiment, we will limit the power to 2.5mW, because above 

that, the optical resonance becomes too unstable, with the appearance of non-linearity [22]. 
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Figure 2.14: Experimental/theoretical comparison of the wavelength shift introduced by the thermo-

optical effect as a function of the input optical power. 

 

Figure 2.14 below illustrates the model/experimental comparison. We observe that as the 

injected power increases, the optical resonance shifts almost linearly. For an input power 

between 1.5 to 2 mW, the measured shifts correspond to the shifts determined by the linear 

model. For higher optical powers, this linear model must be readjusted. 
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2.3. Compact Modeling of an Optomechanical Sensor 

with Electrostatic Actuation 
 

In the previous section we presented and validated the equations that describe the 

optomechanical devices with optical actuation. We introduce here the electrostatically actuated 

devices. Electrostatically actuated devices have better SNR and a higher mechanical quality 

factor than optically actuated devices. With such performance, the electrostatically actuated 

devices have better mass resolution. Based on a part of the equations developed in the previous 

section, we propose the compact modeling of the optomechanical sensor with electrostatic 

actuation. This model is described in Verilog A language and is compatible with all SPICE 

electrical simulators. When designing the readout circuit, this model will allow us to perform 

electrical simulations (sensor + readout circuit) of AC, DC and transient type. 

 

 

2.3.1  Operating Principle  
 

The electrostatically actuated optomechanical sensor is a kind of sensor in which mechanical 

motion is stimulated by electrostatic excitation. This stimulation is usually performed by an 

external source. The radial displacement caused by the external stimulation is much greater than 

in the case where the device is optically actuated. The radial motion due to photons during their 

successive reflection displacement (WGM) exists, but its amplitude remains marginal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.15: Operating principle (a) schematic view of the optomechanical sensor with electrostatic 

actuation (b) SEM Image (c) Disk radius variation (d) Input and output optical power. 

 

Figure 2.15 depicts the operating principle of a silicon optomechanical device with 

electrostatic actuation. As illustrated in Figure 2.15.a, the device is composed of a waveguide 

with two gratings couplers at its ends. A micro-disk optomechanical resonator is placed at a 

few hundred nm from the waveguide. Two metal armatures are set 𝑔𝑜 apart from the disk to 

apply electrostatic actuation. These two electrodes are connected to an external excitation 

source. The whole structure is maintained on a pedestal in order to optimize the mechanical 

displacement of the disk and the waveguide-disk coupling coefficient.
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(2.23) 

 

When an optical power Pin (DC component) is injected into the input grating, the light 

propagates in the waveguide and couples to the disk by evanescent coupling at some resonance 

wavelength. A voltage 𝑉𝑖𝑛 (DC and AC components) is applied to the armatures. The disk is 

subjected to an electrostatic force which modifies its radius   by introducing a variation of 

radius 𝑟(𝑡). This variation modifies the distance traveled by the optical wave and modulates 

the optical resonance 𝜆𝑟𝑒𝑠 of the disk. If we consider 𝜆𝑟𝑒𝑠 close to the laser wavelength, the 

output optical power Pout is modulated at the disk mechanical frequency 𝑓𝑚 (see Figure 2.15.d). 

 

2.3.2  Analytical Modeling  
 

The optomechanical sensor with electrostatic actuation also involves several fields of 

physics (optical, mechanical, thermal …). Optical because the sensor is based on optical 

components such as grating, waveguide and a micro-disk resonator. Mechanical, because the 

disk is a mechanical resonator and resonates radially in RBM mode. These two physical 

domains are linked by the opto-mechanical coupling seen previously. Finally, thermal because 

the sensor self-heats due to the injected power. 

 

- Optical description of the sensor : 

 

The optical description of the electrostatically actuated sensor is exactly the same as for the 

optically actuated sensor. The gratings couplers have an optical response that can be assimilated 

to a Gaussian function. The multiple responses of the disk can be seen as a Lorentzian function. 

Since it is the same silicon waveguide, the insertion losses are about 1-3dB at 1500 nm [17]. 

The overall optical response is therefore expressed as follows: 

 

 𝑜𝑝𝑡(𝜆) =  𝑔𝑟𝑎𝑡𝑖𝑛𝑔𝑠(𝜆) ∙ 1 −
𝛼
10 ∙ 𝜂 ∙ ∏  𝑑𝑖𝑠𝑘,𝑚(𝜆)

𝑚
 

 

where  𝑔𝑟𝑎𝑡𝑖𝑛𝑔𝑠 is the optical response of the gratings defined in the Equation (2.11),  𝑑𝑖𝑠𝑘,𝑚 is 

the optical expression of the disk resonance defined in the Equation (2.21) which includes the 

optomechanical coupling and thermo-optical effect. 𝛼 is the insertion loss coefficient of the 

waveguide and 𝜂 the optical background noise. 

 

- Mechanical description of the sensor : 

 

As seen in Figure 2.16, mechanically the micro-disk is subjected to a force F. This force F 

is composed of electrostatic, thermal and radial pressure forces.   

 

 

 

 

 

 

 

 

 

 
Figure 2.16: Mechanical description of the micro-disk (a) Schematic explaining the disk RBM resonance 

mode (expansion and contraction) (b) Mechanical model: double mass-spring-damper system.
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(2.24) 

(2.25) 

(2.26) 

(2.27) 

As a reminder, the radial pressure force 𝐹𝑟𝑝 is the force exerted by photons during 

propagation inside the disk. The thermal force 𝐹𝑡ℎ is the force that characterizes the thermal 

fluctuation of the disk. The electrostatic force 𝐹𝑒𝑙𝑒𝑐 is the force applied to the disk by the two 

metal armatures. This force is expressed as follows [23]: 

 

𝐹𝑒𝑙𝑒𝑐(𝑡) =
𝜖0𝑆

2(𝑔0 − 𝑟(𝑡))
2 𝑉𝑖𝑛

2 (𝑡) 

 

where 𝑉𝑖𝑛(𝑡) = 𝑉𝑑𝑐 + 𝑉𝑎𝑐sin (𝑤𝑡 + 𝜑) is the voltage applied to the disk, 𝜖0 is the permittivity 

of the vacuum, 𝑆 is the contact surface of the electrode, 𝑔0 is the distance between the disk and 

the electrodes, and 𝑟(𝑡) is the variation of the disk radius. As the displacement 𝑟(𝑡) ≪ 𝑔0 , 

Equation (2.24) can be approximated by a first-order Taylor’s series as follows: 

 

𝐹𝑒𝑙𝑒𝑐(𝑡) =
𝜖0𝑆

2𝑔0
2 (1 + 2

𝑟(𝑡)

𝑔0
)𝑉𝑖𝑛

2 (𝑡) 

 

As illustrated in Figure 2.16.b, the mechanical movement can be modeled as a double mass-

spring-damper system. The disk is homogeneous, so the general differential equation is 

expressed as follows: 

 

  𝑟̈(𝑡) + Γ𝑚𝑟̇(𝑡) + 𝐾𝑚𝑟(𝑡) = 𝐹𝑒𝑙𝑒𝑐(𝑡) + 𝐹𝑟𝑝(𝑡) + 𝐹𝑡ℎ(𝑡) 

 

where  =  +  𝑝 is the mass of the disk   plus particles  𝑝 , Γ𝑚 is the damping and 𝐾𝑚 is 

the stiffness of the disk. The radial displacement generated by radial pressure and thermal forces 

is negligible compared to the electrostatic force 𝐹𝑒𝑙𝑒𝑐(𝑡) ≫ 𝐹𝑟𝑝(𝑡) + 𝐹𝑡ℎ(𝑡). If we inject equation 

(2.25) into equation (2.26), we obtain a simplified form of the differential equation: 

 

 𝑟̈(𝑡) + Γ𝑚𝑟̇(𝑡) + (𝐾𝑚 −
𝜖0𝑆

𝑔0
3 𝑉𝑖𝑛

2 (𝑡)) 𝑟(𝑡) =
𝜖0𝑆

2𝑔0
2 𝑉𝑖𝑛

2 (𝑡) 

 

 

2.3.3  Verilog A description model 
 

Based on the equations developed previously, we propose here to realize a compact Verilog-

A model of the optomechanical sensor with electrostatic actuation [24]. The goal is to realize a 

complete dynamic model allowing us to make transient, AC, DC and mass deposition 

simulations. To have a complete simulation setup, we decided to also implement simplified 

models of a laser source and a photodiode. Figure 2.17.b, shows our simulation setup in the 

Cadence Virtuoso environment. Each module (laser, sensor and photodiode) is based on 

equations whose parameters are given by Table 2.1. In this section, we will explain how to 

implement in Verilog A the equations of each module. 

 

- Laser Module : 

 

The laser block generates optical power from an electrical source. It involves two physical 

domains that must be defined before implementing the equations. With the discipline function 

of Verilog A, we define the input of the module as electrical and the output as optical. As shown 

in Table 2.1, the voltage 𝑉𝑖𝑛is used to adjust the DC level of the optical power. The wavelength
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Figure 2.17: (a) Schematic of an opto-mechanical device with electrostatic actuation. (b) Screenshot of 

the simulation test bench (laser, sensor and photodiode) in the Cadence Virtuoso environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Table 2.1: Design parameters of the Verilog A models of the laser, sensor and photodiode blocks.

Module Symbol Parameters       Value     Unit 

 
   (I) 
Laser 
 

𝑉𝑖𝑛 
𝑆𝑡𝑎𝑏 

𝑜𝑓𝑓𝑠𝑒𝑡 𝑤𝑎𝑣 
𝑔𝑎𝑖  
𝜆𝑙𝑎𝑠𝑒𝑟  

input voltage 
laser stability 
wavelength offset 
gain 
laser wavelength 

1 
  
  

1   
   1   ,   

 𝑉 
      / 𝑖  

   
      W/𝑉 

         

 
     
 
 
 
     (II) 
Transducer 
 
 
 

𝑄𝑜𝑝𝑡 

𝜆𝑟𝑒𝑠  
𝐶𝑟 
  
𝜈 

𝑔𝑜𝑚 
𝑡 𝑒𝑟 𝑜 

𝑘𝑚 
𝛼𝑣 
𝑔0 
𝜖0 
𝑆 
  
 𝑝 

ℏ 
𝑐 

optical quality factor 
optical resonance 
contrast 
optimal gratings wavelength 
gratings bandwidth  
optomechanical coupling 
thermo-optical coefficient 
disk stiffness constant 
damping coefficient 
armature-disk gap 
vacuum permittivity 
contact surface 
disk mass 
mass placed on the disk 
reduced Planck’s constant 
speed of light 

1 ∙ 1 4 
1   , 1 

1 
158  
2  
15 

 ,1312 
3, 2 ∙ 1 8 
3,5 ∙ 1 −5 

3   
8,845 ∙ 1 −12 
1,4 ∙ 1 −12 

121,88 
  

1, 54 ∙ 1 −34 
3 ∙ 1 8 

        − 
   
− 
   
   

𝐺𝐻 /   
  / 𝑊 

𝑁/  
𝑁/ . 𝑠−1 

   
𝐹. −1 

 2 
𝑝𝑔 
𝑝𝑔 
𝐽. 𝑠 

 . 𝑠−1 

  
     (III) 
Photodiode 

        𝜏  
 𝑒𝑠 
  

 𝑠ℎ 

response time 
responsivity 
Bandwidth 
Shunt resistance 

4   
 , 5 
1   
3  

𝑝𝑠 
𝐴/𝑊 
 𝐻  
 𝛺 

(I) (II) (III)

Optical & MechanicalElectrical & Optical Optical & Electrical 

Virtuoso Schematic Editor L-CADENCE

Domains

Input

Si waveguide

Evanescent coupling

     pedestal

Output

Device(a) 

(b) 
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Figure 2.18: Schematic block diagram of the Optomechanical module which consists of three sub-

modules: mechanical, optomechanical and optical. 

 

 

is given by the fixed parameter 𝜆𝑙𝑎𝑠𝑒𝑟. In the model, it is possible to introduce an offset by using 

the offset_wav parameter. The stab parameter allows to characterize the stability of the 

resonance wavelength in time. The relative intensity noise (RIN) of the laser is modeled in 

Verilog A with the flicker and white_noise functions added to the laser output. 

 

- Optomechanical Sensor Module : 

 

The optomechanical sensor integrates the different physical domains : optical, mechanical, 

and thermal. It is necessary to define these domains with the discipline function. As shown in 

the Figure 2.18, the optomechanical module is composed of three sub-modules: 

 

A mechanical module reproduces the mechanical behavior of the micro-disk. In this module, 

the differential equation (2.27) is implemented using the laplace_nd function. Depending on 

the mass, the resonance frequency is different. We consider here the mass of the disk as a fixed 

parameter and the mass of the particle as a variable input that we can adjust in simulation. 

 

An optomechanical coupling gain allows to transcribe the mechanical resonance into the 

optical resonance. The optomechanical module integrates equation (2.7), which transforms the 

radial variation 𝑟(𝑡) of the disk into a modulation of the optical resonance 𝜆𝑟𝑒𝑠
′ . 

 

Finally, an optical module reproduces the behavior of the optical resonator. In this module, 

equation (2.21), equation (2.22) and (2.23) are implemented. This module integrates the 

thermo-optical effect and generates a modulated optical power 𝑃𝑜𝑢𝑡 =  𝑜𝑝𝑡(𝜆𝑙𝑎𝑠𝑒𝑟)𝑃𝑖𝑛 . 

 

- Photodiode Module : 

 

The photodiode module converts an optical power into an electrical current. This current can 

be used by the readout circuit using a transimpedance amplifier (TIA). The light-current transfer 

function of the photodiode corresponds to a first-order response with gain  𝑟𝑒𝑠𝑝 =

 . 5 𝐴/𝑊(called the diode’s responsivity) and time constant τ = 400 ps (standard value). The 

amplitude noise of the photodiode can be modeled with the flicker and white_noise functions 

of Verilog A. 

Opto-mechanical 
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𝑟𝑒𝑠 Optical 

resonator 
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 𝑝
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2.3.4  Compact model results 
 

In this section, we propose to evaluate by measurements the coherence of the compact model 

developed in Verilog A. For this purpose, different types of electrical simulation are performed 

in Cadence environment thanks to the optomechanical setup shown in Figure 2.17.b.The same 

conditions are used in the simulation and in the experiment. We consider the same micro-disk 

and the optical power of the laser is fixed at 1  𝑊and its wavelength at 155    . First, we 

propose to study the behavior of the mechanical resonance as a function of the DC and AC 

voltages applied to the disk. Then, we present the results of transient and parametric simulations 

to simulate the deposition of particles. 

 

- Variation of the DC voltages applied to the disk : 

 

The idea here is to vary the DC voltage applied to our disk in order to see if our mechanical 

model is consistent with the experimental results. For an AC voltage fixed at 100 mV, Figure 

2.19 shows the evolution of the resonance frequency as a function of the DC voltage. As the 

DC voltage increases, the mechanical frequency decreases. Indeed, according to equation 

(2.27), as the DC voltage increases, a linear electrical spring constant reduces the stiffness of 

the mechanical resonator and thus the mechanical frequency. This variation  𝑓 is perfectly 

consistent with the result expected in theory. It is also consistent with the measurement with an 

error of less than 10%. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 2.19: Variation of the mechanical frequency as a function of the DC voltage applied to the 

optomechanical micro-disk 

 

 

- Variation of the AC voltages applied to the disk : 
 

In simulation, we change the AC voltage applied to our optomechanical micro-disk. Figure 

2.20 shows the results of this simulation. For a DC voltage fixed at 2 𝑉, when the AC voltage 

increases, the modulated optical power also increases. This can be explained by the fact that 

when the electrostatic excitation increases, the amplitude of the mechanical movement of the 

disk becomes important and that translates into more optical power modulation. For a 𝑉𝑎𝑐 at 

1    𝑉 the power amplitude is 5  µ𝑊 and for a 𝑉𝑎𝑐 of      𝑉 the amplitude can reach up to 

45  µ𝑊. For this part of the model, we did not have time to compare it with the measurements. 

This is a necessary experiment to do in the perspective of this thesis.
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Figure 2.20: Variation of the output power as a function of the AC voltage applied to the optomechanical 

micro-disk. 

 

 

- Mass Deposition Simulation: 

 

The mechanical model developed in the previous sections in Verilog A can simulate a mass 

deposition. Indeed, in the differential equation (2.26), the system mass is considered to be the 

sum of the intrinsic disk mass   and the mass of the particles  𝑝. Here, we present the results 

of the mass deposition simulations. The electrostatic actuating voltages 𝑉𝑎𝑐 and 𝑉𝑑𝑐 are, 

respectively, fixed at 100 mV and 2 V.    

 

The first simulation is a parametric simulation where a mass deposition is done in a static 

way. Figure 2.20 shows the variation of the mechanical frequency as a function of the deposited 

mass. As more particles are added, the mechanical resonator becomes heavier, and the resonant 

frequency decreases. The sensitivity of the optomechanical sensor in simulation is about 

−1 𝐻 /𝑎𝑔. This simulated sensitivity corresponds to the measured sensitivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.21:  Mass deposition simulation: mechanical frequency variation as a function of the particle 

mass deposited on the top of the micro-disk.
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The second simulation is a transient simulation. It reproduces the real time behavior of mass 

deposition. This type of simulation is very useful when designing a real-time readout 

electronics. Figure 2.22 illustrates the real time simulation of particle deposition. Every 100 µs, 

a certain amount of mass is continuously deposited. The mechanical resonance frequency of 

the disk decreases. At 400 µs, we simulate the case where a certain amount of particle leaves 

the disk. In this case, the mechanical resonance frequency increases. The sensitivity in 

simulation is the same as that measured at −1 𝐻 /𝑎𝑔. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.22: Real-time simulation of the mass deposition: mechanical frequency variation as a function 

of the particle mass deposited on the top of the micro-disk. 

 

 

2.4  Conclusion  
 

In the first part of the chapter, we explained that the optomechanical micro-disk behaves like 

an optical resonator. Indeed, within the optical cavity, the light travels by successive reflection, 

it is the WGM mode. The optical quality factor of the micro-disk is very high, of the order of 

1 5. The opto-mechanical resonator also behaves like a mechanical resonator. It resonates by 

dilating in a radial way, it is the RBM mode. An opto-mechanical coupling connects the 

mechanical cavity to the optical cavity. 

 

In the second part, we have presented the optomechanical sensor with optical actuation. This 

type of sensor is used for the mass detection. It consists of an optomechanical micro-disk 

resonator, an optical waveguide, gratings coupler. In this section, we have developed the 

analytical equations describing the optical, mechanical and thermal behavior of the sensor. The 

analytical equations were then validated by experiment. 

 

In the third part, we have presented the electrostatically actuated optomechanical sensor. 

This kind of sensor has a better SNR and resolution than the optically actuated sensor. In this 

thesis, we will mainly work on this type of device. In the perspective of the design of a readout 

electronics, we propose here the development of a compact model in Verilog A. The presented 

model includes the mechanical, optical, optomechanical coupling and thermal equations of the 

sensor. 
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In this chapter, we present for the first time an optomechanical matrix topology designed for 

mass detection. First, we will explain the importance of such a matrix. Then we will specify it 

(reading principle, matrix organization, type of actuation, ...) and compare it to existing matrix 

devices. From this specification, we suggest the concerned matrix topology. 
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3.1. Optomechanical Matrix : constraints & interests  

 

 

Due to the small radius of a single micro-disk resonator (some µm radius), the detection area 

of the optomechanical sensor is too small to consider the use of a single device in mass detection 

systems. The optomechanical sensor array should be designed to significantly increase the 

effective area, which will reduce the readout time. In this section, we will concretely see the 

interest of such an array and the different constraints under which the array will be used. 

 

 

3.1.1  Optomechanical Matrix : constraints  
 

The matrix of the optomechanical resonator must be designed in such a way as to be able to 

operate in a non-constraining medium (air, vacuum) as well as in a constraining medium (liquid 

environment). Let's start with the constraints to which such a matrix will be subjected. In air or 

in vacuum there is not much constraint. Conversely, in a liquid medium, for a disk resonator of 

a few micrometers radius, the particles take some time to settle [1], [2]. 

 

Indeed, this long deposition time is due to the viscosity and inertia of the medium that makes 

the particle difficult to deposit. Usually, in a liquid environment, receptors are placed on top of 

the disk to easily catch the particles [3]. Before measurement, a functionalization time is 

required to place the receptors. Figure 3.1.a and 3.1.b below shows the process of detecting a 

particle. The receptors in white in the figure are attached to the top of the disk during the 

functionalization step.  
 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: (a) Illustration of a device with several optomechanical disks sharing the same optical 

waveguide in a liquid medium inspired by [4] (b) Mass deposition on top of several optomechanical 

micro-disks sharing an optical waveguide inspired by [5]. 

 

 

3.1.2  Optomechanical Matrix : Interests  
 

Optomechanical resonators are suitable for mass flow detection applications. This means 

that the sensor detects a continuous flow of particles. However, today a single resonator can 

only detect a limited number of particles. This is due to its small detection surface and its mass 

which cannot accumulate a large quantity of mass. If we want to increase the number of particles 

detected while maintaining the performance, it is necessary to think of a new configuration. 

(a) 

 

(b) 
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A simple idea is to increase the detection area by increasing the radius of the optomechanical 

micro-disk while keeping the same thickness (~220 nm). This way is complex to implement. 

Indeed, if we increase the radius of the disk, the resonator becomes heavier, its resonance 

frequency and mechanical quality factor degrades (see Figure 2.7a). The coupling between the 

optical and mechanical cavity and the sensitivity deteriorates. To keep both the performance 

(sensitivity, noise ...) and to have a large detection area, a solution would be to put the 

optomechanical resonators in matrix form.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2: Very large-scale example of an optomechanical resonator matrix with particle deposition. 

 

Figure 3.2 shows an example of the optomechanical matrix. Optomechanical micro-disks 

will share the same optical waveguide. It is organized in rows and columns and presents 𝑖 ∗ 𝑗 
optomechanical sensors. On this matrix, all the resonators will have the same dimensions 

(radius, thickness ...) to have the same mechanical resonance frequency and a similar optical 

resonance wavelength. Thus, the optomechanical matrix exhibits the same performance as a 

single resonator with a larger detection area. For a configuration like the one shown in Figure 

3.2, all disks should be electrostatically stimulated to achieve better SNR and thus better 

resolution. 
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3.2. Reflections on the “ideal” matrix configuration 

 

 

Previously we saw in Figure 3.2, a typical example of what the future optomechanical matrix 

may look like. To read such a matrix, there are two possible techniques. A sequential reading 

in which the disks of each row are read one by one. Simultaneous reading, in which all the disks 

in the row are read at the same time. In this section, we will review these two techniques and 

then discuss the appropriate technique for mass detection. Once the reading principle has been 

chosen, we will define the specifications and expose all the constraints to which the future 

matrix must conform. 

 

3.2.1  Sequential reading 
 

Sequential reading is a reading principle widely used to read a pixel matrix or a position 

sensor matrix. If we take the example of a Touch Sensor matrix [6], the reading is done as 

follows. The position of the finger on the matrix varies the value of a capacitance. All capacitors 

have the same value by default. To read the position of the finger, an electrical signal is sent 

sequentially row by row, to determine the capacitor whose value has changed. There are also 

other configurations where this type of reading is used [7]-[9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3: Sequential reading principle of an optomechanical resonator matrix. 

 

We can apply this reading principle to our optomechanical sensor matrix, the idea is that this 

time the reading is done column by column. Thus, we can place the electronics at the output of 

each row and read the matrix column by column. Unlike the multiplexed configuration seen 

previously, this kind of reading requires only one laser wavelength to excite all the disks. It 

supposes obviously that all disks are of the same dimensions with a precision of the order of 

the nm. When reading the disks column by column, it is necessary to think of making invisible 

the other disks of the matrix. Indeed, the disks placed on the same row share the same optical 

waveguide. The optical power is modulated as many times as there are disks on the row.  
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To keep only one mechanical resonance frequency at the output of each waveguide (see 

Figure 3.3), the mechanical resonance of the other disks must be either masked or stopped. We 

will see in detail these different techniques in section 3.4.   
 

 

3.2.2  Simultaneous reading 
 

Simultaneous reading is a reading principle in which all the resonators are read at the same 

time. It is a reading technique that is frequently used, especially when we have a very large 

matrix. For example, it is the technique used to read a micro cantilever array for gas detection 

[10]. In this application, the output signals of the sensors are multiplexed and then converted to 

digital. With a very accurate ADC we can extract the resonance frequencies of each micro 

cantilever. There are also other configurations where this type of reading is used [11] and [12]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3.4: Simultaneous reading principle of an optomechanical resonator matrix 

 

We have the possibility to apply this reading principle to our optomechanical sensor array 

(see Figure 3.4), the idea is that this time we read all the resonators of the array at the same 

time. This method has the advantage of being very fast. Nevertheless, the simultaneous reading 

principle is not adapted to our optomechanical sensor array. Indeed, it is very difficult to read 

at the same time all the disks of a single line. As the optomechanical disks are placed on the 

line, the signal is attenuated until it is no longer visible at the output. 

 

 

3.2.3  Discussion on the appropriate reading configuration 
 

The mass deposition time, especially in liquid context, is very slow. This is due to the 

viscosity and inertia of the environment. Maxime Hermouet demonstrated in his thesis that this 

time could be up to 1 hour for a complete deposition of particles [13].Therefore, for the 

optomechanical resonator array in liquid, the reading time is not really a fundamental criterion 

to choose a reading configuration. 
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Sequential reading is suitable for small size arrays. Its reading electronics is relatively simple 

since it consists in reading a single frequency at the output of each optical waveguide. Closed 

loop architectures (self-oscillating loop or phase-locked loop) can be adapted to this type of 

reading configuration. For greater accuracy, a lock-in-amplifier architecture can be applied. 

Also, with this technique we can identify both the position and the mass of the particle. 

 

Simultaneous reading is more suitable for larger arrays. Its reading electronics is a little more 

complicated since it consists in extracting a single frequency embedded in a signal where the 

resonance frequencies are multiplexed. In general architectures for this configuration are more 

digital. With a very precise ADC (Analog to Digital Converter) we convert the analog 

multiplexed signal into digital. And then with a digital band-pass filter, we extract one by one 

the mechanical resonance frequencies.  

 

To read our optomechanical sensor array, we finally choose a sequential reading. The 

reading time is certainly slower than the simultaneous reading. The convergence time of a 

phase-locked loop is of the order of micro-seconds. This is enough to read sequentially a very 

large matrix. Also, unlike simultaneous reading, we will be able to determine the position of 

the particle in the matrix. 

 

 

3.2.4  Specifications and Features of the “ideal” matrix 
 

In this section, we propose to define the outlines of the "ideal" optomechanical matrix. For 

mass detection, the matrix should have the following characteristics: 

 

• The matrix must be organized in rows and columns. The idea is to optimize the 

dimension of the matrix by placing on each row a waveguide as shown in Figure 3.2. it 

will optically excite a multitude of optomechanical resonators placed along the optical 

waveguide. 

 

• The optomechanical disks must have the same dimensions (radius, thickness,...). This 

will allow to unify the resonance frequency of the disks and to read more easily the 

matrix. A slight dispersion due to the manufacturing process is possible, that's why we 

add a condition on the dispersion which must be of the order of nm. 

 

•  Each disk must be electrostatically stimulated. At the output, the signal will be 

amplified, and we will have a better SNR and a high mass resolution. 

 

• The mechanical excitation can be individual or common to the matrix. Depending on 

the chosen reading configuration (simultaneous or sequential reading), the electrostatic 

excitation can be individual or common. 

 

• The matrix must be able to read sequentially disk by disk. During the reading, it is 

necessary to be able to activate the disk to be read and to deactivate other disks. To do 

this, two methods exist. The optical method which consists in optically masking the 

mechanical resonance. The mechanical method where the idea is to interrupt the 

mechanical displacement of the optomechanical disk. We will see in detail these 

methods in section 3.4. 
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3.3. Available optomechanical matrix topologies 
 

For its exploratory research, CEA-Leti has developed and characterized different matrix 

topologies with optomechanical resonators. A first topology called “multiplexed 

configuration”. This topology is close to the configurations [4], [5], where resonator disks of 

different radius are placed on the same optical waveguide. In this case, the disk hosts both the 

optical and mechanical cavity. The second is a configuration where the optomechanical disk is 

used as an optical cavity. This cavity is mechanically stimulated by nano-rams placed around 

it. The principle is that the nano-rams disturb the light propagating in the optical cavity. This 

results in modulated optical power at the mechanical resonance frequency of the nano-rams. 

We will see in this section two topology. 
 

 

3.3.1  Multiplexed Configuration 

 
The multiplexed configuration of optomechanical resonators is a matrix configuration, in 

which several disks are placed around the same optical waveguide. These disks have different 

radius to avoid the interference of optical and mechanical resonances. Figure 3.5 below, shows 

a SEM picture of our multiplexed optomechanical resonators in silicon. For the moment we 

have considered only three micro-disks to validate the multiplexing principle. The disks have 

respective radius   = 20𝜇𝑚,   =   + 32 𝑛𝑚,   =   + 64 𝑛𝑚. All disks are 

electrostatically stimulated by electrodes. 

  

 

 

 

 

 

 

 

 

 
Figure 3.5: SEM image of multiplexed optomechanical resonators 

 

Concerning the reading principle, the idea is to inject at the input of the gratings several 

wavelengths corresponding to the resonance wavelength of the disks. At the output at the 

photodiode, this will make visible all the mechanical resonances of the disks. Thus, we can then 

determine the masses deposited on each disk. The advantage of this type of matrix configuration 

is that we can read simultaneously all the disks of the same waveguide. The main disadvantage 

comes from the difference in mechanical frequency of the disks. As the optomechanical 

resonators are excited, it is necessary to provide different oscillators to drive them separately. 

 

Figure 3.6 represents the optical response of the multiplexed optomechanical system 

presented in Figure 3.5. This figure is obtained by sweeping the wavelength of the laser between 

1500 and 1620 nm. If we analyze this optical response, we find the “bell shape” that corresponds 

to the optical response of the gratings coupler and the multiple resonances of the 

optomechanical disks. As the disks have different radius, the optical resonances do not overlap. 

We can easily identify the optical resonances and associate them with the corresponding disks 

with colored crosses as illustrated in Figure 3.6. 
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100µm
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Figure 3.6: Measurement of the optical response of the optomechanical multiplexed system with the 

optical resonances of each disk [14]. 

 

Figure 3.7 below represents the mechanical resonances of the multiplexed system as a 

function of the excitation voltage. At the output of the photodiode, we can see the three 

resonance frequencies (    ,      and     ) corresponding to the three optomechanical disks 

(       and   ). We also note that increasing the electrostatically excitation of the disks 

improves the SNR and thus the resolution. 

 

To discriminate mechanical frequencies, there are several techniques. In general, in the 

laboratory, three PLL are used to simultaneously track the mechanical resonance frequencies 

of the three disks. But for a large-scale matrix with a high number of disks, this becomes very 

complex electronically. The other technique is to use a digital band-pass filter that will select 

the desired resonant frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7: Measurement of the mechanical resonances of the optomechanical multiplexed system for 

different excitation voltage [14]. 
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3.3.2  Nano-rams with an optical disk cavity 
 

The matrix configuration presented in this section is a configuration in which several nano-

rams are placed around an optomechanical disk. In this case, the disk is an optical cavity, and 

the mechanical cavity is represented by the nano-rams. The device works as follows. The light 

propagates in the optomechanical disk and is disturbed by the mechanical movement of the 

nano-rams. Consequently, the optical power is modulated at the mechanical resonance 

frequency of the nano-rams. 

 

 

 

 

 

 

 

 
Figure 3.8: Illustration of our silicon optomechanical disk device with several nano-rams 

 

Figure 3.8 shows our nano-rams silicon devices with several optical cavities. On this device 

are placed several optomechanical disks of radius 5 µm. Each disk is surrounded by three nano-

rams spaced at an angle of 60°. But as the nano-ram surface is used for mass deposition it is 

necessary to plan a reflection on a matrix configuration. For the moment we consider only three 

nano-rams around the disk just to validate the concept.  

 

The Figure 3.9 above corresponds to zoom made on the disk area. The distance between the 

nano-ram and the disk is in the order of a hundred nanometers. The rams are electrostatically 

excited by electrodes placed at a few hundred nanometers.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 3.9: Zoom on our silicon optomechanical disk device with several nano-rams 

 

The three nano-rams have different dimensions. Therefore, they have different mechanical 

resonance frequencies. The mass deposition is done on the top of the ram because they are the 

support of the mechanical resonance. Here the disk is only used as an optical cavity. In terms 

of detection area, a ram is less wide than a disk. They have lower resonant frequencies than 

disks (about 40-50MHz).
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3.3.3  Discussion on existing matrix topologies 
 

Both configurations presented above, are the result of the first thought carried out on the 

optomechanical matrix. 

 

In the multiplexed configuration, the disks do not have the same dimensions. The reason is 

that it allowed the multiple optical resonances of the disks to not overlap. Moreover, the reading 

is done in a simultaneous way. At the output of the photodiode the three mechanical resonance 

frequencies are visible. Such a configuration, because of the multiple optical resonances, limits 

us on the number of disks to be placed on a single waveguide. This means that we cannot realize 

a very large matrix as we wish. For the nano-rams configuration, the problem is the small 

detection area of the rams compared to the optomechanical disks.  
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3.4. Activation or deactivation an optomechanical disk   
 

 

According to the specifications made in section 3.2.4, the "ideal" matrix must be able to be 

read sequentially. The idea is to read the disks of the array one by one. The example of the 

"ideal" array configuration that we have presented in Figure 3.2, shows that several 

optomechanical disks share the same waveguide. When an optical power is injected, all the 

disks positioned along the waveguide modulates the optical power at their mechanical 

resonance frequencies. In our case, the disks have the same dimensions, it is therefore very 

difficult from an electronic point of view to extract all these frequencies. 

 

To solve this problem, we need to find a way to turn the optomechanical disks on and off in 

order to read them only when we want to. Several solutions could be envisaged. We can do it 

in an optical way where the idea here is to make the mechanics of the disks invisible. Or 

mechanical where the idea is to stop the mechanics of the disk. We will see in this section these 

two techniques. 

 

 

3.4.1   The optical method 
 

An optomechanical disk can be optically activated and deactivated. The principle consists in 

making the mechanical resonance optically invisible. In other words, the optomechanical disk 

resonates mechanically but this resonance is invisible at the output of the waveguide. There are 

two different ways to do this.  First, the optical resonance of the disk is shifted by using the 

thermo-optical effect seen before. Or we can act on the disk-waveguide evanescent coupling. 

 
3.4.1.1 Shift of the optical resonance  
 

The modulation of the optical power inside the optomechanical disk is made from the optical 

resonance      and the laser wavelength       . The idea here is to shift the resonance      in 

order that the modulation is done outside       . The offset required remains small because the 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.10: Operating Principle of (a) an optomechanical disk (b) an optomechanical disk with a heater
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(3.1) 

(3.2) 

(3.4) 

(3.5) 

 

optical resonator has a very high-quality factor of the order 𝑄 𝑝 ~ 05. One way to shift the 

disk optical resonance is to exploit the thermo-optical effect. To make this shift it is necessary 

to heat the disk. 

 

Figure 3.10.a shows the normal operation of an optomechanical disk. The injected optical 

power is modulated at the mechanical frequency fm. Figure 3.10.b shows the operation of an 

optomechanical disk with a heater. When the disk is heated, its optical resonance shifts. It 

behaves like a unitary gain and its contrast   =  . To be in this configuration it is necessary 

that the shift introduced by the thermo-optical effect is greater than the modulation of the 

resonance wavelength. 

 

One way to realize this heater is to put a heating resistor. The paper [15], shows how to make 

a heater on a micro optical disk. A metal ring is placed over the resonator disk. This ring behaves 

like a thermal resistor and heats up with the help of a current.  

 

- Calculation of the thermal sensitivity of a silicon disk : 

 

Our optomechanical disks are made of silicon, so their thermal sensitivity can be calculated 

using the expression of the optical resonance: 

 

      (  =
𝑛 𝑓𝑓(  2𝜋 

𝑚
 

 

with 𝑛 𝑓𝑓(    the effective index of the medium which depends on the temperature, R the radius 

of the disk and 𝑚 the resonance index. According to [16] and [17], the index of silicon at 250 

K and 300 K is: 

 
𝑑𝑛 𝑓𝑓

𝑑 
(2 0 𝐾 =   78 ∙  0−4  𝑛𝑑  

𝑑𝑛 𝑓𝑓

𝑑 
(300 𝐾 = 2 ∙  0−4 

 

By injecting (2) into (1), we obtain: 

 

      (300 𝐾 

      (2 0 𝐾 
=

𝑛 𝑓𝑓(300 𝐾 

𝑛 𝑓𝑓(2 0 𝐾 
=    23 

 

If        (2 0 𝐾 =    0 𝑛𝑚,        (300 𝐾 =    23 ∗    0 =  74    𝑛𝑚.The theoretical 

thermal sensitivity is therefore written as follows: 

 
Δ      

Δ 
≈ 3 8 𝑛𝑚/𝐾 

 

For a silicon resonator, equation (3.5) allows to estimate the wavelength shift as a function 

of temperature. As our optomechanical resonator has a very high-quality factor, a slight change 

of the temperature (a few ° K) can make the optical resonance invisible. To induce such 

temperature shift, it is necessary to calculate from the thermal resistance defined in chapter 

equation (2.20) the required current density. 
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3.4.1.2 Acting on the waveguide-disk optical coupling 

 
The other way to make the optomechanical disk invisible is to act on the optical disk-

waveguide coupling.  This means that the optical wave does not enter the optomechanical disk. 

We saw in the previous chapter that the optical wave enters the disk by evanescent wave. This  

requires that the disk is very close to the waveguide (a few hundred nanometer). The idea is to 

vary this gap 𝑔 𝑝 to activate or deactivate the mechanical resonance. To vary this gap 𝑔 𝑝 , we 

place an electrode near the optomechanical disk. Figure 3.11 shows the configuration in which 

the gap is varied using an electrode. The principle is that with this electrode, we can move the 

disk away from the waveguide to prevent the optical wave from coupling to the disk. The 

displacement of the disk must be small in order not to break the pedestal (see Figure 3.11b). 

The gap control electrode is completely dissociated from the electrostatic actuation electrodes.  

 
 
 
 
 
 
 
 
 
Figure 3.11: Illustration of the optomechanical disk with an electrode that controls the optical gap (a) 

top view (b) side view with the pedestal. 

 
In the team, we have at our disposal different optomechanical devices with different optical 

gaps. Figure 3.12 illustrates the measurements of the optical responses performed on devices 

with a gap of 200, 300, 400 nm. When the gap is 200 nm (in green), we can see the multiple 

resonances of the disk. At 300 nm gap (in blue), the resonances are visible but with a low 

contrast. And at 400 nm gap (in yellow), the optical resonances are no longer visible. The disk 

is far enough from the waveguide to allow evanescent coupling. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.12: Measurement of the optical response for various optomechanical devices with an optical 

gap of 200, 300 and 400nm [13] 

Waveguide
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3.4.2   The mechanical method 
 

The other method to activate and deactivate an optomechanical disk is a mechanical method. 

The idea here is to stop or to put in resonance the disk according to our request. To start the 

oscillation of the resonator it is only necessary to stimulate it with the electrostatic electrodes. 

The hardest thing is to stop the resonance. There are two ways to stop the resonance. One way 

is to stop the electrostatic stimulation and wait for the disk to dampen itself. And a brutal way 

where the idea is to stop the disk mechanics in a clear and fast way.  

 

The first way is to stop the resonance in a slow way, by interrupting the electrostatic 

excitation. The disk dampens and takes some time to stop. This stopping time is problematic 

for our matrix configuration. Depending on the viscosity of the environment this stopping time 

can be more or less important. One way to do this technologically is to imagine mobile 

electrodes. We will approach these electrodes when we want to excite a disk. And in the 

contrary case one will move away the electrodes and let the disk dampen itself until the stop. 

 

The second way is to stop the resonance abruptly and quickly. This approach is more suitable 

for the matrix configuration but is complicated to realize. Technologically it would be necessary 

to imagine putting flippers next to the disk. The flippers would be activated so that they force 

the disk to stop resonating. And in the contrary case the flippers would move away to let the 

disk resonate freely.  

 

 

3.4.3   Discussion on the adequate way to activate and deactivate  
 

To activate and deactivate an optomechanical disk, we have the optical method where the 

idea is to optically mask the mechanical resonance. We have also seen the mechanical method 

where the idea is to stop the mechanical resonance of the disk. These two methods will allow 

us to read our matrix sequentially. 

   

An optomechanical disk can be optically activated and deactivated. There are two different 

ways to accomplish this.  First, the optical resonance of the disk is shifted by using the thermo-

optical effect seen in chapter 2. With the help of a heater, the disk is heated locally and that 

modifies the effective index and thus the optical resonance by introducing a shift. We can also 

act on the evanescent coupling of the disk and the waveguide. For this we can place an electrode 

near the disk to vary the gap 𝑔 𝑝 . Normally an important displacement is not necessary, it is 

enough that this gap is 400 nm for the disk not to be visible optically.  

 

Mechanically the optomechanical disk can also be activated and deactivated. The simplest 

way is to act on the electrostatic stimulation. When the stimulation is stopped, the disk is 

damped until it stops. The damping depends on the viscosity of the environment. For example, 

the disk will stop faster in liquid than in vacuum. But if we want to stop the mechanics faster, 

we must place flippers. The role of these flippers will be to clamp on the disk to force it to stop. 

From a technological point of view this is complicated to achieve.  

 

For the upcoming optomechanical matrix, it is possible to use both techniques (optical and 

mechanical) to activate and deactivate the disks. In general, the optical technique by heating 

element is widely used in the state of the art, especially for optical modulators [15] and [18].
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3.5. Optomechanical matrix: what will it look like ?  
 

 

Previously, we have seen the features that the "ideal" optomechanical matrix for mass 

detection must exhibit. The matrix must be realized in columns and rows with disks of the same 

dimensions. To read sequentially the array we have chosen to activate and deactivate the disks 

in an optical way by exploiting the thermo-optical effect. Based on all the reflections carried 

out, we present in this section the final configuration adopted for the optomechanical matrix. 

This matrix topology is innovative for mass detection applications. A patent has been granted 

for it in the context of this thesis. 
 

3.5.1   Matrix topology selection 
 

To thermally displace the optical resonance, a simple approach is to implement a resistor. 

The resistor comes to heat locally the surface of the disk. This modifies the effective index of 

the material and thus the optical resonance. Moreover, with an adjustable current source, we 

can control the thermal dissipation of the resistor and thus the shift of the optical resonance. 

Using this technique on our optomechanical sensor array we obtain the configuration shown in 

Figure 3.13.a . The optomechanical disks are represented in top view by the dotted circles. 

Above the disks are placed metal grids where the resistive elements are placed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Matrix topology with resistors (a) electrical view of the optomechanical matrix (b) thermal 

simulation of a 2x4 matrix in COMSOL 

 

When we feed the disks placed on the 1st column, the current propagates and heats the disks 

of the 1st column and the disks of the other columns. To illustrate this, we have performed a 

COMSOL simulation on a 2x4 disk array. When we feed the disks of the 1st column only, we 

see that residual currents come to heat the other disks of the matrix as shown on Figure 3.13.b. 

The temperature shown in the Figure corresponds to the temperature on the disk surface. The 

further away from the current source the lower the temperature rise. These residual currents are 

not suited with our sequentially reading strategy. In fact, we only move the optical resonance 

of the disk we want to read. 

 

To solve this problem, we decided to place p-n junctions instead of resistors. The new array 

is represented in Figure 3.14. This time, thanks to the P-N junctions, the residual currents which

(a) (b) 
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Figure 3.14: Electrical view of the optomechanical matrix with a P-N junctions 

 

affected the other disks of the matrix are now blocked. Therefore, we can read such a matrix 

sequentially, one column at a time, without altering the state of the neighboring disks. 
 

 

3.5.2   Overview and operating principle of the future matrix 
 

Figure 3.15 below shows the general view of the future optomechanical array. This array 

will be designed to detect a large number of particles in liquid environment. For the moment, it 

is assumed that it is 𝑖 × 𝑗 in size. In total we will have 𝑖 × 𝑗 optomechanical disks arranged in 

rows and columns. The resonators placed on the same row share a common optical waveguide. 

As a reminder, we have chosen to work on the electrostatically actuated resonators for their 

excellent SNR. Therefore, it is necessary to provide around the disks the realization of metallic 

electrodes.  

 

The electrodes can be connected to each other and to the same excitation source. Thus, 

mechanically all the disks are excited at the same time. During the sequential reading, to make 

visible or invisible the mechanical resonances of the disks, p-n junctions are placed. These 

junctions are placed underneath the disks through a metallic grid which allows the passage of 

the current. To heat in a uniform way, we place a metallic nail in the center of the disks directly 

in the SiO2 pedestal (see the brown circle in the center of the disks Figure 3.15.). We will see 

the fabrication process into details in the next section. 

 

The principle of reading is as follows. We inject a wavelength        on the optical 

waveguides. Mechanically thanks to the electrodes all the resonators of the matrix are excited. 

As the disks have the same dimensions (except manufacturing defect) they have consequently 

the same optical resonance     . By default,        and     .  are distant. This allows to have 

no visible signal at the output of the waveguides. To make visible the mechanical resonances, 

a current is injected on the first column. The disks of the first column heat up and their optical 

resonance moves towards       . Automatically at the output, the mechanical resonances of the 

disks of the first column become visible. We repeat this operation column by column, while 

taking care to deactivate the previous columns.  
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Figure 3.15: Overview of the future optomechanical array for mass sensing in chip form 

 

Thanks to this principle, all the disks of the matrix are individually read and this in a very 

fast way. A reading electronic is placed at the output of each row. It is composed of a photodiode 

and a circuit which allows to track the resonance frequency. In the future we would like the 

laser, the optomechanical matrix and the reading electronics to be contained on the same chip 

as shown in Figure 3.15. 

 
 

3.5.3   Fabrication process : Main steps 
 

This new array configuration does not add much complexity compared to the conventional 

fabrication process of our resonators [13]. The idea is just to implement a p-n junction and a 

metal nail in the pedestal. Today, our optomechanical resonators are made on a 200 mm SOI 

wafer. An SOI wafer is composed of a thin Si layer (220 nm), a SiO2 layer of about 1 um and 

a larger layer of bulk Si (as illustrated in Figure 3.16. a) . 
 

 

 

 

 

 

 

 

 

Figure 3.16: (a) Initial 200 mm SOI (b) Base metallization of the bulk and creation of the metal nail. 

 

The second step consists in the metallization of the structure as shown in Figure 3.16.b. A 

layer of metal is deposited on the base of the Si bulk. This layer will be connected to the ground 

to dissipate the injected current. Then the metal nail is formed on the SiO2 layer and the thin 

TOP layer. This metal will ensure the electrical connection between the TOP layer and the base 

of the bulk. It will also allow to heat uniformly the optomechanical disks.
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Figure 3.17: (a) Ion implantation (Phosphorus and Boron) (b) Formation of N and P doped boxes 

 

Figure 3.17.a presents the step where the p-n junction is formed. To achieve this, an oxide 

deposition is made on the thin TOP layer, followed by an implantation of phosphorus atoms to 

create the N-doped box. Then we repeat the operation with this time an implantation of Boron 

atoms to realize the P box. Thus, on Figure 3.17.b, we have formed the p-n junction. The current 

is passing in the direction of the TOP layer towards the bulk in the opposite direction it is 

blocked. 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: (a) Thermal oxide layer deposition + SiH4 mask  (b) Lithography + Etching 

 

The next step in Figure 3.18.a consists of forming the coupler gratings, the optical 

waveguide, the resonator disk, and the supports for the actuation electrodes. A thermal oxide is 

deposited first and then a SiH4 mask which constitutes the photo-resistance. By Lithography 

and etching one comes to form the disk, the supports of the electrodes and the grating coupler. 

In Figure 3.18.b, we have the structure of the resonator almost formed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: (a) Metallization of the actuation electrodes and the disk (b) After etching all the structure 

is released. 
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The last step shown in Figure 3.19.a is the release of the structure. Before this, the metal 

structures are placed first on the actuating electrodes and then on the resonator disk. A pre-

release step is necessary to etch the oxide layer with HF vapor and then etch it with the same 

HF vapor in an isotopic way to the bulk (see Figure.3.19.b). 
 

 

3.6  Conclusion  
 

 

The objective of this chapter is to study the possibilities of integrating optomechanical 

resonators in matrix form. In the first section, we presented the interest of this kind of matrix. 

Indeed, due to the small detection area of the optomechanical sensor, an array must be designed 

to significantly increase the effective area, which will reduce the reading time. We have also 

seen the different constraints that such a matrix will be subjected to.  

 

In the second part, we looked at the reading principle of such a matrix. There are two possible 

reading principles. A sequential reading, where the idea is to read the matrix disk by disk. A 

simultaneous reading where the idea is to read all the resonators of the matrix at the same time. 

The reading principle chosen for the optomechanical matrix is the sequential reading. This type 

of reading is simple to read from an electronic point of view and allows to know in real time 

the position of the particle in the matrix. Then, based on a specification, we defined the contours 

of the "ideal" matrix for our mass detection application. 

 

Following, we presented the optomechanical array systems at our disposal. Currently, we 

have two configurations of arrays. A configuration called "multiplexed" in which three 

optomechanical disks of different radius share the same waveguide. And a configuration with 

nano-rams placed around an optical disk.  

 

Thus, in the next section, we continue our reflection on the " ideal " matrix by presenting the 

different techniques to activate or deactivate the optomechanical disks. Indeed, we have chosen 

a sequential reading for the optomechanical resonator array. As the disks share the same 

waveguide at each row of the array. It is necessary to read only one disk at a time while the 

other disks are disabled. This can be done optically (shift of the optical resonance, variation of 

the disk-waveguide gap) in order that the mechanical resonance becomes invisible. But also, 

mechanically where the idea would be to stop the mechanical movement of the disk. 

 

In the last part, we finally present the matrix topology chosen for mass detection context. 

This configuration is innovative, a patent has been granted in the context of this work. Briefly, 

the future optomechanical matrix will be read sequentially column by column. To optically 

activate and deactivate the mechanical resonance we have opted for the introduction of a p-n 

junction. Thus, we will let the current pass in one direction without disturbing the state of the 

neighboring disks with the residual current. We also explained the different steps of the 

fabrication process of such a structure. This allows to see the complexity of the work needed to 

achieve one day such a matrix.
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In this chapter we will present the different readout architectures applicable to 

optomechanical resonators. We will see the closed-loop architectures such as the self-oscillating 

loop (SOL) and the frequency locked loop (FLL). We will also discuss open-loop architectures 

such as the lock-in-amplifier (LIA). For each of these architectures we propose a theoretical 

analysis of loop stability, phase noise and mass resolution. Then we compare the architectures 

on the basis of these criteria. For each architecture, the ability to read a resonator array is 

assessed. To read our optomechanical resonator, we have selected a FLL-based architecture, 

which is called AH-FLL for Adjustable Heterodyne Frequency Locked-Loop. We will see in 

the last part of the chapter the operating principle and the specification of this new architecture. 
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4.1. Closed-loop readout architecture 

 

To minimize disturbances (long term drift of the sensor) and improve the dynamic range, we 

usually prefer to integrate resonant sensors in a closed loop. In the state of the art there are two 

types of closed-loop architectures: the self-oscillating loop (SOL) and frequency locked loop 

(FLL). The first technique consists in placing the resonator inside a feedback loop to allow self-

oscillation. The second approach is to place the resonator in a loop which allows to exploit the 

phase shift between the oscillator and a voltage-controlled oscillator (VCO).  

 

4.1.1  Self-oscillating loop (SOL) 
 

The optomechanical resonator can be placed within a self-oscillating closed loop. In this 

configuration we use the term of self-oscillating architecture. The SOL architecture is a circuit 

that maintains the oscillation frequency of the resonator. This is achieved by fulfilling the gain 

and phase conditions of the Barkhausen criterion [1]-[2]. At the beginning the loop starts on 

noise, here the thermomechanical noise, then this signal is amplified by the loop to be reinjected 

into the resonator.  

 

 
 
 
 
 
 
 

 

 

 

 

 

Figure 4.1:  Architecture of an Optomechanical self-oscillating loop  

 

Figure 4.1 shows the complete architecture of a self-oscillating loop with an optomechanical 

resonator. The architecture is composed of a Transimpedance Amplifier (TIA), a band-pass 

filter, a phase-shifter, and a gain limiter. The operating principle is as follows. The resonator 

modulates the optical power of the laser at its mechanical resonance frequency. The photodiode 

and the TIA transform the optically modulated signal into an electrical signal. After filtering 

and amplification this signal is injected into the resonator.  

 

At the beginning, the oscillation starts on the noise of the electronics (mainly amplifiers) and 

the thermomechanical noise of the resonator. This noise is then injected into the resonator which 

filters around its resonance frequency. As the signal is amplified by the loop, it is also filtered 

around the resonator frequency. Once the oscillation is established (desired amplitude reached), 

the amplification is limited by a second amplifier used as a gain limiter. In this way, the 

amplitude condition of the Barkhausen criterion is respected. A second bandpass filter is 

generally used to enhance the filtering around the resonance frequency. To fulfill the phase 

condition of the Barkhausen criterion, a low-pass filter is implemented to adjust the phase shift 

along the oscillator loop.

Laser PD     

    

Photodiode TIA

Filter Phase-shifterGain-limiter 

Resonator

SOL

Frequency
Counter

Out
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(4.1) 

(4.2) 

(4.3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: (a) Self-oscillating loop model in the analog domain (b) Self-oscillating loop model in the 

phase domain. 

 

 

4.1.1.1 Open-Loop Analysis  
 

The oscillation conditions of a self-oscillating loop are calculated from the open-loop 

transfer function. To do this, we open the loop just at the resonator input as illustrated in Figure 

4.2.a. The architecture starts to oscillate, if: 

 

|𝐻𝑆𝑂𝐿_𝑂𝐿(𝜔0)| > 1 

 

and 

 

arg (𝐻𝑆𝑂𝐿_𝑂𝐿(𝜔0)) = 0 [2𝜋] 

 

where 𝐻𝑆𝑂𝐿_𝑂𝐿 = 𝐻𝑟𝑒𝑠𝐻𝐵𝑃𝐻𝐻𝑃         𝑃𝐷 with 𝐻𝑟𝑒𝑠, 𝐻𝐵𝑃, 𝐻𝐻𝑃,     ,     , 𝑃𝐷 respectively 

the transfer functions of the resonator, the band-pass filter, the phase shifter, the TIA, the gain 

limiter and the photodiode. Equation (4.1) is the gain condition and equation (4.2) the phase 

condition of the Barkhausen criterion. To respect condition (4.1) it is necessary that the loop 

has a gain greater than 1. Indeed, the oscillations start on the electronic and the resonator noise 

which are amplified by the loop. Once the desired amplitude is reached, equation 4.1 becomes: 

 

|𝐻𝑆𝑂𝐿_𝑂𝐿(𝜔0)| = 1 

 

The Barkhausen criterion requires that the loop has a gain greater than 1 to start the 

oscillation and a unity gain to maintain the oscillation. To have a loop with variable gain, there 

are two methods: 

 

- By implementing a real amplifier with a natural saturation of the large signal, as shown 

in Figure 4.2.a. This technique is very fast and does not significantly affect the stability 

of the frequency [3]. 

 

- Or by implementing an automatic gain amplifier (AGC). The idea is to use an adjustable 

amplifier to adjust the gain of the loop inversely proportional to the amplitude of the 

oscillation. This technique also has the advantage reducing the phase noise of the 

resonator by reducing the Leeson effect [4].

(a) (b) 
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(4.4) 

(4.5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Log-Log scale (a) The transfer function of the Leeson effect (b) Phase noise of the electronics 

and the oscillator inspired from [5]. 

 

The Leeson effect was introduced in 1966 by D. B. Leeson during his research [6] to explain 

the shaping of phase noise in an oscillator. He developed a model with transfer functions to 

pass from input phase noise 𝑆𝜑𝑖𝑛to output phase noise 𝑆𝜑𝑜𝑢𝑡. The plot of the transfer function 

of Leeson's model as a function of frequency is depicted in Figure 4.3.a. At high frequencies, 

the transfer function is a unitary gain. At low frequencies, up to the Leeson frequency 𝑓𝐿 it 
behaves as a second order integrator. This frequency 𝑓𝐿 depends on the frequency 𝑓0 and the 

quality factor Q of the resonator. 

 

Figure 4.3.b illustrates the Leeson effect on the phase noise of the oscillator. The green curve 

corresponds to the noise of the electronics with a white noise component and a first order flicker 

at the corner frequency 𝑓𝑐. Obviously the global noise of the oscillator here in blue follows the 

electronic noise until 𝑓𝐿 where the noise becomes a 3rd order flicker. 
 

4.1.1.2 Phase Noise Analysis 

 

In this section we will analyze the phase noise of the SOL architecture with the 

optomechanical resonator. Figure 4.2.b shows the complete phase model of the SOL 

architecture. The photodiode and the transimpedance amplifier correspond to a unitary gain in 

the phase domain. They do not modify the phase at their output.  

 

However, each of them has a phase noise and contributes to the overall phase noise. The 

transfer function of the resonator in the phase domain corresponds to the transfer function of a 

1st order low-pass filter [3]. The so called Rubiola approximation remains true even for the 

phase shifter and the bandpass filter. The phase transfer functions of these filters also 

correspond to 1st order loop filter. The output phase of the SOL architecture is written as 

follows (see Appendix A): 

 

𝜑𝑜𝑢𝑡 =
1

𝐻𝑑
(𝜑𝐺𝑙𝑖𝑚 + 𝜑𝐻𝑃) +

𝐻𝐻𝑃
𝑝ℎ

𝐻𝑑
𝜑𝐵𝑃 +

𝐻𝐻𝑃
𝑝ℎ𝐻𝐵𝑃

𝑝ℎ

𝐻𝑑
(𝜑   +𝜑𝑃𝐷 + 𝜑𝑟𝑒𝑠) 

 

where, 
 

𝐻𝑑 = 1 − 𝐻𝐻𝑃
𝑝ℎ𝐻𝐵𝑃

𝑝ℎ𝐻𝑟𝑒𝑠
𝑝ℎ  

 

(a) (b) 
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(4.6) 

 

𝐻𝑟𝑒𝑠
𝑝ℎ
(𝑠) = 1/ (1 + 2

𝑄𝑟𝑒𝑠

𝑤𝑟𝑒𝑠
𝑠) is the phase transfer function of the resonator where 𝑄𝑟𝑒𝑠 and 𝑤𝑟𝑒𝑠 are 

the quality factor and the resonance frequency respectively.  𝐻𝐻𝑃
𝑝ℎ

 and 𝐻𝐵𝑃
𝑝ℎ

 are the respective 

phase transfer functions of the phase-shifter and the band-pass filter.  
 

- Power Spectral Density (PSD) of the output phase noise : 

 

From the output phase 𝜑𝑜𝑢𝑡 of the SOL architecture defined in equation (4.4) we can 

calculate the power spectral density (PSD) of the phase noise. The spectral density is noted 

𝑆𝜑𝑜𝑢𝑡  and informs us about the phase contribution of each of the blocks which constitute the 

SOL architecture. The power density 𝑆𝜑𝑜𝑢𝑡 is written as follows : 

 

 

 

 

 

where, 𝑆𝜑𝐺𝑙𝑖𝑚
, 𝑆𝜑𝐻𝑃 , 𝑆𝜑𝐵𝑃, 𝑆𝜑𝑇𝐼𝐴, 𝑆𝜑𝑃𝐷, 𝑆𝜑𝑟𝑒𝑠 are respectively the phase noise spectral density of 

the gain limiter, high-pass filter, band-pass filter, transimpedance amplifier, photodiode and 

optomechanical resonator.

𝑆𝜑𝑜𝑢𝑡 = |
1

𝐻𝑑
|
2

(𝑆𝜑𝐺𝑙𝑖𝑚
+ 𝑆𝜑𝐻𝑃) + |

𝐻𝐻𝑃
𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝐵𝑃 + |
𝐻𝐻𝑃
𝑝ℎ
𝐻𝐵𝑃
𝑝ℎ

𝐻𝑑
|

2

(𝑆𝜑𝑇𝐼𝐴 + 𝑆𝜑𝑃𝐷 + 𝑆𝜑𝑟𝑒𝑠) 
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(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

 

4.1.1.3 Allan Deviation and Mass resolution 
 

For resonant sensors like the optomechanical resonator, we do not discuss in terms of phase 

noise. We use the Allan deviation (ADEV). The Allan deviation noted 𝜎(𝜏) is calculated from 

the Allan variance (AVAR) noted 𝜎2(𝜏). The AVAR is a mathematical calculation that allows 

to characterize the frequency stability of resonators. The definition of the AVAR is written as 

follows [3]: 
 

𝜎2(𝜏) = ∫ 𝑆𝑦(𝑓)|𝐻 (𝑗𝑓)|
2𝑑𝑓

∞

0

 

 

where, 𝑆𝑦(𝑓) = (
𝑓

𝑓0
)
2
𝑆𝜑𝑜𝑢𝑡(𝑓) is the power spectral density of a fractional frequency deviation 

and |𝐻 (𝑗𝑓)|
2 is the filter transfer function defined as : 

 

|𝐻 (𝑗𝑓)|
2 = 2

𝑠𝑖𝑛4𝜋𝜏𝑓

(𝜋𝜏𝑓)2
 

 

𝜏 is the integration time where the AVAR is calculated. We can transform the phase noise 

density of the SOL equation (4.6) into an Allan variance expression. To do this, we simply 

inject equation (4.6) into the definition of equation (4.7). The AVAR of the SOL architecture 

can be written as follows: 

 

𝜎𝑆𝑂𝐿
2 (𝜏) = ∫ (

𝑓

𝑓0
)
2

[𝑆𝜑𝑒𝑙𝑒𝑐(𝑓) + |
𝐻𝐻𝑃
𝑝ℎ
𝐻𝐵𝑃
𝑝ℎ

𝐻𝑑
|

2

(𝑆𝜑𝑃𝐷(𝑓) + 𝑆𝜑𝑟𝑒𝑠(𝑓))] |𝐻 (𝑗𝑓)|
2𝑑𝑓

∞

0

 

 

where, 

 

 

 

 

To simplify (see Appendix A), equation (4.9) becomes: 

 

𝜎𝑆𝑂𝐿
2 (𝜏) = 𝜎𝑒 𝑒𝑐

2 (𝜏) + 𝜎𝑟𝑒𝑠
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) 
 

where, 𝜎𝑒 𝑒𝑐
2 (𝜏), 𝜎𝑟𝑒𝑠

2 (𝜏), 𝜎𝑃𝐷
2 (𝜏) are respectively the Allan variance of the SOL electronics ( 

gain limiter, phase-shifter, transimpedance amplifier and band-pass filter), of the resonator and 

of the photodiode. To realize a SOL architecture with a high frequency resolution, it is necessary 

to minimize the variance given by equation (4.11). In general, the oscillator designer cannot 

optimize the stability of the resonator frequency that was set by the MEMs designer. It depends 

on many technological parameters that only the resonator designers can control. However, we 

can design an electronic system which has a stability equivalent or superior to the resonator. 

Therefore, we must respect the condition 𝜎𝑒 𝑒𝑐
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) ≤ 𝜎𝑟𝑒𝑠
2 (𝜏). 

 

The mass resolution of the SOL architecture depends on the minimum ADEV reached 

𝜎𝑆𝑂𝐿,  𝑛 and the mass of the resonator 𝑀𝑟𝑒𝑠 [7]. The mass resolution is therefore written: 

 

𝜎 = 2𝑀𝑟𝑒𝑠𝜎𝑆𝑂𝐿,  𝑛(𝜏)

𝑆𝜑𝑒𝑙𝑒𝑐(𝑓) = |
1

𝐻𝑑
|
2

(𝑆𝜑 𝑙𝑖𝑚
(𝑓) + 𝑆𝜑𝐻𝑃(𝑓)) + |

𝐻𝐻𝑃
𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝐵𝑃(𝑓) + |
𝐻𝐻𝑃
𝑝ℎ
𝐻𝐵𝑃
𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝑇𝐼𝐴(𝑓) 
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4.1.2  Frequency Locked-Loop (FLL) 
 

The second closed-loop architecture that allows resonators to be read is the frequency locked 

loop (FLL) . The FLL architecture is a circuit in which the resonator is placed in a feedback 

loop. Figure 4.4 below shows the complete architecture. In this loop, we exploit the phase shift 

∆𝜑 between the resonator phase 𝜑𝑟𝑒𝑠 and the voltage-controlled oscillator (VCO) phase 𝜑𝑣𝑐𝑜. 
The idea is to lock the VCO frequency to the resonance frequency of the resonator. This 

architecture is simpler to implement than the SOL architecture for resonant sensors and is also 

more robust to disturbances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4:  Overview of the FLL/PLL architecture with an Optomechanical resonator  

 

The circuit contains a transimpedance amplifier (TIA) that converts the photodiode current 

into a voltage with some gain. The PLL block is composed of a phase and frequency detector 

(PFD), a loop filter and a VCO. In general, the PFD is designed with two D-type flip flops that 

drive two switches and a charge pump [8].  The loop filter is a low-pass filter, usually of the 

second or third order, whose design is crucial to ensure the stability of the loop. The operating 

principle is as follows. The PFD determines the phase or frequency difference between the 

reference (the resonator frequency) and the VCO signal. As long as the PFD output error is not 

null, the loop filter integrates the phase error and changes the VCO frequency until the phase 

error  ∆𝜑 is cancelled. 

 

4.1.2.1 Open-Loop Analysis  
 

Figure 4.5 presents in the phase domain the linear time invariant model of the FLL. This 

model includes the noise of each of the blocks forming the FLL. The transfer function of the 

resonator corresponds to a 1st order low-pass filter. The photodiode and the transimpedance 

amplifier have a unitary gain in the phase domain. The loop filter can be a 2nd or higher order 

low pass filter. The phase detector corresponds to a gain in terms of transfer function and the 

VCO to an integrator.  

 

The FLL architecture is a closed-loop architecture. In order that the FLL converges, it is 

necessary to guarantee the loop stability in the phase domain. To do this, we must calculate the 

open loop transfer function.  
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(4.13) 

(4.15) 

(4.16) 

(4.14) 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5: Phase noise model of the Frequency locked-loop architecture 

 

As illustrated in Figure 4.5, we open the loop at the input of the resonator. We consider the 

resonator input as the input of the system and 𝜑𝑜𝑢𝑡 as the output. The open loop function is 

therefore written (see Appendix B):  

 

𝐻𝐹𝐿𝐿_𝑂𝐿(𝑠) = 𝐻𝑟𝑒𝑠
𝑝ℎ (𝑠)𝐻𝑃𝐿𝐿

𝑝ℎ (𝑠) 
 

where,  

 

 

                                                       and 

      

 

𝐻𝑟𝑒𝑠
𝑝ℎ

 and 𝐻𝑃𝐿𝐿
𝑝ℎ

 the phase transfer function of the resonator and the PLL block respectively. 

𝐻𝑉𝐶𝑂(𝑠) =
𝐾𝑉𝐶𝑂

𝑠
 is the transfer function of the VCO with 𝐾𝑉𝐶𝑂 the gain. 𝐻𝑃𝐹𝐷(𝑠) =

 𝑝𝑢𝑚𝑝

2𝜋
 and  

𝐻𝐿𝐹(𝑠) are respectively the transfer function of the charge pump and the loop filter.  

 

The FLL loop stability is evaluated from the transfer function defined in equation (4.13). 

The bode diagram corresponding to this transfer function is traced and then the graphical 

stability methods are used to determine the phase margin 𝑀𝜑and the gain margin 𝑀𝐺 . Figure 

4.6 below shows the trace of the transfer function 𝐻𝐹𝐿𝐿_𝑂𝐿. 𝑀𝜑 and 𝑀𝐺  are defined as follows : 

 

𝑀𝜑 = arg (𝐻𝐹𝐿𝐿_𝑂𝐿(𝑗𝑤𝑐_𝐹𝐿𝐿))  + 𝜋 

 

and 

 

𝑀𝐺 = −20Log10|𝐻𝐹𝐿𝐿_𝑂𝐿(𝑗𝑤−𝜋)|  

 

where 𝑤𝑐_𝐹𝐿𝐿 is the cut-off frequency when the gain is at 0 dB and 𝑤−𝜋 is the frequency when 

the phase is at -𝜋. To have a good stability, it is necessary that 𝑀𝜑 ≥ 45° and 𝑀𝐺 ≥ 10 𝑑𝐵.  

 

 

𝐻𝑟𝑒𝑠
𝑝ℎ (𝑠) =

1

1 + 2
𝑄𝑟𝑒𝑠
𝑤𝑟𝑒𝑠

𝑠
 𝐻𝑃𝐿𝐿

𝑝ℎ (𝑠) =
𝐻𝑉𝐶𝑂(𝑠)𝐻𝐿𝐹(𝑠)𝐻𝑃𝐹𝐷(𝑠)

1 + 𝐻𝑉𝐶𝑂(𝑠)𝐻𝐿𝐹(𝑠)𝐻𝑃𝐹𝐷(𝑠)
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(4.17) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6:  Loop stability analysis from the bode diagram of the open loop transfer function 𝐻𝐹𝐿𝐿_𝑂𝐿 
 

 

4.1.2.2 Phase noise Analysis 
 

In this section we will analyze the phase noise of the FLL architecture. Figure 4.5 below 

presents in the phase domain the linear time invariant model of the FLL. This model includes 

the noise of each of the blocks forming the FLL. The transfer function of the resonator 

corresponds to a 1st order low-pass filter. The photodiode and the transimpedance amplifier 

have a unitary gain in the phase domain. In PLL block, the loop filter can be a 2nd or higher 

order low pass filter. The phase detector corresponds to a gain in terms of transfer function and 

the VCO to an integrator. The output phase is described as (see Appendix B): 

 

𝜑𝑜𝑢𝑡 =
1

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ𝐻𝑃𝐿𝐿

𝑝ℎ
𝜑𝑃𝐿𝐿 +

𝐻𝑃𝐿𝐿
𝑝ℎ

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ𝐻𝑃𝐿𝐿

𝑝ℎ
(𝜑𝑟𝑒𝑠 +𝜑   + 𝜑𝑃𝐷) 

 

As expressed above in equation (4.14), 𝐻𝑟𝑒𝑠
𝑝ℎ

 is the phase transfer function of the resonator and 

𝐻𝑃𝐿𝐿
𝑝ℎ

 is the phase transfer function of the PLL block.  

 

- Power Spectral Density (PSD) of the output phase noise : 

 

From the output phase 𝜑𝑜𝑢𝑡 of the FLL architecture defined in equation (4.17) we can 

calculate the power spectral density (PSD). The spectral density is noted 𝑆𝜑𝑜𝑢𝑡  and informs us  

about the phase contribution of each of the blocks which constitute the FLL architecture. The 

power density 𝑆𝜑𝑜𝑢𝑡  is written as follows: 
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(4.18) 

(4.19) 

(4.20) 

(4.21) 

(4.22) 

 

 

 

 

 

where, the output spectral density 𝑆𝜑𝑜𝑢𝑡 depends on the spectral density of the noise introduced 

by the PLL block (phase-detector, loop filter and VCO) noted 𝑆𝜑𝑃𝐿𝐿, the spectral density of the 

transimpedance amplifier noted 𝑆𝜑𝑇𝐼𝐴, the spectral density of the photodiode and the resonator 

noted 𝑆𝜑𝑟𝑒𝑠 and 𝑆𝜑𝑃𝐷 respectively. In general, it is assumed that the resonator noise 𝑆𝜑𝑟𝑒𝑠is 

predominant. Indeed, the signal power at the output of the resonator is very low, so the 

contribution of the floor noise is important. 

 

 

4.1.2.3 Allan Deviation and Mass resolution 

 

To evaluate the phase noise of the FLL architecture in a relevant way we calculate the AVAR 

defined in section 4.1.1.3. We inject the spectral density equation (4.18) to the definition of the 

AVAR equation (4.7). The Allan variance of the FLL architecture is thus written as follows: 

 
 

 

 

 

where, 

 

 

 

 

 

To simplify (see Appendix B), equation (4.19) becomes: 

 

𝜎𝐹𝐿𝐿
2 (𝜏) = 𝜎𝑒 𝑒𝑐

2 (𝜏) + 𝜎𝑟𝑒𝑠
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) 
 

where, 𝜎𝑒 𝑒𝑐
2 (𝜏), 𝜎𝑟𝑒𝑠

2 (𝜏), 𝜎𝑃𝐷
2 (𝜏) are respectively the Allan variance of the FLL electronics ( 

PLL block and TIA), of the resonator and the photodiode. To realize a FLL electronics with 

high frequency stability, it is necessary to minimize the AVAR given by equation (4.19). 

Properly designed FLL electronics should not degrade the measurement of the resonator 

frequency stability. Therefore, we must respect the condition : 𝜎𝑒 𝑒𝑐
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) ≤ 𝜎𝑟𝑒𝑠
2 (𝜏). 

 

The mass resolution of the FLL architecture depends on the minimum ADEV reached 

𝜎𝐹𝐿𝐿,  𝑛 and the mass of the resonator 𝑀𝑟𝑒𝑠 . The mass resolution is expressed as follows: 

 

𝜎 = 2𝑀𝑟𝑒𝑠𝜎𝐹𝐿𝐿,  𝑛(𝜏) 
 

 

 

 

𝑆𝜑𝑜𝑢𝑡 = |
1

1 −𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

𝑆𝜑𝑃𝐿𝐿 + |
𝐻𝑃𝐿𝐿
𝑝ℎ

1 −𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

(𝑆𝜑𝑟𝑒𝑠 + 𝑆𝜑𝑇𝐼𝐴 + 𝑆𝜑𝑃𝐷) 

𝜎𝐹𝐿𝐿
2 (𝜏) = ∫ (

𝑓

𝑓0
)
2

[𝑆𝜑𝑒𝑙𝑒𝑐(𝑓) + |
𝐻𝑃𝐿𝐿
𝑝ℎ

1 −𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

(𝑆𝜑𝑃𝐷(𝑓) + 𝑆𝜑𝑟𝑒𝑠(𝑓))] |𝐻 (𝑗𝑓)|
2𝑑𝑓

∞

0

 

𝑆𝜑𝑒𝑙𝑒𝑐(𝑓) = |
1

1 −𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

𝑆𝜑𝑃𝐿𝐿(𝑓) + |
𝐻𝑃𝐿𝐿
𝑝ℎ

1 −𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

𝑆𝜑𝑇𝐼𝐴(𝑓) 
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(4.23) 

 

4.2. Open loop readout architecture 
 

 

To read resonant sensors there are also open loop architectures. In this case, the readout 

circuit is separated from the drive circuit of the sensor. The aim is only to read out the sensor, 

so an external excitation source is necessary. In the state of the art, the most known technique 

consists in making a frequency sweep with a Local Oscillator (LO) over the entire measurement 

range to track the resonance of the transducer, this is the principle of Lock-In-Amplifier (LIA). 

 

There are also other open loop reading techniques such as the amplitude & phase reading. In 

this section we will only see the frequency sweep method. Appendix C describes the amplitude 

& phase readout architecture. 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.7: Overview of the LIA architecture with an Optomechanical resonator  

 

The lock-in-amplifier or I/Q demodulation is an open loop architecture. It allows the 

extraction of narrow band signals with low amplitude (such as the resonator signal) embedded 

in wideband noise. This extraction is made possible by mixing with a signal having a close 

frequency.  Figure 4.7 shows the complete LIA architecture with the optomechanical resonator. 

The operating principle is as follows. The signal at the output of the resonator is amplified by 

the transimpedance amplifier. Once amplified, the signal is mixed with an oscillator adjustable 

in frequency. When the oscillator frequency corresponds to the resonator frequency, we obtain 

two DC signals (I and Q).  

 

4.2.1  Noise analysis 
 

In this section we will analyze the phase noise of the LIA architecture. Figure 4.8 presents 

the noise model of the LIA. In this architecture the phase noise is transformed into amplitude 

noise at the output. For this reason, in Figure 4.8 one part is expressed in phase and the other 

part in amplitude. The photodiode and the transimpedance amplifier have a unitary gain in the 

phase domain. The phase 𝜑𝑥 correspond to the phase noise at mixers inputs and can be 

expressed as follows:  

 

𝜑𝑥 = 𝜑   + 𝜑𝑃𝐷 + 𝜑𝑟𝑒𝑠 + 𝐻𝑟𝑒𝑠
𝑝ℎ𝜑 𝑛 

PD     

Photodiode TIAResonator

 0°

LO

Laser
I

Q

Filter

Filter

I/Q
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(4.24) 

(4.25) 

(4.26) 

(4.27) 

(4.28) 

(4.29) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.8: Noise model of the lock-in-amplifier (LIA) architecture 

 

At the output of the mixer, the phase noise 𝜑𝑥  is transformed into the amplitude domain and 

becomes : 

 

𝐼′ =
𝐴𝐵

2
(cos(4𝜋𝑓𝑟𝑡 + 𝜑𝑥 + 𝜑𝐿𝑂) + cos(𝜑𝑥 − 𝜑𝐿𝑂)) 

and  

 

𝑄′ =
𝐴𝐵

2
(sin(4𝜋𝑓𝑟𝑡 + 𝜑𝑥 + 𝜑𝐿𝑂) + sin(𝜑𝑥 − 𝜑𝐿𝑂)) 

 

The low-pass filter removes the high-frequency components. The I/Q outputs of the LIA 

architecture depend on the 𝜑𝑥 and can be written as: 

 

𝐼 =
𝐴𝐵

2
cos(𝜑𝑥 −𝜑𝐿𝑂) 

 

and 

𝑄 =
𝐴𝐵

2
sin(𝜑𝑥 − 𝜑𝐿𝑂) 

 

 

- Power Spectral Density (PSD) : 

 

The spectral density noted 𝑆 (𝑓) and 𝑆𝑄(𝑓) informs us about the noise at the output of the 

LIA architecture. These spectral densities are expressed as : 

 

𝑆 (𝑓) = |𝐻𝐿𝑃𝐹(𝑓)|
2𝑆 ′(𝑓) 

 

with, 

 

𝑆 ′(𝑓) = (
𝐴𝐵

2
cos(𝜑𝑥 − 𝜑𝐿𝑂))

2

𝛿(𝑓) + 𝐴2𝐵2[𝛿(𝑓 − 2𝑓𝑟) + 𝛿(𝑓 + 2𝑓𝑟)] 
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(4.34) 

(4.30) 

(4.31) 

(4.33) 

(4.32) 

 

where, 𝑆 ′(𝑓) corresponds to the spectral density of the expression defined in the equation 

(4.24) and 𝛿(𝑓) the expression of a Dirac delta distribution. Similarly, the equation of the 

spectral density at the output Q is : 

 

𝑆𝑄(𝑓) = |𝐻𝐿𝑃𝐹(𝑓)|
2𝑆𝑄′(𝑓) 

 

with, 

 

𝑆𝑄′(𝑓) = (
𝐴𝐵

2
cos(𝜑𝑥 − 𝜑𝐿𝑂))

2

𝛿(𝑓) + 𝐴2𝐵2[𝛿(𝑓 − 2𝑓𝑟) + 𝛿(𝑓 + 2𝑓𝑟)] 

 

 

4.2.2  Allan Deviation and Mass resolution 
 

Based on the spectral densities 𝑆 (𝑓) and 𝑆𝑄(𝑓), we calculate the Allan variance defined in 

section 4.1.1.3. For both I and Q outputs of the LIA architecture, AVAR is written as follows: 

 

𝜎 
2(𝜏) = ∫ (

𝑓

𝑓0
)
2

(|𝐻𝐿𝑃𝐹(𝑓)|
2𝑆 ′(𝑓))|𝐻 (𝑗𝑓)|

2𝑑𝑓
∞

0

 

 

and 

 

𝜎𝑄
2(𝜏) = ∫ (

𝑓

𝑓0
)
2

(|𝐻𝐿𝑃𝐹(𝑓)|
2𝑆𝑄′(𝑓)) |𝐻 (𝑗𝑓)|

2𝑑𝑓
∞

0

 

 

 

To achieve a LIA electronics with excellent frequency resolution it is necessary to minimize 

the AVAR given by equations (4.32) and (4.33). In order to optimize these variances, we 

usually choose a filter with a low cutoff frequency. It increases the resolution to the detriment 

of a longer integration time. 

 
 

- Mass resolution of the lock-in-amplifier architecture : 

 

The mass resolution is the detection limit reached by the lock-in-amplifier architecture. It is 

calculated from the minimum stability frequency of the electronics. The resolution is noted 𝜎  

and is written: 

 

𝜎 = 2𝑀𝑟𝑒𝑠𝜎𝐿  ,  𝑛(𝜏) 
 

where 𝑀𝑟𝑒𝑠 is the mass of the resonator and 𝜎𝐿  ,  𝑛 is the lock-in-amplifier frequency 

minimum stability, equal to 𝜎 ,  𝑛 or 𝜎𝑄,  𝑛.  
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4.3. Readout Architecture comparison 
 

To read the resonant sensors, we have presented the most known reading architectures such 

as SOL, FLL and LIA. Other architectures not mentioned here exist, especially amplitude and 

phase tracking (see Appendix C) or IQ-FLL (see Appendix D).We have seen in the previous 

sections for each presented architecture, the operating principle, and the theoretical analysis in 

terms of phase noise, Allan deviation or frequency resolution. Table 4.1 below lists the essential 

information (operating principle, phase noise, frequency resolution, and complexity) of each 

readout architecture. 

 

To put an optomechanical resonator in self-oscillation (SOL), it is necessary to design 

amplifiers (transimpedance and gain limit) and filters (phase-shifter and band-pass) in order to 

respect the Barkhausen criteria defined in equation (4.1) and (4.2). The phase noise of the 

architecture is defined in equation (4.6). To design a good SOL, the phase noise of the 

electronics (amplifiers and filters) must be less than the intrinsic phase noise of the resonator. 

In a SOL, an incompressible time is needed to establish the oscillations. This time depends on 

the quality factor of the resonator. The higher the quality factor is, the faster the oscillations 

start. A second time corresponds to the time of change of frequency and in general is fast (few 

µs to ms). 

 

To design an FLL architecture around the resonator, it is necessary to design a VCO, a phase 

detector (PFD), a loop filter and a transimpedance amplifier.  The phase noise of the architecture 

is defined by equation (4.18). To have FLL electronics with low phase noise, it is necessary to 

minimize the phase noise of the PFD and the VCO. In addition, during the design it is necessary 

to guarantee the convergence of the loop. For this purpose, the stability of the open loop system 

is calculated with the defined transfer function (4.13). The PLL convergence time depends on 

the bandwidth of the loop filter. The higher this bandwidth is, the faster the PLL converges. 

 

An optomechanical resonator can be read in open loop using an LIA architecture. For this, 

it is necessary to design an ultra-stable oscillator, a low-pass filter, and a TIA. The noise of this 

architecture is defined in equations (4.26) and (4.27). The LIA is an architecture that has an 

excellent frequency resolution due to the ultra-stable oscillator that allows the sweep, however 

it converges slowly. Indeed, the convergence time depends on the accuracy. When accuracy is 

required to be high the bandwidth of the filters is reduced and therefore the architecture takes 

more time to converge. Precision and convergence time must be adjusted to find the right 

compromise. 

 

 

4.3.1  Figure of Merit (FoM) 
 

For a given resonator, it is difficult to know which architecture is relevant compared to 

another. To evaluate an architecture, we introduce a Figure of Merit (FoM). To have a relevant 

comparison, we must first look at the frequency operating range of the architecture. This 

frequency range is often imposed by the resonance frequency of the resonator. Then we 

compare the performance of the architectures, in terms of frequency stability defined by the 

Allan deviation and convergence time, which respectively characterize the stability of the 

frequency and the time needed to reach this stability. Considering these criteria, the FoM is 

written: 



  

88 

 

Chapter 4: Frequency tracking readout architectures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
ab

le
 4

.1
: 

C
o
m

p
ar

at
iv

e 
su

m
m

ar
y
 o

f 
d
if

fe
re

n
t 

re
ad

o
u
t 

ar
ch

it
ec

tu
re

s 
th

at
 c

an
 b

e 
ap

p
li

ed
 t

o
 t

h
e
 o

p
to

m
ec

h
an

ic
al

 s
en

so
rs

 

 
  
  
  
  
 
 
  
  
 
  
  
  
  

 
 
  

  
 
 
 
 
  
 
  
  
  
  

  
  
  
  
   
  

 
 
  
 
 
  
  

  
  
  

 
  

  
   

  
  

  
 
 
  
  
  

  
  
  
 
  
 
 
   

  
  
  
 

 
 
 
  
 
 
 
 
  
 
  
 
  

 
 
 
  
 
  
 
  
 
  
  
 
  

 
  
 
 
  
  

  
  
  
  
  

  
 

  
  
  
  
   
  

 
 
  
  
  
  
 
  

  
 
 
  
  
  
  
 

  
 
 
  
 

  
 
  
  

  
 
 
  
 
 
  

  
 

  
 
  
 
  

 
  
  

  
  
 
 
 
  
 
 

  
  

  
 
  
  
 
  
 

 
 
  
 
 
  
  
  

  
 
  
 
  

 
  
 
  
  
 
  
 
 
  

 
 
 
 
 

 
  
 
 
 
  
  

 
  

  
  

 
 
 
 
  
 
 
 
  
 
 
  
  

  
 
 
  
 

  
  
 
  
 
 

  
 
 

  
 
   
 
 
 

  
 

 
  
  
 

 
  

 
 
  

  
  
  
  
 
  

 
  
 
 
  
  

 
  
  
  
 
 
 
  
 
  
 
 
 
 

 
 
  
 
  
 
 
  
 

 
 
  
 
 
 
 
  
  
 
 
  
 

  
  

 

 
 
 
 
  
 
  

 
  
  
  
  
  
 
 
 

 
 
  

  
 
 
 

 
 
  
  
  

 
 
 
  
  
  

  
  
 
 

  
  
  
  
 
  
  
 
 

  
 
  
  
  
  
  
   
 
  
 
  
 
  
   
  

 
 

  
  
  

 
 
 
  
 
 
  
  
  

  
  
 
 

  
  
 
  
  
 

  
  
  

  
  
  
  
 
  
  
  
  
 
 
  
  
 
  
  
  

 
  

  
  
  
 
  
 

  
 
  

  
 
  

 
  
  
  
  
  
  
 
  
  
  
 
  
 
  
 
 
 

  
 
  
 
  

  
 
 
 

  
 
 
  
  
  

 
 
 
   
  
  
 
  
  
  
  
  
   
 
  

 
  

 
  
  
  
  
 
 
   

 
  
 
 
 
  
  
  
  
  
 
 
   
  
  
 
 
  
  
  
  

 
  
  
  

 
  

 
  
  
  
 
  
  
   
  
 
   
  

 
   
  
  
 
 
  
  
  
  
  
  
  
 

 
  
 
 
 
 
=
1
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
 
 
  

 
 
 
 

2
 
=
 
  
  
2

 
+
 
  
 
2

 
+
 
 
 2
 

 
  
 
 
  
  
2

 
=
 
 
  
 

2
 
+
 
 
 
2
 
+
 
 
  2
 
+
 
 
 
2
 

 
 
=
2
 
  
 
  
 
 
, 
  
 

 
 
 
 
  
 
  
  
 
 
  
 
  
  
 
  
  
  

 
 
 
 
 
, 
  

  
 
  
  
 
 
 
 
  
  
 
  
  
 
 
 

 
 
 
 
 
 
 
=
 
  
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 
 

 
 
 
 

2
 
=
 
  
  
2

 
+
 
  
 
2
 
+
 
 
 2
 

 
  
 
 
 
  
 

2
 
=
 
 
 
 

2
 
+
 
 
 
 

2
 
+
 
 
 
 

2
 
+
 
 
  
2

 

 
 
 
 
_ 
 
 
=
 
  
 

 
 
( 
) 

 
 
 

 
 
( 
)

 
=
 
 2
co
s
 
 
 
 
 
 

  
 
=
 
 
 
 
 
2
 
  
 

 
 
  

  
 
 
 
  
 
  
  
  
  
 
  
  
 
 
  
 
 
 

 
 
=
2
 
  
 
 
 
 
 
, 
  
 

 
  
 
  
  
  
  
 
  
 
  
  
 
 
  
  
 
 
 
 
 
 
, 
  

  
 
   
  

 
 
 
  
  
  
 
  
 
 
 

 
 
=
2
 
  
 
 
 
  
, 
  
 

 
 
 
 
  
  
  
  
 
  
 
  
  
 
  
  
  

 
 
 
 
 
, 
  

  
  
  
  

 
  

  
  
  
 
  
 
 
 

 
=
 
 2
si
n
 
 
 
 
 
 

  
 

 
  
 
 
 
=
 
 
  
+
 
 
 
+
 
 
 
 
+
 
 
 
 

 
 
 
  

  
 
=
 
 
 
 
 
2
 
 
 
 

  
 

  
 



 

 

 

89  

Chapter 4: Frequency tracking readout architectures 
 

(4.35) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9: State of the art of readout architectures for a resonant sensor. 

 

 

 

𝐹𝑜𝑀 = 𝑓𝑟𝑒𝑠[𝐻𝑧] ∙
1

𝜎𝑎𝑟𝑐ℎ 𝜏[𝑠]
 

 

where 𝑓𝑟𝑒𝑠is the frequency of the resonator in Hz, 𝜎𝑎𝑟𝑐ℎ  is the standard deviation of the 

architecture and  𝜏 is the convergence time in s. The FoM has been used to compare the state 

of the art of the resonant sensor architectures.  

 

Figure 4.9 shows the comparison based on the FoM defined in equation (4.35) of the reading 

architectures used to read a single resonant sensor. To read low frequency resonators [9], [11], 

in the state of the art, the authors tend to design the LIA type architecture. This can be explained 

by the fact that the LIA has an excellent frequency resolution. In this frequency range, the 

convergence time is not a fundamental criterion. The authors prefer to read the resonance 

frequency with greater precision. At low frequencies, closed-loop architectures of the FLL type 

[14] and [15] can also be used.  

 

For high-frequency resonators (10-100 MHz), the authors tend to choose closed-loop 

architectures such as FLL [12] or SOL [18].  In this frequency range, the authors prefer to 

design electronics that can read the resonator quickly (from µs to ms) at the expense of 

precision. Therefore, they concentrate on closed loop architectures such as FLL or SOL with a 

rather fast convergence time. For very high frequency resonators above 100 MHz, the preferred 

architecture in the state of the art is FLL architecture [13]. This choice of architecture is relevant 

because it is the architecture that presents the fastest convergence. 

 

 

 

 

[ ] 

77Hz 

5,2MHz 
[21] 

200KHz 
[15] [11] 

100KHz 

[13] 
100MHz 

[12] 
45MHz 

[14] 
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[16] 

[18] 
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[17] 

1,5MHz [20] 

941KHz [1 ] 
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[22] 

5,1MHz 

[10] 
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4.3.2  Matrix configuration 
 

Chapter 3 present the matrix configuration chosen for the optomechanical resonators. As a 

reminder, this matrix is to be read sequentially column by column. The objective in this section 

is to choose, according to the comparisons already made, the appropriate architecture for 

reading such a matrix. 

 

As our optomechanical matrix will be read sequentially, the first selection criteria is the 

convergence time. This corresponds to the time that the architecture takes to read a single 

optomechanical resonator. The higher this time is, the more consequent the total reading time 

of the matrix will be. From this point of view, we can already eliminate the LIA type 

architecture which presents the slowest convergence time for a given frequency stability. 

 

Closed-loop architectures, thanks to their fast convergence time, are more suitable for 

reading such a matrix. However, an SOL architecture is complex to realize in the context of a 

matrix. Indeed, due to manufacturing dispersions, it is difficult to design an SOL electronics 

that can guarantee the same oscillation condition on all resonators of the matrix. A preliminary 

step to identify the resonance frequencies of the disks can solve this problem. This step will 

allow to pre-set the oscillation conditions of the electronics. However, for very large matrices 

this becomes fastidious. That is why, to read a matrix, we generally prefer to use an FLL type 

architecture. This architecture has a fast convergence time and is robust to parasitics.  
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4.4. AH-FLL architecture for optomechanical sensors 
 

 

As previously discussed, to read our optomechanical resonators we have opted for a FLL 

based architecture. This type of architecture can have good frequency stability if we design a 

TIA, PFD and VCO with low phase noise. Generally, within a classical FLL, the frequency 

range is limited by the frequency of the VCO. However, the resonance frequencies of our 

resonators spread over a wide range of frequencies from 200 to 350 MHz depending on their 

dimensions. In this context, it could be interesting to develop a reading architecture compatible 

with a wide variety of resonance frequency without having to redesign a new architecture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.10:  AH-FLL architecture for reading optomechanical resonators  

 

For that purpose, we introduce for that the concept of AH-FLL for adjustable frequency 

locked loop, depicted on Figure 4.10. The principle is to downconvert the resonator signal to 

lower frequency values with the help of an auxiliary oscillator. The downconverted signal is 

tracked by the PLL and then upconverted close to the sensor resonance frequency using the 

same auxiliary oscillator. This configuration makes it possible to adjust the working frequency 

of the AH-FLL by changing the center frequency of the auxiliary oscillator only, without having 

to recalculate the stability of the PLL loop. Moreover, with the double mixing, the PLL block 

could work at a much lower frequency than in classical FLL loop which simplifies the 

realization of the PCB (track length, impedance matching,…). 

 

The AH-FLL architecture contains a TIA, a down-conversion mixer, a local oscillator, a PLL 

module and an up-conversion mixer driven by the same local oscillator. The PLL module 

includes a PFD, a loop filter and a VCO. The VCO locks on the frequency at the output of the 

LPF. AH-FLL works in the same way as a classic FLL. This means that we exploit the phase 

shift between the resonator and a VCO. The heterodyne block (2 mixers with same adjustable 

oscillator) allows to have a low frequency signal in order that the PLL module locks. Once 

locked, the VCO signal is up mixed with the oscillator signal to drive the resonator. At the 

output of the mixer, the resonator receives the two components of the mixed signal. The image 

rejection is ensured by the high-quality factor provided by the resonator.
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(4.37) 

(4.36) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.11: Phase noise model of the AH-FLL architecture to read the optomechanical resonator 

 

 

 

4.4.1  Open-Loop Analysis 
 

Figure 4.11 shows the linear time-invariant model of the AH-FLL in the phase domain. This 

model describes the transfer functions and phase noise of each of the blocks forming the AH-

FLL. In terms of transfer function, the resonator corresponds to a 1st order filter. The photodiode 

and the transimpedance amplifier a unity gain. The LPF low-pass filter is of order greater than 

2 to keep only the low frequency component. The open-loop transfer function is therefore 

written as follows : 

 

𝐻 𝐻−𝐹𝐿𝐿_𝑂𝐿(𝑠) = 𝐻𝑟𝑒𝑠
𝑝ℎ (𝑠)𝐻𝐿𝑃𝐹(𝑠)𝐻𝑃𝐿𝐿

𝑝ℎ (𝑠) 
 

where 𝐻𝐿𝑃𝐹 is the transfer function of the low-pass filter placed at the output of the mixer. 𝐻𝑟𝑒𝑠
𝑝ℎ  

and 𝐻𝑃𝐿𝐿
𝑝ℎ

are respectively the transfer function of the resonator and the PLL as seen previously 

in section 4.1.2.1. Stability analysis of the AH-FLL defined in equation (4.36) can be reduced 

to the evaluation of the PLL stability. Indeed, in the phase domain, the transfer function of the 

resonator 𝐻𝑟𝑒𝑠
𝑝ℎ (𝑠) is a 1st order low pass. The cut-off frequency of the filter corresponds to the 

resonator frequency. Thus, the resonator introduces a pole at very high frequency which has no 

consequence on the stability. The same conclusion applies to the LPF low-pass filter placed at 

the output of the mixer which introduces a high frequency pole that has no effect on stability. 

Therefore equation (4.36) becomes (see Appendix E): 

 

𝐻 𝐻−𝐹𝐿𝐿_𝑂𝐿(𝑠) = 𝐻𝑃𝐿𝐿
𝑝ℎ (𝑠) 

 

We will see in more detail the calculation of the stability equation (4.37) in the next chapter. 

This chapter will be dedicated to the design and testing of the readout circuit for the 

optomechanical sensor. This circuit is based on the AH-FLL architecture illustrated in Figure 

4.10.
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(4.38) 

(4.39) 

(4.40) 

(4.41) 

(4.42) 

 

4.4.2  Phase noise Analysis 
 

Referring to Figure 4.11, the output phase of the AH-FLL is expressed as follows :          

   

𝜑𝑜𝑢𝑡 =
1

𝐻𝑑
𝜑𝑃𝐿𝐿 +

𝐻𝑃𝐿𝐿
𝑝ℎ

𝐻𝑑
𝜑𝐿𝑃𝐹 +

𝐻𝑘
𝐻𝑑
𝜑𝐿𝑂 +

𝐻 
𝐻𝑑
𝜑  

 

where, 𝐻𝑑 = 1 − 𝐻𝑟𝑒𝑠
𝑝ℎ
𝐻𝐿𝑃𝐹𝐻𝑃𝐿𝐿

𝑝ℎ
 and 𝐻𝑘 = 𝐻𝐿𝑃𝐹𝐻𝑃𝐿𝐿

𝑝ℎ
(𝐻𝑟𝑒𝑠
𝑝ℎ
− 1) and 𝐻 = 𝐻𝐿𝑃𝐹𝐻𝑃𝐿𝐿

𝑝ℎ
. The phase  

𝜑 = 𝜑   + 𝜑𝑃𝐷 + 𝜑𝑟𝑒𝑠. We can calculate, from the output phase 𝜑𝑜𝑢𝑡, the phase noise of the 

AH-FLL architecture. For this it is sufficient to calculate the spectral density of noise which is 

written as follows (see Appendix E) : 

 

 

 

 

 

According to equation (4.39), the overall phase noise of the AH-FLL architecture depends 

on the phase noise of all the components that compose it. The transimpedance amplifier, the 

photodiode and the filters generally have a lower phase noise than the oscillators. When 

designing the circuit, we must pay attention to the intrinsic phase noise of each block in order 

to minimize the overall AH-FLL phase noise. 

 

 

4.4.3  Allan Deviation and AH-FLL specification 

 
To evaluate the frequency stability of the AH-FLL architecture in a relevant way we 

calculate the Allan variance defined in section 4.1.1.3. We inject the spectral density equation 

(4.39) to the definition of the AVAR equation (4.7). In a simplified way, the Allan variance of 

the AH-FLL architecture is thus expressed as follows (see Appendix E): 

 

𝜎 𝐻−𝐹𝐿𝐿
2 (𝜏) = 𝜎𝑒 𝑒𝑐

2 (𝜏) + 𝜎𝑟𝑒𝑠
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) 
 

with, 
 

𝜎𝑒 𝑒𝑐
2 (𝜏) = 𝜎𝑃𝐿𝐿

2 (𝜏) + 𝜎𝐿𝑃𝐹
2 (𝜏) + 𝜎𝐿𝑂

2 (𝜏) + 𝜎   
2 (𝜏) 

 

where the AVAR of the resonator and photodiode are respectively noted   𝜎𝑟𝑒𝑠
2 (𝜏) and 𝜎𝑃𝐷

2 (𝜏). 
𝜎𝑒 𝑒𝑐
2 (𝜏) is the Allan variance of the electronics (PLL block, transimpedance amplifier, low-

pass filter, and local oscillator). A properly designed AH-FLL architecture should not degrade 

the frequency stability 𝜎𝑟𝑒𝑠
2 (𝜏) of the resonator. Therefore, we must respect the condition: 

 

𝜎𝑒 𝑒𝑐
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) ≤ 𝜎𝑟𝑒𝑠
2 (𝜏) 

 
To satisfy the condition equation (4.42), we must first know the frequency stability of our 

optomechanical resonator. Figure 4.12.a shows the measurement result in air of the Allan 

deviation for an optomechanical disk resonator. 

𝑆𝜑𝑜𝑢𝑡 = |
1

𝐻𝑑
|

2

𝑆𝜑𝑃𝐿𝐿 + |
𝐻𝑃𝐿𝐿
𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝐿𝑃𝐹 + |
𝐻𝑘
𝐻𝑑
|

2

𝑆𝜑𝐿𝑂 + |
𝐻𝑖
𝐻𝑑
|

2

𝑆𝜑𝑖 
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(4.43) 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 4.12: (a) Allan deviation measurement of an optomechanical resonator for different drive 

voltages (b) Measurement of the mechanical signal for different drive voltages. 

 

Based on Figure 4.12.a, for a drive of 1.2 V, the frequency resolution of the optomechanical 

resonator 𝜎𝑟𝑒𝑠𝑚𝑖𝑛 = 10
−7 (100 ppb). To fully exploit the intrinsic frequency stability of the 

resonator it is necessary to specify the AH-FLL electronics in a way that does not exceed 100 

ppb. To respect this resolution, we propose the specification illustrated in the gray area of Figure 

4.12.a. For an integration time greater than 10s, the phase noise of the AH-FLL is limited by 

the phase noise of the oscillators. In the specification we therefore impose that 𝜎𝑉𝐶𝑂 < 10
−8 

and 𝜎𝐿𝑂 < 10
−8. This condition is not restrictive. There are many commercial oscillators with 

stability below 10 ppb, such as the oscillator from Crystek.  

 

For an integration time of less than 10s, the AH-FLL phase noise is limited by the noise of 

the transimpedance amplifier, the photodiode, and the filters. In this regime the white phase 

noise dominates, the Allan deviation of the AH-FLL becomes [23]:  

 

𝜎 𝐻−𝐹𝐿𝐿(𝜏) ≅
1

2𝑄

𝑁𝑣
𝑆 𝑎𝑥

√
1

2𝜋𝜏
 

 

where, 𝜏 and 𝑄 are respectively the integration time and mechanical quality factor of the 

resonator. 𝑁𝑣 is the noise spectral density in 𝑉/√𝐻𝑧 and 𝑆 𝑎𝑥 is the maximum amplitude of 

the mechanical signal expressed in 𝑉. To respect our specification, we consider that 

𝜎 𝐻−𝐹𝐿𝐿(10
−3) = 10−6. For a resonator driven at 1.2 V, if we observe Figure 4.12.b, the 

maximum amplitude and the quality factor are respectively 𝑆 𝑎𝑥 = 35 𝜇𝑉 and Q=2600.  

 

By injecting these numerical values into equation (4.43), we obtain 𝑁𝑣 ≈ 14 𝑛𝑉/√𝐻𝑧. 
When designing the electronics, the noise level of the amplifiers, photodiode and filters must 

be less than 𝑁𝑣. This specification is not restrictive, if we consider the realization of passive 

filters. The noise of the photodiode and transimpedance amplifier must also be less than 

14 𝑛𝑉/√𝐻𝑧.  

(a) (b) 

Drive increase

AH-FLL 

VCO+LO

𝜎
(𝜏
)

𝜏(𝑠)
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4.5  Conclusion  
 

 

In this chapter we have presented the different architectures that can be applied to the reading 

of our optomechanical resonator. There are two types of architecture. The open-loop 

architectures (LIA) which only allow to read the frequency of the resonator. The closed-loop 

architectures (SOL and FLL) which allow both the reading and the excitation of the resonator. 

In the first part, for each architecture we have studied a theoretical analysis of phase noise, mass 

resolution and loop stability.  

 

In the second part, we have summarized in a table all the essential information to know about 

each of the architectures. In this table we have reminded the operating principle, as well as all 

the theoretical analyses developed in the previous part. To improve the comparison, we have 

added the convergence time criterion and the implementation complexity. We have introduced 

a Figure of Merit (FoM) allowing us to compare the architectures between them. And based on 

this FoM, we have realized a state-of-the-art of architectures allowing to read resonant sensors. 

According to this analysis, for low-frequency resonators we noticed that the authors tended to 

design an LIA architecture. While for high-frequency resonators, they tended to realize a 

closed-loop architecture of type SOL or FLL especially because of their fast convergence time. 

In the context of a matrix of high frequency resonators, it is preferable to use an FLL 

architecture. The latter is more robust and converges faster than the SOL architecture. 

 

To read our optomechanical resonator, we naturally chose an FLL-based architecture. In an 

FLL architecture, the frequency range is limited by the VCO. However, our optomechanical 

resonators do not have the same resonance frequency (between 200 and 300 MHz), depending 

on their dimensions. To be able to read all of our resonators, we introduce the AH-FLL 

architecture. The idea is to increase the frequency range by mixing with an adjustable local 

oscillator. This allows us to adjust the frequency range according to the resonator to be read. 

Thus, we avoid changing the VCO and the stability calculation of the FLL loop remains valid. 

Before starting the circuit design, we specify the different blocks that compose the AH-FLL. In 

order to exploit the frequency resolution of our sensor, the local oscillator and the VCO must 

have a stability of 10 ppb. The amplifiers, photodiode and filters must have a noise floor below 

14 𝑛𝑉/√𝐻𝑧. 
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In this chapter we will see the practical implementation of an AH-FLL using discrete 

components off-the-shelf (COTS) for optomechanical sensor readout. First, we will present the 

AH-FLL complete architecture. Then we validate this architecture by stability studies and 

electrical simulations. In the second part, we illustrate the design steps of the PCB. We explain 

the different constraints of design including the adaptation of transmission lines. In the third 

part we present the debug and functionality test of the circuit board. And in the last part, the 

demonstration of the circuit with an optomechanical sensor. During this demonstration we have 

succeeded in reading and in self-actuating the optomechanical disk with our circuit. In terms of 

performance the system (sensor + circuit) reaches a resolution of 500 ppb.
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5.1. Circuit design and simulation results  

 

 

In the previous chapter, we have presented a state of the art of architectures that can be 

applied to the reading of optomechanical resonator arrays for mass detection. As a reminder, 

we identified two types of architectures: closed-loop and open-loop. In the closed loop 

architectures (self-oscillating loop [1]-[3] or phase locked loop [4]-[6]), the idea is to read the 

resonator and then reinject the reading signal to stimulate the mechanical resonance. For open 

loop architectures (lock-in-amplifier [7]-[8]), the electronics is only used for the reading. It is 

necessary to provide separate excitation electronics to adequately drive the resonance.  

 

For the reading of our optomechanical resonators, we have chosen an architecture based on 

FLL. Indeed, this architecture presents a low phase noise if we choose a stable VCO and a very 

fast convergence time which is very useful in the perspective of optomechanical resonator array. 

And, once locked, as a feedback system, the loop is robust to disturbances. Due to the high 

resonance frequencies of the optomechanical sensors and to ease the design of the PCB, the 

Adjustable Heterodyne Frequency Locked Loop (AH-FLL) architecture has been introduced. 

The idea is to work at low frequency using a heterodyne frequency conversion. 

 

In this section, we will present the complete AH-FLL architecture. We will describe the 

different blocks that compose the architecture. Then the design steps, the choice of the 

components, the stability analysis of the loop are detailed. Finally, the simulation results and 

the expected theoretical performances in terms of phase noise are presented. 
 

 

5.1.1  Presentation of the AH-FLL complete architecture 
 

Figure 5.1 below shows the architecture of the circuit for reading optomechanical sensors. 

The circuit is composed of multiple modules: an input module, a heterodyne module, a PLL 

module and a drive module. The principle of operation is as follows. As seen in chapter 2, the 

optomechanical sensor modulates an optical power with its mechanical resonance. So at the 

input of the circuit, we have an optical power modulated at the frequency 𝑓𝑚of the resonator.  

 

The input module transforms this optical power into a voltage that can be used by the 

heterodyne module. The heterodyne module allows to lower the signal frequency in order to 

address the PLL. When the PLL is locked, at the output of the VCO, frequency is read. Using 

this frequency and the sensitivity of the resonator, we can estimate the mass on the resonator. 

The Drive module allows us to reinject the signal that was previously mixed to stimulate the 

mechanical resonance of the disk. We will explain the different modules in more detail. 

 

5.1.1.1 Input Module  
 
The input module allows the conversion of optical power into voltage. It is composed of a 

photodiode, a transimpedance amplifier (TIA), a high pass filter and a second amplifier. The 

photodiode chosen is the FCI-InGaAs-120L-FC with a fiber optic type connector. It has a peak 

responsivity of 0.95 𝐴/𝑊 at 1550 𝑛𝑚. The noise equivalent power (NEP) noise is 

4.50 𝑓𝑊/√𝐻𝑧. 
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The transimpedance amplifier converts the current from the photodiode into voltage. It is a 

resistive feedback TIA based on the OPA2846 with a gain of about 50 dBOhms. Then we have 

a high pass filter to eliminate the DC component. A second amplifier is necessary because the 

signal level is too low (~2 𝑛 /√𝐻𝑧 . 

 

5.1.1.2 Heterodyne Module  
 
The heterodyne module is used to down convert the signal to lower frequencies. With the 

help of a passive RF mixer, here the ADE-1+ we mix our 𝑓𝑚 frequency signal at the output of 

the input module with a signal from an oscillator. We choose here as local oscillator, the 

voltage-controlled oscillator CVCO55CL-0150-0200 from Crystek [9]. Once mixed we have 

the low frequency  𝑓𝑚  𝑓    and high frequency  𝑓𝑚  𝑓    components. Efficient filtering is 

required to remove the higher frequency from the image. For this purpose, we have 

implemented a low-pass filter of order 4. 

 

 

 

 

 

 

 

 
Figure 5.2: Operating principle of the heterodyne module  

 

5.1.1.3 PLL/FLL Module  
 

The PLL module is the most important module of the architecture presented in Figure 5.1. It 

is composed of two comparators, a phase frequency detector (PFD), a charge pump, a loop filter 

and a VCO. The operating principle is as follows. At the input, the PFD compares the frequency 

and phase of the signals from the heterodyne module (reference) and the VCO. As long as the 

two signals do not have the same frequency and phase, the PFD generates a voltage that drives 

the switches of the charge pump as illustrated in figure 5.3. Depending on the up or down 

configuration, the charge pump current drives the loop filter and changes the VCO frequency 

to reduce the phase error at PFD inputs. When the PLL converges, the phase difference at the 

PFD inputs is zero, resulting in equal frequencies of the VCO and the PLL reference input. 

 

The LTC6752 comparators are used here to convert the sinusoidal outputs of the VCO and 

the reference into square signals with steep edges. The HMC1031 from Analog Device [10] is 

composed of a PFD and a charge pump and operates up to 140 MHz. It also has a charge pump 

current of about 50 µA. The loop filter chosen here is a 3rd order filter, which allows better 

filtering of the PFD spurious tones at reference frequency. And finally, a VCO here the 

CVCO55CL-0045-0070 from Crystek [11]. This VCO operates between 40 to 70 MHz and has 

a very low phase noise  95 𝑑𝐵𝑐/𝐻𝑧 at 1 Hz and  136 𝑑𝐵𝑐/𝐻𝑧 at 100 KHz. 

Adjustable

Low-pass filterADE-1+
       

𝑓𝑚

𝑓  

𝑓𝑚  𝑓  
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Figure 5.3: Operating principle of the PLL module  

 

5.1.1.4 Drive Module  
 

The last module is the drive module which allows to feed-back the measured signal in order 

to stimulate optomechanical disks. For this purpose, the VCO signal is up-mixed with the signal 

of the adjustable oscillator. A high-pass filter is used to filter out the low frequency image at 

the up-mixer output.  

 

 

 

 

 

 

 

 

 
 

Figure 5.4: Complete schematic of the drive module (PGA + High-pass filter)  

 

The addition of this filter is optional because the resonator behaves like a band-pass around 

its excitation frequency. By default, it removes the low-frequency component. We have added 

a programmable gain amplifier (PGA) to give us the possibility to amplify the signal before 

driving the disks. Here we are working with OPA855 amplifier from Texas Instrument [12] 

with a gain bandwidth product of 8 GHz.  As shown in Figure 5.4, the PGA can have a gain 

G=1; 2; 3.   
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(5.1) 

(5.2) 

 

5.1.2  AH-FLL loop stability analysis 
 

To design the circuit in Figure 5.1, we need to ensure that the AH-FLL architecture is stable 

in the phase domain so that the loop can converge. As seen in chapiter 4, the stability study of 

the AH-FLL architecture can be boiled down to the stability study of the PLL module. With 

respect to the components chosen in the previous section, we propose here to estimate the 

stability of the circuit to be designed. 
 

 

 

 

 

 

 

 

 

Figure 5.5: PLL block diagram with transfer functions of charge pump, loop filter and VCO 

 

 

To study the stability of PLL, it is necessary to calculate the open loop transfer function and 

determine the phase margin. Figure 5.5 above shows a block diagram with the transfer functions 

of the charge pump, the loop filter and the VCO. For the PLL to be stable, the open-loop transfer 

function must be written as (see chapiter 4):  

 

𝐻𝐴𝐻−𝐹  ,   𝑠 = 𝐻𝑃  ,   𝑠 =
 𝑝𝑢𝑚𝑝

2𝜋

𝐾   

𝑠
𝐻 𝐹 𝑠  

 

where  𝑝𝑢𝑚𝑝 is the current of the charge pump (50 µA), 𝐾    is the VCO gain (4 MHz/V) and 

𝐻 𝐹 𝑠  the transfer of the loop-filter. This filter can be of order 2 or order 3 according to the 

configurations presented in Figure 5.6. The transfer functions 𝐻 𝐹2𝑛𝑑
 𝑠  for the second order 

filter and 𝐻 𝐹3𝑟𝑑
 𝑠 for the third order filter are expressed as follows: 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 5.6: PLL Loop-filter configuration (a) second order filter (b) third order filter 
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Figure 5.7: (a) Bode diagram of the 𝐻𝐴𝐻  𝐿𝐿, 𝐿 𝑠  transfer function defined in equation (5.1) for a 

second and third order filters. (b) Simulation of the VCO control voltage for the case of an 3   order 

filter (b) Simulation of the VCO control voltage for the case of an 2   order filter. 

 

Figure 5.7.a shows the bode diagram of the 𝐻𝐴𝐻−𝐹  ,   𝑠  transfer function defined in 

equation (5.1) for the two loop-filter configurations. In both cases the system is stable with a 

phase margin of 𝑀𝜑 = 81,4° for the second order filter and a phase margin of 𝑀𝜑 = 73,5° for 

the third order filter.  

 

Figures 5.7.b and 5.7.c illustrate the transient simulation of the VCO control voltage for the 

two filter configurations. We can observe a ripple on the VCO control voltage at a frequency 

equal to the PFD reference frequency coming from the downconverter mixer. It is due to the 

mismatch of the charge pump current sources which is responsible for the injection of noise at 

the harmonics of the reference frequency. We observe that the third-order filter provides better 

filtering of the high frequency components. As a result, the PLL output, here the VCO 

frequency has a better stability. There is therefore a trade-off between PLL stability and PLL 

output noise that is linked to the frequency resolution and thus the mass resolution of the sensor. 

As presented in Section 5.1.1.3, in the AH-FLL circuit we consider a third-order loop filter. It 

is possible to increase the order of the filter to have better frequency resolution, but this will be 

at the expense of stability (phase margin degradation). 

   
 

5.1.3  Transient Simulation Results 
 

Before starting the design of the PCB, it is necessary to be sure that the AH-FLL architecture 

is stable and converges well in transient simulation. In the Virtuoso Cadence environment, we 

have at our disposition a complete model of the optomechanical sensor that can simulate a mass 

deposition in transient regime, see chapter 2 for more details. The idea here is to simulate the 

whole system (sensor + reading electronics).  To do this,  we  used  the  SPICE  models  of  the
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Figure 5.8: Transient simulation of the AH-FLL architecture when simulating a 2 pg mass deposition 

on the Verilog A model of the optomechanical sensor. 

 

amplifiers extracted from the manufacturer’s website. For all the other components for which 

manufacturer models don’t exist, we use generic Verilog A models, e.g., for mixers, 

comparators, PFD + charge pump and VCO already existing in the Cadence Analog library. 

AH-FLL stability has been verified through transient simulation. First by verifying the AH-

FLL locking process at power on and second by simulating a mass deposition. 

 

Figure 5.8 above represents the results of simulations when a mass of 2 pg is deposited. In 

this figure the output of the optomechanical resonator, the output of the VCO, the up and down 

outputs of the charge pump and the tuning voltage   𝑢   of the VCO are represented. Between 

0 and 600 µs, no mass is deposited, the resonator resonates at over 250 MHz. As shown in 

Figure 5.8, the voltage of the VCO converges at 2.5 V, which corresponds to 50 MHz. This is 

coherent since we have mixed the signal of the resonator with an oscillator at 200 MHz. The 

convergence time here is about 50 µs. 

 

At 600 µs we simulate a deposit of 2 pg of mass on the resonator. Consequently, the 

frequency of the sensor changes from 250 to 248 MHz and the PLL loop adapts the   𝑢   

voltage in order that the VCO converges to 48 MHz. The convergence time is very fast, about 

5 µs. This simulation confirms that the choice of components is adequate, and that the stability 

calculation presented in section 5.1.2 is correct.  
 

 

5.1.4  Application of the theory to the proposed design  
 

In this part, we will check whether the components that we have chosen to design the AH-

FLL circuit are consistent with the specification done in chapter 4 section 4.4.3. As a reminder, 

this specification was to  get an ADEV of 10−8 at 0.1s.  

 

In chapiter 4, we saw that the most important contributor to the phase noise was the VCO of 

the PLL. The local oscillator allowing the heterodyne does not contribute since the noise 

introduced during down-mixing is canceled during up-mixing. The amplifiers, the photodiode 

and the PFD also contribute but in a lesser extent [13]. 
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Figure 5.9: Theoretical prediction of the different noise sources of the AH-FLL architecture. 

 

Figure 5.9 shows the theoretically calculated Allan deviation from the phase noise given in 

the component data sheet. For an integration time of less than 1 s the dominant phase noise is 

the noise of the photodiode and the TIA. Beyond 1 s it is the phase noise of the VCO.  

 

For an integration time of 0.1 s, with the chosen elements we obtain an ADEV of 25 ppb. 

This is slightly above the 10 ppb value expected in the specification. Mainly because of our 

choice of photodiode (FCI-InGaAs-120L-FC) and TIA to amplify the weak signal at the output 

of the resonator.  

 

 
 

 

 

 

 

 

 

 

 

 

 

𝜎
 𝜏

  

𝜏 𝑠  

25 ppb 

AH-FLL 



 

 

 

107  

 Chapter 5: Practical realization and experimental validation 
 

 
5.2. AH-FLL PCB design schematic and Layout  

 

 

In the previous section, we have validated the implementation of the AH-FLL through 

simulations. First, we performed stability simulations to guarantee the stability of the 

architecture to be designed. Then, transient simulations using the optomechanical sensor model 

developed in chapter 2. This section is dedicated to the development of a PCB including all the 

functionalities of the architecture as presented in Figure 5.1.  
 

5.2.1  Schematic view of the AH-FLL circuit  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Altium schematic view of the AH-FLL circuit for reading optomechanical sensors. 

 

Figure 5.10 shows the complete schematic of the AH-FLL circuit. The board integrates a 

photodiode and a TIA to ensure compatibility with the optical output of the optomechanical 

sensor. The board also incorporates an electrical input that bypasses the photodiode and TIA 

for debugging purposes. In terms of outputs, we have provided, as shown in Figure 5.1, three 

outputs with SMA connectors. A first output allows the reading of a single optomechanical 

resonator. Two other outputs, which can be selected using switches, have been implemented to 

demonstrate the ability of AH-FLL to sequentially reading of matrix of optomechanical sensors. 

Particular attention has been paid to reduce noise coupling, for example by implementing 

dedicated power supplies for the different oscillators using linear voltage regulators. 

 

5.2.2  Presentation of the PCB board    
 

Figure 5.11 shows the pictures of the board for reading of the optomechanical sensors. In 

terms of dimensions the board is 15 cm long with a width of 11.5 cm. In the board we can see 

the two input channels IN1 and IN2 and the three output channels (Out1,  Out2  and  Out3)  for 
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OUT

FLL/PLL

VCO

Power supply
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Figure 5.11: Presentation of the PCB board corresponding to the AH-FLL architecture. 

 

driving the optomechanical disks. To facilitate the tests, there are also test points such as the 

input and output of the VCO (Vtune, and VCO_SQR or VCO_Sin). 

 

Once manufactured, the circuit board in Figure 5.11 did not work properly. During the debug 

phases, the board worked module by module but never all the modules at the same time. The 

problem came from the heterodyne module. To  realize the  mixing,  we took as oscillator the 

VCO0055CL-0150-0200. This VCO has the disadvantage to present a strong second harmonic 

at -10dBc. As a result, the PLL module could not be locked. 

 

It was therefore necessary to design a second circuit by correcting the errors of the first. 

However, due to the shortage of components and the time constraint, application boards have 

been ordered to reproduce the AH-FLL architecture. Figure 5.12 below shows the assembled 

boards. There is a RF mixer board. We have two comparator boards that are positioned at the 

input of the PLL. A board where the frequency detector, the charge pump and the loop filter are 

mounted. In order to complete the architecture, we have designed by ourselves application 

boards for some functions such as passive filter, RF mixer and VCO when no application board 

was available. 

 

All the experimental results that we are going to present from here, come from the 

demonstration carried out with the assembly of the application boards. 
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Figure 5.12: Presentation of the assembled boards used to implement the AH-FLL architecture 
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5.3. Experimental test and validation results  

 

 

We have presented in the previous section the application board assembly to realize the AH-

FLL architecture. The assembled circuit should allow us to experimentally validate our concept 

of frequency-adjustable architecture. In this section, we propose to carry out several 

experimental tests to validate the functionality of the assembled circuit before proceeding to the 

demonstration with the optomechanical sensor. To do so, we will first present the experimental 

setup and then we will see the different functionality measurements. 

 

 

5.3.1  Experimental test setup  

 
Figure 5.13 represents the test bench on which we worked. The high frequency signals are 

visualized with the help of a 1 GHz-bandwidth digital oscilloscope or with the help a spectrum 

analyzer able to measure the phase noise of the different signals. Long term stability is measured 

with the help of a very accurate frequency meter that operates up to 350 MHz. A 1 GHz 

bandwidth signal generator is used to emulate the optomechanical sensor at  the down converter 

input. A second signal generator was used to provide the reference frequency for the down 

converter and up converter mixers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.13: Overview of the experimental test setup in the laboratory. 

 
We can also see on Figure 5.13 the montage boards once assembled. We suggest for the 

continuation of the experimental work to validate the different blocks (heterodyne, PLL, ...) of 

the AH-FLL architecture.  
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5.3.2  Heterodyne block test 
 

We will first check the functionality of our heterodyne module. This module is realized with 

two frequency generators as shown in Figure 5.13 and an active RF mixer as illustrated in 

Figure 5.12. One generator can go up to 1 GHz to emulate the resonance frequency of 

optomechanical disks. Indeed, the disks according to their dimensions can go until 500 MHz 

(disk of radius 5 µm) of resonance frequency. To accomplish a relevant experiment, the 

frequency of the first generator is set to 290 MHz (which corresponds to a resonator of radius 

8-9 µm) and the second generator to 240 MHz.  

 

Once the two signals are mixed, we have two signals of the same magnitude. A frequency 

signal at 50 MHz and a frequency signal at 530 MHz. As our PLL works between 40 and 70 

MHz, we must filter this signal to keep only the useful signal (50 MHz). For this we 

implemented a 4th order low-pass filter with a cutoff frequency at 53 MHz which filters out the 

530 MHz image frequency.  

 

Figure 5.14.a shows the spectrum of the signal at the output of the filter. We can observe an 

attenuation of the signal amplitude at 530 MHz compared to the useful signal of 50 MHz. The 

conversion gain of the mixer makes that the useful signal is also slightly attenuated. Figure 

5.14.b shows the oscilloscope view of the signal at the output of the low pass filter. The signal 

is very clean and can be transformed into a logic signal with a comparator in order to be injected 

into the PLL block. 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.14: (a) Frequency spectrum of the heterodyne block output signal (b) Oscilloscope view of the 

heterodyne block output.   

 
 
5.3.3  PLL functionality validation  
 

The second step consists in validating the functionality of the PLL. As a reminder the PLL 

block was presented in section 5.1.1.3 and is composed of two comparators, a  PFD with charge 

pump, a loop filter and a VCO. We apply the signal of 50 MHz coming from the low-pass filter 

after the downconverter mixer presented in Figure 5.14.b to the input of the comparator. With 

a threshold voltage of 0V, this comparator transforms the sinusoidal 50 MHz signal into a full-

scale logic signal as shown in Figure 5.15.a.
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Figure 5.15: (a) Oscilloscope view of the comparator input and output (b) Oscilloscope view of the PLL 

input with the useful or reference signal and the VCO signal. 

 
As illustrated, this logic signal is clean and can therefore be used as a reference signal by the 

PLL. Subsequently, this signal is injected to the PFD and charge pump component to be 

compared to the logic signal from the VCO. Alone and without control voltages applied (0V), 

the VCO has a frequency of 40 MHz with a gain 𝐾   = 4 𝑀𝐻𝑧/ . The loop adjusts the 

frequency of the VCO compared to the useful signal. The frequency of the VCO is increased 

from 40 MHz to 50 MHz. Figure 5.15.b shows the result of the PLL when the VCO signal is 

locked to the useful signal frequency. 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.16: Oscilloscope view of the PLL input (a) case where the useful signal is at 47.2 MHz (b) case 

where the useful signal is at 51 MHz. 

 
We repeated this operation, to see the frequency locking range of the PLL. Figure 5.16.a 

represents the case where the useful signal is placed at 47 MHz and the Figure 5.16.b represents 

the case where the useful signal is placed at 51 MHz. In both configurations the VCO converges 

to the frequency of the useful signal. The measured locking range of the PLL is 7 MHz (46 to 

53 MHz).  
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5.3.4  Phase Noise measurements  
 

Measuring the phase noise of our circuit is important. It allows us to identify the main 

contributors to the overall noise. We carry out a first manipulation in which we evaluate the 

phase noise of the VCO alone. Then in a second experiment, we measure the noise of the PLL 

module (Comparators, PFD, Loop filter and VCO). And in a last experiment, we measure the 

complete AH-FLL circuit (PLL and Heterodyne). 

 

 
 
 
 

 

 

 

 

 

 

 

 
 

 

Figure 5.17: Phase noise measurements of VCO alone, PLL block and AH-FLL global circuit. 

 

Figure 5.17 illustrates the performed phase noise measurements. The phase noise of the VCO 

alone is in accordance with the datasheet given by the manufacturer. As expected, it has a phase 

noise of around  105 𝑑𝐵𝑐/𝐻𝑧 at 10 𝐾𝐻𝑧. The phase noise in blue corresponds to the phase 

noise of the PLL module. We measure a loop bandwidth of about 23 𝐾𝐻𝑧. This corresponds 

approximately to the theoretical bandwidth of 20 𝐾𝐻𝑧. The small difference is explained by 

incertitudes on the value of the capacitors and resistors used to realize the loop filter.  

 

We also note that outside the PLL bandwidth the noise does not match the VCO noise as 

expected. A hypothesis on the origin of this noise could be the charge pump which must 

deteriorate the global phase noise. But in the absence of a noise model associated with this 

discrete component, it is difficult to determine accurately the origin of this noise degradation. 

The phase noise in green corresponds to the overall phase noise of the circuit (PLL block and 

heterodyne). The circuit has a phase noise of about  95 𝑑𝐵𝑐/𝐻𝑧 at 10 𝐾𝐻𝑧. 
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5.4. Demonstration with optomechanical sensor 
 

We have seen in the previous section that the PLL of the circuit works on a frequency range 

of 7 MHz (between 46 to 53 MHz). This could be sufficient to read our optomechanical sensors. 

Figure 5.18 shows the optomechanical test bench on which we add the test bench of the circuit 

to read the resonator. The optomechanical bench is composed of Fiber polarization Controller 

(FPC) to adjust the polarization of the light.  Photodetectors (photodiode and transimpedance) 

with 1 GHz bandwidth.  A lock-in-amplifier (LIA) and a tunable wavelength laser for optical 

actuation of our resonator disk. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18: Overview of the optomechanical sensor test bench and the complete circuit. 

 

For the demonstration, we worked on actuated devices. They have a better SNR, and they 

also allow us to verify with our assembled circuit the reading and self-actuation of an 

optomechanical resonator. The simple fact of reading and driving the sensor with our 

electronics is considered as a first in the state of the art.  

 

As a reminder, the circuit presented in Figure 5.1 has a drive module that allows to reinject 

the measured signal to stimulate the disk mechanical resonance. The optomechanical resonators 

on which we worked had a resonance frequency of 316 MHz.  

 

Figure 5.19 shows the complete circuit that allows both the reading and the self-actuation of 

the optomechanical sensor. To the best of our knowledge, for the first time in the state of the 

art we successfully read with our assembled circuit the resonance frequency of the sensor. The 

experimentation took place in the following way, at the output of the photodetector we have a 

30 mV signal modulated at 316 MHz. Then we have amplified this signal with a 30 dB amplifier 

(see Figure 5.19). We then down mixed (with a signal of 268 MHz) and filtered to keep only 

the low frequency component. The signal is then injected into the PLL which locks.
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Figure 5.19: Circuit assembly for the reading and self-actuation of the optomechanical sensors. 

 

Once the PLL is locked we measure the VCO frequency as the image of the resonator 

frequency. Then with an up-mixing we raise the frequency of the VCO to stimulate the disk 

mechanical resonance. To start the loop, the phase of the system must be adjusted. To do this, 

we used a voltage-controlled phase shifter placed between the up-mixer and the VCO input. At 

startup, the circuit cannot start on the thermomechanical noise of the sensor alone. An external 

clean signal must first be injected into the resonator so that the PLL converges. Once the PLL 

converges, the external stimulation is stopped and the VCO output is connected into the 

resonator. In this way, the system (sensor and circuit) is self-acting, and the electronics tracks 

the resonator frequency. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20: (a) Phase noise measurement of the optomechanical sensor + circuit (b) Measurement of 

the Allan deviation in open-loop and closed-loop. 

 

Figure 5.20.a illustrates the phase noise of the signal at the output of the circuit when reading 

the optomechanical sensor. We have seen previously in the Figure 5.17, the phase noise of each 

block of our circuits. In comparison the system (circuit with sensor) has a little more phase 

noise, it is -91 dBc at 10 KHz. Figure 5.20.b shows the frequency stability of the system in open 

and closed loop. If we analyze this figure, in closed loop the resolution reached is 500 ppb. For 

a sensor with a resonance frequency of 316 MHz this corresponds to a frequency resolution of 

158 Hz. 
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Figure 5.21: (a) Block by block measurement of the Allan deviation (b) Measurement of the VCO 

frequency during a simulation of mass deposition. 

 

Considering the sensitivity of our optomechanical sensor which is 1 Hz/ag it corresponds to 

a resolution in mass of 158 ag.  

 

Once the stability of the complete system has been evaluated, we are interested in analyzing 

the contribution of our circuit to the global stability. The purpose is to identify whether it is the 

electronics or the optomechanical resonator which limits the performance of the system in 

closed loop. Figure 5.21.a shows the measurement of the Allan deviation made individually on 

each block of the circuit. As can be seen in the AH-FLL circuit, the most stable block is the 

PLL block. Indeed, this block integrates the very low-phase noise VCO CV005CL-0045-0070 

form Crystek. The heterodyne block (up-mixing and downmixing) is the block that currently 

limits the stability of the circuit to 20 ppb. 

 

To improve the frequency resolution of the circuit, work must be done on the design of the 

heterodyne block. When demonstrated with the optomechanical sensor, the closed-loop 

resolution is 500 ppb. Since the circuit has a limit of 20 ppb, we can conclude that it is the 

optomechanical resonator that limits the frequency stability. This is consistent, disk resonators 

depending on their drive voltage have a resolution between 100 ppb to 1ppm (see Figure 4.10). 

 

To validate the proof of concept, it is necessary to see if the assembled circuit can track the 

resonance frequency during a mass deposition. Experimentally, such process was not possible 

with the optomechanical sensor available. Nevertheless, the mass deposition could be emulated 

by slightly modifying the frequency of the oscillator driving the heterodyne stage. Figure 5.21.b 

shows the measurement of the VCO frequency when we change the oscillator frequency. For 

each change of frequency, we observe that the circuit converges. The circuit is thus able to read 

a mass deposition.  

resonator limit 500 ppb 

circuit limit 20 ppb 
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5.5  Conclusion  
 

 

In this chapter we have presented for the first time the design of a circuit for the reading of 

optomechanical resonators. The first part of the chapter shows the complete AH-FLL 

architecture. The circuit consists of several blocks. An input block which allows to transform 

the optical power into an electrical signal. A heterodyne block allowing us to reduce the 

frequency to facilitate the design of the PCB. A PLL block which is the core of the circuit. It 

allows us to track the resonance frequency. And a drive block that loops the system to inject 

the VCO signal to drive the optomechanical resonators.  

 

Once the AH-FLL architecture has been validated by the electrical simulations, we move on 

to the design of the board. We presented the schematic view and the layout of the board. Once 

manufactured, the PCB showed some functional failures.  Therefore, we moved to application 

boards in order to realize the AH-FLL architecture and validate our concept of a frequency-

adjustable circuit. 
 

In the third part, we have shown the test bench. We presented the experimental results 

corresponding to the different blocks that compose the AH-FLL architecture. In terms of phase 

noise, the assembled boards have a phase noise of about  95 𝑑𝐵𝑐/𝐻𝑧 at 10 𝐾𝐻𝑧. This gives 

us hope to read the optomechanical sensor. 

 

Finally, we realized the demonstration of the proposed AH-FLL architecture with the 

optomechanical sensor. The resonator chosen for the demonstration is an electrostatically 

actuated resonator with 316 MHz resonance frequency. We succeeded for the first time in the 

state of the art to read and self-actuate an optomechanical resonator with our circuit. The reading 

is done with the VCO frequency which is an image of the resonance frequency.  Then this signal 

is reinjected into the sensor to amplify the mechanical resonance. To start the loop self-

actuation, it is necessary to adjust the phase of the closed loop. To do this, we used a phase 

shifter in the loop. At startup, it is required to stimulate the resonator by an external signal to 

allow the PLL to converge. Once the PLL converges, the external stimulation is stopped and 

the VCO output is connected into the resonator. In this way, the system (sensor and circuit) is 

self-acting. In terms of performance the system reaches a resolution of 500 ppb which 

corresponds to a frequency of 158 Hz for a resonance at 316 MHz. In terms of mass resolution, 

if we assume the sensitivity of our resonator is 1𝐻𝑧/10−18𝑔, the minimum mass detected is 

158 ag.  
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Conclusion and perspectives 

 
  The research work presented in this thesis is part of the development of a compact mass 

measurement system based on optomechanical resonators. The main objective of this thesis was 

to design a circuit to achieve a mass sensor demonstrator with readout electronics. To reach this 

final objective, we followed several milestones. 

A first milestone was the development of a compact analytical model of the optomechanical 

resonators. This model was necessary to understand the physical principles and to facilitate the 

development of a circuit. The work resulting from this part has been published in a conference 

(IEEE MEMS) and a journal (Transactions Electron Devices). As our goal was to design a 

circuit compatible with matrix reading, a second milestone was the consideration of the 

organization of optomechanical resonators in matrix form. A patent has been filed following 

the results of this reflection. Finally, a third milestone consisted in the research of an 

architecture adapted to the reading of optomechanical resonators. From this research, we 

proposed a frequency-flexible readout architecture to read optomechanical resonators. 

Afterwards, we specified and designed the electronics based on this architecture to realize the 

final demonstration with the optomechanical sensor. The result of this work has been published 

in a conference (IEEE Sensors). 

This manuscript respects the same work plan. Chapter 1 is devoted to the state of the art of 

optomechanical resonators. We first presented the history of optomechanical cavities from the 

very first experiments to the present day. Then we reviewed the different resonators and their 

fields of application (detection of force, acceleration, magnetic field, mass, acoustic wave, ...). 

For sensing applications, we distinguish two main families of optomechanical resonators: the 

photonic Crystal and the circular WGM cavities. Regarding mass detection applications, the 

resonators developed by CEA-Leti are based on WGM circular cavities.  

Chapter 2 describes the operating principles of the optomechanical disk resonator. It behaves 

like an optical resonator in which the light propagates by successive reflection in WGM mode. 

It also acts as a mechanical resonator, expanding radially in the RBM mode. An optomechanical 

coupling connects the mechanical cavity to the optical cavity. In this chapter we have developed 

the equations describing these physical principles. Based on these equations we have elaborated 

a compact Verilog A model of the optomechanical resonator. The presented model includes the 

mechanical, optical, optomechanical coupling and the thermal behavior of the sensor. 

We have proposed in Chapter 3 a matrix configuration appropriate for mass detection. The 

array is organized in rows and columns. On each row is placed several optomechanical 

resonators sharing the same optical waveguide. A readout electronics is placed at the output of 

the waveguide to read sequentially the disks located on the same waveguide. To avoid 

overlapping mechanical responses of the disks, we enable or disable them. A p-n junction injects 

current to heat locally the disk in order to shift the optical resonance with respect to the laser 

wavelength. Consequently, only the disk to be read is visible compared to the other disks 

positioned on the same waveguide. To estimate the complexity of such a structure, we have also 

detailed the fabrication process.   
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Conclusion and Perspectives 

 

Following this, we studied in chapter 4, the architectures which are potentially applicable to 

the reading of optomechanical resonators. We have presented closed loop architectures of type 

SOL and FLL and the open loop architectures of type LIA. For each architecture, we have 

detailed the theoretical equations in terms of phase noise, mass resolution and loop stability. A 

summary table shows all the equations developed. To read the optomechanical resonators, we 

have chosen an architecture based on the FLL. This architecture is robust and has a fast 

convergence time. However, since our optomechanical resonators have different resonance 

frequencies (between 200 and 300 MHz), depending on their dimensions. We introduce the 

concept of AH-FLL architecture. 

Chapter 5 is dedicated to the demonstration. Based on the specifications done in the previous 

chapter and electrical simulations, we presented the AH-FLL circuit to be designed. Once the 

circuit assembly is completed, we moved to the demonstration with the optomechanical sensor. 

To the best of our knowledge, we have succeeded for the first time to read an optomechanical 

sensor with our circuit setup. In terms of performance the system (sensor and readout circuit) 

reaches a resolution of 500 ppb which corresponds to a frequency of 158 Hz for a resonance at 

316 MHz. Considering , the resonator sensitivity (1𝐻𝑧/10−18𝑔), the mass resolution is 158 ag. 

 

Perspectives 
 

These research works lead to a few perspectives. A first perspective is to complete the 

developed model by integrating the optical nonlinearities effects (bistability) of the 

optomechanical resonators. These effects manifest themselves only in specific cases where the 

injected power is very high. A second perspective is to experimentally validate the model during 

a mass deposition. We could not carry out this experiment even if the result obtained in 

simulation seems coherent. A third perspective would be to implement, based on the work 

already done, a model of the matrix configuration proposed in the framework of the thesis. It 

would consist in cascading the model already developed by adding the possibility of activating 

or deactivating the optical resonators. 

The demonstration of the sensor and readout circuit was carried out with a PCB circuit 

assembly, to make the circuit more compact, it is necessary to develop an integrated circuit 

based on this work. The final perspective would be to realize with the designed circuit a real 

mass deposition. 
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Introduction 

 

Ces dernières années, les résonateurs nano-électromécaniques (NEMS) ou micro-

électromécanique (MEMS) ont démontré leur énorme potentiel pour les applications de 

détections de masses. Grâce à leur couplage électrique-mécanique, ils présentent une excellente 

sensibilité. C’est ce qui leur permet d’être utilisés dans applications de précision comme la 

spectrométrie de masse. Aujourd’hui ces technologies apparaissent comme matures et sont 

capables de détecter des atomes dans le vide. La résolution en masse d’un résonateur nano et 

micro-mécanique est proportionnelle à sa masse effective. Plus la masse des résonateurs est 

faible et meilleure est la résolution atteinte. Par conséquent, les résonateurs ont fait l’objet d’une 

campagne de miniaturisation pour atteindre la meilleure résolution possible. Néanmoins, cela 

fragilise leur structure et ils sont moins résistants. De tels dispositifs ne sont utilisés uniquement 

que dans des milieux non contraignants comme le vide ou l’air. Dans un milieu contraignant 

comme le liquide, la viscosité fait que les dispositifs micro et nano mécaniques à base de poutres 

ont tendance à casser et ne résonnent pas. 

 

Dans l'état de l'art, il existe des dispositifs plus résistants tels que les disques 

optomécaniques. Ce type de résonateur héberge deux modes de résonance : optique et 

mécanique. Un couplage appelé "couplage optomécanique" relie ces deux modes, ce qui permet 

l'interaction entre la lumière et un résonateur mécanique à disque au niveau de la basse énergie. 

Un résonateur optomécanique est un dispositif dans lequel la propagation de la lumière est 

modifiée (modulée) par son mouvement mécanique. Le CEA-Leti développe ce type de 

résonateurs à disque pour des applications de détection de masse. Les dispositifs sont à base de 

silicium, il présente une excellente sensibilité de masse de 1 𝐻𝑧/10−18𝑔. Cette thèse s’inscrit 

dans le cadre du développement d’un système de mesure de masse à base de résonateurs 

optomécaniques. L’objectif du projet de thèse est de développer une électronique compacte 

pour la lecture d’un résonateur optomécanique. L’électronique à concevoir doit aussi être avec 

la lecture matricielle du capteur.  

 

 

Chapitre 1 : Introduction à l’optomécanique  
 

Le chapitre 1 introduit les cavités optomécaniques. Dans la première partie du chapitre, nous 

avons réalisé l’historique et le développement des cavités optomécaniques. Les toutes premières 

expériences recensées datent du XVII -ème siècle avec Kepler qui remarque que la poussière 

d’une comète se déforme à cause de la force d’attraction terrestre. Nichols et Hull ont montré 

que la lumière exerçait une force de pression radiale. La Figure 1.1 présente le dispositif 

expérimental de Nichols et Hull. Nous avons aussi décrit le principe de fonctionnement d'un 

système optomécanique (OM). En analysant le couplage optomécanique entre la résonance 

optique et la résonance mécanique.  Pour les  applications  capteurs,  on  distingue en général  



 

 

XIII 

 

Résumé en Français 

 

deux grandes familles de résonateurs : les résonateurs à cristaux photoniques (voir Figure 1.6) 

et les résonateurs à cavité circulaire WGM (voir Figure 1.7). 

 

Dans la deuxième partie du chapitre, nous avons fait un état de l'art des résonateurs 

optomécaniques et de leurs applications. Aujourd'hui, les dispositifs optomécaniques sont 

utilisés dans plusieurs domaines d'application (voir Figure 1.8). Par exemple, pour détecter une 

force avec un résonateur à disque ou une cavité Fabry-Pérot (voir Figure 1.9), pour mesurer une 

accélération avec des cristaux photoniques (voir Figure 1.11), pour mesurer un champ 

magnétique avec un micro-toroïdal ou une microsphère (voir Figure 1.13 et Figure 1.14). Les 

résonateurs sont également capables de mesurer avec une très grande précision une masse avec 

un résonateur à microsphère (voir Figure 1.15) ou un nano-bélier (voir Figure 1.16) ou un 

micro-toroïdal (voir Figure 1.17). Grâce à leur haute sensibilité optique, les résonateurs 

optomécaniques peuvent également être utilisés pour détecter une onde acoustique (voir Figure 

1.18 et Figure 1.19). 

 

Dans la dernière partie du chapitre, nous avons expliqué le contexte du projet de thèse. Au 

CEA-Leti, précisément au département composant silicium, deux types de résonateurs 

optomécaniques ont été développés. Les résonateurs à actionnement optique et des résonateurs 

à actionnement électrostatique. Au cours de cette thèse, nous avons travaillé sur ces deux 

configurations pour réaliser la modélisation compacte et la conception du circuit de lecture. 

 

 

Chapitre 2 : Capteur optomécanique : Théorie et modélisation 
 

Ce chapitre est consacré la compréhension théorique du comportement d’un capteur 

optomécanique. Dans la première partie du chapitre, nous avons expliqué que le micro-disque 

se comporte comme un résonateur optique. En effet, à l'intérieur de la cavité optique, la lumière 

se déplace par réflexion successive, c'est le mode de propagation optique WGM (voir Figure 

2.2). Suivant l’équation (2.1) le disque résonne à chaque fois que la lumière se déplace par 

réflexion successive. Le facteur de qualité optique du micro-disque est très élevé de l'ordre de 

105. Le disque résonateur se comporte aussi comme un résonateur mécanique. Lors de la 

résonnance le disque se dilate de manière radiale, c’est le mode RBM (voir Figure 2.5). Un gain 

dit « couplage optomécanique » relie la cavité mécanique à la cavité optique. L’expression de 

ce couplage est définie par l’équation (2.8). 

 

Dans la deuxième partie, nous avons présenté le capteur optomécanique à actionnement 

optique. Le mouvement mécanique de ce type de capteur est stimulé par une excitation optique. 

En effet, lorsqu'une puissance optique est injectée dans le disque, les photons se propagent par 

réflexion successive sur la paroi en mode WGM. On dit que les photons exercent une force de 

pression radiale. En général, le déplacement radial généré par cette force de pression est faible. 

Dans cette section, nous avons développé les équations analytiques décrivant le comportement 

optique, mécanique et thermique.  
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Dans la troisième partie, nous avons présenté le capteur optomécanique à actionnement 

électrostatique. C’est-à-dire que cette fois-ci le mouvement mécanique est stimulé de manière 

électrostatique avec des électrodes externe (voir Figure 2.15). Le déplacement radial provoqué 

par la stimulation externe est beaucoup plus important que dans le cas d’un dispositif avec 

actionnement optique. En général pour la détection de particule microscopique nous préférons 

utiliser un résonateur à cause du bon SNR. Dans cette section, nous avons développé un modèle 

compact en Verilog A. Ce modèle décrit l’ensemble des comportements physique du capteur 

optomécanique. Les résultats des simulations issus du modèle sont en accord par rapport aux 

mesures réelles.   
 

 

Chapitre 3 : Vers une intégration matricielle des résonateurs 
optomécaniques  

 

L'objectif de ce chapitre est d'étudier les possibilités d'intégration de résonateurs 

optomécaniques sous forme de matrice. Dans la première partie, nous nous sommes intéressés 

aux différents principes de lecture applicables à la matrice. On distingue deux principes de 

lecture : la lecture séquentielle et la lecture simultanée. La lecture séquentielle consiste à lire la 

matrice disque par disque (voir la Figure 3.3). Alors que pour la lecture simultanée, tous les 

résonateurs de la matrice sont lus en même temps (voir Figure 3.4). Pour lire notre matrice de 

capteurs optomécaniques, nous choisissons finalement une lecture séquentielle. En effet ce type 

de lecture est simple à réaliser d’un point de vue électronique. Notamment parce qu’il est 

possible de discriminer correctement les résonances mécaniques. Ce principe de lecture permet 

également de connaître en temps réel la position de la particule dans la matrice. 

 

Dans la deuxième partie du chapitre, nous avons présenté l'intérêt de ce type de matrice dans 

le contexte liquide. En effet, en milieu liquide, en raison de la viscosité et de l'inertie, les 

particules mettent un certain temps à se déposer sur le disque. Comme ce temps ne peut être 

réduit, l'idée est d'augmenter la surface de détection afin de détecter le plus de particules 

possibles. Une façon d'augmenter cette surface tout en préservant les performances (sensibilité, 

bruit...) est de réaliser une matrice de résonateurs optomécaniques. Nous avons présenté 

quelques configurations de matrice envisageables. Il y a la configuration multiplexée (voir 

Figure 3.5), dans laquelle plusieurs disques sont placés autour d'un même guide d'onde optique. 

Il existe une autre configuration de matrice possible qui consiste à placer des résonateurs 

mécaniques à béliers autour d’un seul résonateur optique (voir Figure 3.8). 

 

Dans les deux dernières parties du chapitre, nous avons présenté les différentes techniques 

d'activation et de désactivation des disques optomécaniques. Nous avons précédemment opté 

pour une lecture séquentielle. Pour appliquer ce principe, il faut que l’on soit capable d’activer 

le disque à lire pendant que les disques alentour sont désactivés. Pour activer et désactiver un 

disque on peut le faire soit de manière optique en exploitant l’effet thermo-optique. Cela permet 

de rendre invisible la résonance mécanique (voir Figure 3.10). A la suite de cette réflexion, nous 

proposons la configuration idéale de matrice de résonateur optomécanique présentée sur la 

Figure 3.15.  
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Chapitre 4 : Les architectures de lecture à suivi de fréquence   
 

 

Ce chapitre détaille l’étude des différentes architectures qui peuvent être appliquées à la 

lecture de notre résonateur optomécanique. Il existe deux grandes familles d’architecture : les 

architectures de lecture en boucle ouverte de type Lock-in Amplifier (LIA) et les architectures 

en boucle fermées de type oscillateur ou boucle à verrouillage de fréquence (SOL et FLL). Pour 

chaque type d’architecture (SOL, FLL, LIA), nous avons réalisé une analyse théorique du bruit 

de phase, la résolution en masse et la stabilité de la boucle.  

 

Nous avons résumé dans un tableau toutes les informations essentielles à connaître sur 

chacune des architectures. Dans ce tableau (voir Table 4.1), nous avons rappelé le principe de 

fonctionnement, ainsi que toutes les analyses théoriques développées dans la partie précédente. 

Pour améliorer la comparaison, nous avons ajouté le critère de temps de convergence et la 

complexité d'implémentation. Nous avons introduit une figure de mérite (voir équation 4.30) 

permettant de comparer les architectures entre elles. Et sur la base de cette figure de mérite nous 

avons réalisé un état de l'art des architectures permettant de lire les capteurs résonnants (voir 

Figure 4.9). 

 

Si l’on observe la Figure 4.9, pour les résonateurs basse fréquence, nous avons remarqué que 

les auteurs avaient tendance à concevoir une architecture de type LIA. En effet cette architecture 

présente une excellente résolution en fréquence malgré un temps de convergence lent. Alors 

que pour les résonateurs haute fréquence (au-delà de 10 MHz), ils ont tendance à réaliser une 

architecture en boucle fermée de type SOL ou FLL. Notamment en raison de leur temps de 

convergence rapide. Dans le contexte d'une matrice de résonateurs hautes fréquences, il est 

préférable d'utiliser une architecture FLL. Cette dernière converge plus rapidement qu’une 

l'architecture SOL. Et elle est beaucoup plus robuste aux parasites. 

 

Pour lire notre résonateur optomécanique, nous avons naturellement choisi une architecture 

à base de FLL. Dans une architecture FLL, la gamme de fréquence est limitée par le VCO. 

Cependant, nos résonateurs optomécaniques, en fonction de leurs dimensions n'ont pas la même 

fréquence de résonance (entre 200 et 300 MHz). Pour espérer lire tous nos résonateurs, nous 

introduisons l'architecture AH-FLL (voir Figure 4.10). L'idée est d'augmenter la plage de 

fréquence en réalisant un mélange RF avec un oscillateur local ajustable. Cela nous permet 

d'ajuster la gamme de fréquence en fonction du résonateur à lire. Ainsi, nous évitons de changer 

le VCO et le calcul de stabilité de la boucle FLL reste valide. Avant de commencer la 

conception du circuit, nous spécifions les différents blocs qui composent la AH-FLL. Pour 

respecter les conditions définies par la Figure 4.12, il faut que l'oscillateur local et le VCO aient 

une stabilité de 10 ppb. Les amplificateurs, la photodiode et les filtres doivent avoir un plancher 

de bruit inférieur à 14 𝑛𝑉/√𝐻𝑧. 
 

 

Chapitre 5 : Conception du circuit et validation expérimentale   
 

Dans ce chapitre, nous avons présenté pour la première fois la conception d'un circuit pour 

lire les résonateurs optomécaniques. Le circuit AH-FLL complet (voir Figure 5.1) est constitué 

de plusieurs blocs. Un bloc d'entrée qui permet de transformer la puissance optique en un signal 

électrique. Un bloc hétérodyne nous permettant de transformer le signal en un signal basse 

fréquence. Un bloc PLL qui correspond au cœur du circuit. Il nous permet de suivre la fréquence  
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de résonance du disque. Et un bloc d’actionnement qui reboucle le système dans le but de 

stimuler la résonance mécanique. 

 

Par la suite, nous proposons le dimensionnement de ses blocs avec des simulations 

électriques. Nous avons présenté la vue schématique et le layout de la carte (voir Figure 5.10 et 

Figure 5.11). Nous avons expliqué nos contraintes de conception telles que l'adaptation des 

lignes de transmission.  

 

Dans la troisième partie, nous avons présenté le banc d'essai (voir Figure 5.13). Dans ce 

banc, l’idée était de valider la fonctionnalité de la carte conçue précédemment. 

Malheureusement cette carte n'a pas fonctionné à 100% à cause du module hétérodyne. Par 

manque de temps et d’apprivoisements incertains des composants, nous avons réalisé la même 

architecture avec des cartes d'application du commerce et quelques circuits que nous avons faits 

à la main (voir Figure 5.12). Les résultats des cartes assemblées en matière de performance sont 

excellents. 

 

Enfin, nous avons réalisé la démonstration avec le capteur optomécanique (voir Figure 5.18 

et Figure 5.19). Le résonateur choisi pour la démonstration est un résonateur actionné de 

manière électrostatique avec une fréquence de résonance de 316 MHz. Nous avons réussi pour 

la première fois dans l'état de l'art à lire et à auto-actionner un résonateur optomécanique avec 

notre circuit. La lecture se fait en mesurant la fréquence du VCO qui est une image de la 

fréquence de résonance. Ce signal est ensuite réinjecté dans le capteur pour amplifier la 

résonance mécanique. Le système (capteur et montage circuit) ne fonctionne que lorsque nous 

ajustons la phase de la boucle fermée. Il est également nécessaire de commencer par un 

actionnement externe afin que la PLL converge, puis on arrête et la boucle s’auto régule elle-

même. Concernant la performance, le système atteint une résolution de 500 ppb ce qui 

correspond à une fréquence de 158 Hz pour une résonance à 316 MHz. Si nous supposons la 

sensibilité de notre résonateur est de 1𝐻𝑧/10−18𝑔, la masse minimale détectée est de 158 ag. 
 

 

Conclusion  
 

 

Les travaux de recherches présentés dans cette thèse s’inscrivent dans le cadre plus général 

de développement d’un système de mesure de masse compacte basée sur des résonateurs 

optomécaniques. L’objectif principal de cette thèse était de concevoir un circuit afin de réaliser 

un démonstrateur capteur de masse et circuit électronique de lecture. Pour arriver à cet objectif 

final, nous sommes passés par plusieurs jalons. 

 

Un premier jalon était le développement d’un modèle analytique compact des résonateurs 

optomécanique. Le développement d’un tel modèle était nécessaire non seulement pour la 

compréhension des principes physiques, mais aussi pour faciliter le développement d’un circuit. 

Les travaux qui découlent de cette partie ont fait l’objet de publications dans une conférence 

(IEEE MEMS) et un journal (Transactions Electron Devices). Notre objectif étant de concevoir 

un circuit compatible  aussi  à  la  lecture  matricielle,  un  second  jalon  était  la  réflexion sur 

l’organisation sous forme de matrice des résonateurs optomécaniques. Nous avons suggéré dans 

ce manuscrit une configuration de matrice dite « idéale ». Les résultats qui découlent de cette 

réflexion ont fait l’objet d’un dépôt de brevet. Un troisième jalon consistait à la recherche d’une 

architecture adaptée à lecture des résonateurs optomécaniques. Sur la base de cette recherche  
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nous avons proposé une architecture de lecture flexible en fréquence capable de lire des 

résonateurs optomécaniques. Par la suite nous avons spécifié, puis conçu une électronique basée 

sur cette architecture afin de réaliser la démonstration finale avec le résonateur optomécanique. 

Le résultat de ce travail a fait l’objet d’une publication dans une conférence (IEEE Sensors). 

 

De ce projet de thèse, découlent un certain nombre de perspectives. Une première 

perspective serait de compléter le modèle développé en intégrant les effets de non-linéarités 

optique (bistabilité) des résonateurs optomécaniques. Une seconde perspective est de valider 

expérimentalement le modèle lors d’un dépôt de masse. Nous n’avons pas pu effectuer cette 

étape même si le résultat obtenu en simulation nous semble cohérent. Une troisième perspective 

serait de développer, sur la base du travail déjà effectuer un modèle de la configuration matrice 

qu’on a proposé dans le cadre de thèse. La démonstration capteur et circuit de lecture a été 

effectuée avec un montage de circuit PCB, il serait nécessaire à terme de développer sur les 

bases de ses travaux un circuit intégré. Une dernière perspective serait de réaliser avec le circuit 

réalisé un vrai dépôt de masse. 
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Appendix A 

 

 
Self-oscillating loop (SOL): Extensive 

Analysis. 
       

 

This appendix presents in detail the theoretical calculations introduced in Chapter 4 section 

4.1.1. As a reminder, the SOL architecture applied to the mechanical resonator is shown in 

Figure A.1.a. The phase noise model is illustrated in Figure A.1.b. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure A.1: (a) SOL architecture applied to the optomechanical resonator (b) Phase noise model 

 

- Phase noise Analysis 

 

The SOL output phase noise noted 𝜑𝑜𝑢𝑡 is determined from the phase noise model depicted 

in Figure A.1.b. The output phase 𝜑𝑜𝑢𝑡 is written as follows: 

 

𝜑𝑜𝑢𝑡 =
1

𝐻𝑑
(𝜑𝐺𝑙𝑖𝑚

+ 𝜑𝐻𝑃) +
𝐻𝐻𝑃

𝑝ℎ

𝐻𝑑
𝜑𝐵𝑃 +

𝐻𝐻𝑃
𝑝ℎ

𝐻𝐵𝑃
𝑝ℎ

𝐻𝑑

(𝜑𝑇𝐼𝐴 + 𝜑𝑃𝐷 + 𝜑𝑟𝑒𝑠) 

 

where,  

 

𝐻𝑑 = 1 − 𝐻𝐻𝑃
𝑝ℎ𝐻𝐵𝑃

𝑝ℎ𝐻𝑟𝑒𝑠
𝑝ℎ  

 

𝐻𝑟𝑒𝑠
𝑝ℎ

(𝑠) = 1/ (1 + 2
𝑄𝑟𝑒𝑠

𝑤𝑟𝑒𝑠
𝑠) is the phase transfer function of the resonator where 𝑄𝑟𝑒𝑠 and 𝑤𝑟𝑒𝑠 are 

the quality factor and the resonance frequency respectively.  𝐻𝐻𝑃
𝑝ℎ

 and 𝐻𝐵𝑃
𝑝ℎ

 are the respective 

phase transfer functions of the phase-shifter and the band-pass filter. 

(a) (b) 
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(A.3) 

(A.4) 

(A.5) 

(A.6) 

(A.7) 

 

- Phase noise expressed in Power Spectral Density (PSD): 

 

As the noise is a random process, it is better to write it as Power Spectral Density. Equation 

(A.1) becomes : 

 

𝑆𝜑𝑜𝑢𝑡
= |

1

𝐻𝑑
|
2

(𝑆𝜑𝐺𝑙𝑖𝑚
+ 𝑆𝜑𝐻𝑃

) + |
𝐻𝐻𝑃

𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝐵𝑃
+ |

𝐻𝐻𝑃
𝑝ℎ

𝐻𝐵𝑃
𝑝ℎ

𝐻𝑑
|

2

(𝑆𝜑𝑇𝐼𝐴
+ 𝑆𝜑𝑃𝐷

+ 𝑆𝜑𝑟𝑒𝑠
) 

 

where, 𝑆𝜑𝐺𝑙𝑖𝑚
, 𝑆𝜑𝐻𝑃

, 𝑆𝜑𝐵𝑃
, 𝑆𝜑𝑇𝐼𝐴

, 𝑆𝜑𝑃𝐷
, 𝑆𝜑𝑟𝑒𝑠

 are respectively the phase noise spectral density of 

the gain limiter, high-pass filter, band-pass filter, transimpedance amplifier, photodiode and 

optomechanical resonator.  

 

- Allan Variance (AVAR) and Mass resolution : 

 

The phase noise for the resonant sensor is evaluated using the Allan Variance. The AVAR 

is defined as follows : 

 

𝜎2(𝜏) = ∫ 𝑆𝑦(𝑓)|𝐻𝐴(𝑗𝑓)|2𝑑𝑓
∞

0

 

 

where, 𝑆𝑦(𝑓) = (
𝑓

𝑓0
)

2
𝑆𝜑𝑜𝑢𝑡

(𝑓) is the power spectral density of a fractional frequency deviation 

and |𝐻𝐴(𝑗𝑓)|2 is the filter transfer function expressed as : 

 

|𝐻𝐴(𝑗𝑓)|2 = 2
𝑠𝑖𝑛4𝜋𝜏𝑓

(𝜋𝜏𝑓)2
 

 

𝜏 is the integration time where the AVAR is calculated. The phase noise density 𝑆𝜑𝑜𝑢𝑡
 can be 

injected into equation (A.5). The AVAR of the SOL architecture is written : 

 

 

 

 

 

where, 

 

𝑆𝜑𝑒𝑙𝑒𝑐
(𝑓) = |

1

𝐻𝑑

|
2

(𝑆𝜑𝐺𝑙𝑖𝑚
(𝑓) + 𝑆𝜑𝐻𝑃

(𝑓)) + |
𝐻𝐻𝑃

𝑝ℎ

𝐻𝑑

|

2

𝑆𝜑𝐵𝑃
(𝑓) + |

𝐻𝐻𝑃
𝑝ℎ

𝐻𝐵𝑃
𝑝ℎ

𝐻𝑑

|

2

𝑆𝜑𝑇𝐼𝐴
(𝑓) 

 

 

If we inject equation (A.7) into (A.6), 𝜎𝑆𝑂𝐿
2 (𝜏) becomes :  

𝜎𝑆𝑂𝐿
2 (𝜏) = ∫ (

𝑓

𝑓0
)

2

[𝑆𝜑𝑒𝑙𝑒𝑐
(𝑓) + |

𝐻𝐻𝑃
𝑝ℎ

𝐻𝐵𝑃
𝑝ℎ

𝐻𝑑
|

2

(𝑆𝜑𝑃𝐷
(𝑓) + 𝑆𝜑𝑟𝑒𝑠

(𝑓))] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓
∞

0
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To simplify, equation (A.8) becomes : 

 

 

𝜎𝑆𝑂𝐿
2 (𝜏) = 𝜎𝐺𝑙𝑖𝑚

2 (𝜏) + 𝜎𝐻𝑃
2 (𝜏) + 𝜎𝐵𝑃

2 (𝜏) + 𝜎𝑇𝐼𝐴
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) + 𝜎𝑟𝑒𝑠
2 (𝜏) 

 

𝜎𝑆𝑂𝐿(𝜏) corresponds to the Allan frequency deviation of the SOL architecture. The mass 

resolution 𝜎𝑚 depends on the minimum frequency resolution 𝜎𝑆𝑂𝐿,𝑚𝑖𝑛 and the mass of the 

resonator 𝑀𝑟𝑒𝑠. It is expressed as follows : 

 

𝜎𝑚 = 2𝑀𝑟𝑒𝑠𝜎𝑆𝑂𝐿,𝑚𝑖𝑛(𝜏) 

 

 

- Open-Loop Analysis : 

 

The oscillation conditions of a self-oscillating loop are calculated from the open-loop 

transfer function. At start-up, the Barkhausen criterion in amplitude and phase is defined as 

follows : 
 

 

|𝐻𝑆𝑂𝐿_𝑂𝐿(𝜔0)| > 1 

 

and 

 

arg (𝐻𝑆𝑂𝐿_𝑂𝐿(𝜔0)) = 0 [2𝜋] 

 

Equation (A.11) is the gain condition and equation (A.12) the phase condition of the 

Barkhausen criterion. Once the desired amplitude is reached, the gain condition equation (A.11) 

becomes : 

 

|𝐻𝑆𝑂𝐿_𝑂𝐿(𝜔0)| = 1 

 

𝜎𝑆𝑂𝐿
2 (𝜏) = ∫ (

𝑓

𝑓0
)

2

[|
1

𝐻𝑑
|

2

(𝑆𝜑𝐺𝑙𝑖𝑚
(𝑓) + 𝑆𝜑𝐻𝑃

(𝑓))] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓
∞

0

+ ∫ (
𝑓

𝑓0
)

2

[|
𝐻𝐻𝑃

𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝐵𝑃
(𝑓)] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0

+ ∫ (
𝑓

𝑓0
)

2

[|
𝐻𝐻𝑃

𝑝ℎ
𝐻𝐵𝑃

𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝑇𝐼𝐴
(𝑓)] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0

+ ∫ (
𝑓

𝑓0
)

2

[|
𝐻𝐻𝑃

𝑝ℎ
𝐻𝐵𝑃

𝑝ℎ

𝐻𝑑
|

2

(𝑆𝜑𝑃𝐷
(𝑓) + 𝑆𝜑𝑟𝑒𝑠

(𝑓))] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓
∞

0

 

 

(A.8) 

(A.9) 

(A.10) 
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(A.13) 
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Appendix B 

 

 
Frequency locked loop (FLL) : 

Extensive Analysis. 
       

 

This appendix presents in detail the theoretical calculations introduced in Chapter 4 section 

4.1.2. As a reminder, the FLL architecture applied to the mechanical resonator is shown in 

Figure B.1.a. The phase noise model is depicted in Figure B.1.b. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure B.1: (a) FLL architecture applied to the optomechanical resonator (b) Phase noise model 

 

- Phase noise Analysis 

 

The FLL output phase noise noted 𝜑𝑜𝑢𝑡 is determined from the phase noise model. If we 

consider Figure B.1.b, 𝜑𝑜𝑢𝑡 is written as follows: 

 

𝜑𝑜𝑢𝑡 =
1

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
𝜑𝑃𝐿𝐿 +

𝐻𝑃𝐿𝐿
𝑝ℎ

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
(𝜑𝑟𝑒𝑠 + 𝜑𝑇𝐼𝐴 + 𝜑𝑃𝐷) 

 

where,  

 

 

                                                       and 

      

 

(a) (b) 

𝐻𝑟𝑒𝑠
𝑝ℎ (𝑠) =

1

1 + 2
𝑄𝑟𝑒𝑠

𝑤𝑟𝑒𝑠
𝑠
 𝐻𝑃𝐿𝐿

𝑝ℎ (𝑠) =
𝐻𝑉𝐶𝑂(𝑠)𝐻𝐿𝐹(𝑠)𝐻𝑃𝐹𝐷(𝑠)

1 + 𝐻𝑉𝐶𝑂(𝑠)𝐻𝐿𝐹(𝑠)𝐻𝑃𝐹𝐷(𝑠)
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(B.3) 

(B.4) 

(B.5) 

(B.6) 

(B.7) 

 

𝐻𝑟𝑒𝑠
𝑝ℎ

 and 𝐻𝑃𝐿𝐿
𝑝ℎ

 the phase transfer function of the resonator and the PLL block respectively. 

𝐻𝑉𝐶𝑂(𝑠) =
𝐾𝑉𝐶𝑂

𝑠
 is the transfer function of the VCO with 𝐾𝑉𝐶𝑂 the gain. 𝐻𝑃𝐹𝐷(𝑠) =

𝐼𝑝𝑢𝑚𝑝

2𝜋
 and  

𝐻𝐿𝐹(𝑠) are respectively the transfer function of the charge pump and the loop filter. 

 

 

- Phase noise expressed in Power Spectral Density (PSD): 

 

As the noise is a random process, it is better to write it as Power Spectral Density. Equation 

(B.1) becomes : 

 

𝑆𝜑𝑜𝑢𝑡
= |

1

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

𝑆𝜑𝑃𝐿𝐿
+ |

𝐻𝑃𝐿𝐿
𝑝ℎ

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

(𝑆𝜑𝑟𝑒𝑠
+ 𝑆𝜑𝑇𝐼𝐴

+ 𝑆𝜑𝑃𝐷
) 

 

where, 𝑆𝜑𝑃𝐿𝐿
 is the spectral density of the PLL block , 𝑆𝜑𝑇𝐼𝐴

 is the spectral density of the 

transimpedance amplifier, 𝑆𝜑𝑟𝑒𝑠
 and 𝑆𝜑𝑃𝐷

 are the spectral density of the resonator and 

photodiode respectively. 

  

- Allan Variance (AVAR) and Mass resolution : 

 

The phase noise for the resonant sensor is evaluated using the Allan Variance. The AVAR 

is defined as follows : 

 

𝜎2(𝜏) = ∫ 𝑆𝑦(𝑓)|𝐻𝐴(𝑗𝑓)|2𝑑𝑓
∞

0

 

 

where, 𝑆𝑦(𝑓) = (
𝑓

𝑓0
)

2
𝑆𝜑𝑜𝑢𝑡

(𝑓) is the power spectral density of a fractional frequency deviation 

and |𝐻𝐴(𝑗𝑓)|2 is the filter transfer function expressed as : 

 

|𝐻𝐴(𝑗𝑓)|2 = 2
𝑠𝑖𝑛4𝜋𝜏𝑓

(𝜋𝜏𝑓)2
 

 

𝜏 is the integration time where the AVAR is calculated. The phase noise density 𝑆𝜑𝑜𝑢𝑡
 can be 

injected into equation (B.5). The AVAR of the FLL architecture is written : 

 

 

 

 

 

where, 

 

𝑆𝜑𝑒𝑙𝑒𝑐
(𝑓) = |

1

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

𝑆𝜑𝑃𝐿𝐿
(𝑓) + |

𝐻𝑃𝐿𝐿
𝑝ℎ

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

𝑆𝜑𝑇𝐼𝐴
(𝑓) 

 

 

𝜎𝐹𝐿𝐿
2 (𝜏) = ∫ (

𝑓

𝑓0
)

2

[𝑆𝜑𝑒𝑙𝑒𝑐
(𝑓) + |

𝐻𝑃𝐿𝐿
𝑝ℎ

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

(𝑆𝜑𝑃𝐷
(𝑓) + 𝑆𝜑𝑟𝑒𝑠

(𝑓))] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓
∞

0
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To simplify, equation (B.9) becomes : 

 

 

𝜎𝐹𝐿𝐿
2 (𝜏) = 𝜎𝑃𝐿𝐿

2 (𝜏) + 𝜎𝑇𝐼𝐴
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) + 𝜎𝑟𝑒𝑠
2 (𝜏) 

 

𝜎𝐹𝐿𝐿(𝜏) corresponds to the Allan frequency deviation of the FLL architecture. Therefore, the 

mass resolution depends on the minimum frequency resolution 𝜎𝐹𝐿𝐿,𝑚𝑖𝑛 and the mass of the 

resonator 𝑀𝑟𝑒𝑠 : 

 

𝜎𝑚 = 2𝑀𝑟𝑒𝑠𝜎𝐹𝐿𝐿,𝑚𝑖𝑛(𝜏) 

 

 

- Open-Loop Analysis : 

 

The FLL architecture is a closed loop architecture, so it is necessary to ensure the stability 

of the loop. For this, we need to calculate the transfer function in open loop which expression 

is as follows: 

 

𝐻𝐹𝐿𝐿_𝑂𝐿(𝑠) = 𝐻𝑟𝑒𝑠
𝑝ℎ (𝑠)𝐻𝑃𝐿𝐿

𝑝ℎ (𝑠) 

 

To achieve a stable architecture, the PLL block component such as the gain 𝐾𝑉𝐶𝑂, 𝐼𝑝𝑢𝑚𝑝, 

and the loop filter must be calculated to have a phase margin 𝑀𝜑 greater  than 45° and a gain 

margin 𝑀𝐺  greater than 10 dB. 

 

𝑀𝜑 = arg (𝐻𝐹𝐿𝐿_𝑂𝐿(𝑗𝑤0𝑑𝐵))  + 𝜋 

 

and 

 

𝑀𝐺 = −20Log10|𝐻𝐹𝐿𝐿_𝑂𝐿(𝑗𝑤−𝜋)| 

𝜎𝐹𝐿𝐿
2 (𝜏) = ∫ (

𝑓

𝑓0
)

2

[|
1

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ

𝐻𝑃𝐿𝐿
𝑝ℎ |

2

𝑆𝜑𝑃𝐿𝐿
(𝑓)] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0

+  ∫ (
𝑓

𝑓0
)

2

[|
𝐻𝑃𝐿𝐿

𝑝ℎ

1 − 𝐻𝑟𝑒𝑠
𝑝ℎ 𝐻𝑃𝐿𝐿

𝑝ℎ
|

2

(𝑆𝜑𝑟𝑒𝑠
(𝑓) + 𝑆𝜑𝑇𝐼𝐴

(𝑓) + 𝑆𝜑𝑃𝐷
(𝑓))] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0

 

 

(B.8) 

(B.9) 

(B.11) 

(B.12) 

(B.13) 

(B.14) 
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Appendix C 

 

 
Amplitude & Phase tracking 

       

During this thesis, to read our optomechanical resonator we have studied different 

architectures other than those presented in chapter 4. We benefit from this appendix to present 

another reading technique. The method consists in monitoring either the amplitude or the phase 

of the resonator. Indeed during a deposition the mechanical resonance shifts and the amplitude 

or the phase at the output of the resonator is modified. In this technique, we want to read this 

amplitude or phase variation in order to estimate the mass deposited. 

 

 

C.1 Operating Principle 
 

The amplitude or phase tracking is an open loop technique allowing the tracking of the 

resonance frequency. Indeed, if a mass ∆𝑚 is deposited on the optomechanical disk, its 

resonance frequency shifts to the left as shown in Figure C.1.a. The same observation applies 

to the phase as illustrated in Figure C.2.b. If we place at output, a band-pass filter with a high 

quality factor and a cutoff frequency corresponding to the resonance frequency of the disk. Each 

mass deposit will correspond to an amplitude and phase variation. And from this amplitude or 

phase variation we can estimate the quantity of particles deposited on the resonator disk. Figure 

C.1 below details this method for frequency tracking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure C.1: (a) Operating principle of the amplitude variation tracking during a mass deposition (b) 

Operating principle of the amplitude variation during a mass deposition.

(a) (b) 
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(C.1) 

(C.2) 

(C.3) 

(C.4) 

(C.5) 

(C.6) 

 

C.2 Transfer function of the resonator  
 

To implement the amplitude and phase tracking technique, we must first know the transfer 

function of the resonator. This will allow us to identify the maximum gain, from which we will 

calculate the variation. As described in Chapter 2, the optomechanical resonator has a 

mechanical transfer function 𝐻  𝑐 and optical transfer function 𝐻𝑜𝑝𝑡. The resonator is actuated 

and therefore has an actuation gain   𝑐𝑡. There is also the gain of the photodiode  𝑃𝐷 and the 

TIA noted  𝑇𝐼𝐴. The transfer function of the resonator is written:  

 

𝐻𝑜𝑝𝑡𝑜+𝑃𝐷+𝑇𝐼𝐴 =   𝑐𝑡𝐻  𝑐𝐻𝑜𝑝𝑡 𝑃𝐷 𝑇𝐼𝐴 

 

where the mechanical transfer function is expressed as: 

 

𝐻  𝑐(𝑗𝑤) =
 

𝑚𝑤0
2

 

 + 𝑗
𝑤
𝑄𝑤0

 (
𝑤
𝑤0
)
2 

 

To simplify, we assume that the modulation is done on the linear zone of the optical 

resonance as shown in Figure C.3. The transfer function of the optical resonator is considered 

as a gain: 

 
                                                                      

         
 

                                         

      where 𝜈 =
2𝜋𝑐

𝜆
 and optical transmission 𝑇(𝜈): 

        
   

  

 

                      

 

Figure C.3: Optical Transmission  

 

We derived the expression of the optical transmission equation (C.4) as follow:  

 

𝑇′(𝜈) =  𝑃𝑖𝑛𝐶 (𝑘𝑖𝑛 + 𝑘  𝑡)
2

Δ

(4Δ2 + (𝑘𝑖𝑛 + 𝑘  𝑡)2)2
 

 

One more time we derived equation (C.5):  

 

𝑇′′(𝜈) =   𝑃𝑖𝑛𝐶 (𝑘𝑖𝑛 + 𝑘  𝑡)
2
 2Δ2  (𝑘𝑖𝑛 + 𝑘  𝑡)

2

(Δ2 + (𝑘𝑖𝑛 + 𝑘  𝑡)2)3
 

 
We can inject the derivative expression of the optical transmission defined in equation (C.5) 

into (C.3). But we preferred to derive a second time (C.5) to be able to determine the maximum 

(𝑇′′(𝜈) =  ) of the equation then we inject them into (C.3). 

𝜈   
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𝜈

𝑇(𝜈)

 𝑇

 𝜈

 

𝑇(𝜈) = 𝑃𝑖𝑛(  𝐶 
(𝑘𝑖𝑛 + 𝑘  )

2

4Δ2 + (𝑘𝑖𝑛 + 𝑘  )2
) 

 

𝐻𝑜𝑝𝑡 =
 𝑇

 𝜈

𝑔𝑜 
2𝜋
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(C.7) 

(C.8) 

(C.9) 

(C.10) 

 

After calculation, the transfer function of the resonator (C.3) is written: 

 

𝐻𝑜𝑝𝑡 =
3√3

4

𝑃𝑖𝑛𝐶 𝑄𝑜𝑝𝑡𝜆   

4𝜋2𝑐
𝑔𝑜  

 

where 𝑄𝑜𝑝𝑡 =
𝜈𝑟𝑒𝑠

𝑘𝑖𝑛+𝑘𝑒𝑥𝑡
 is the optical quality factor, 𝐶  is the contrast, 𝑔𝑜  the optomechanical 

coupling, 𝑐 the light speed and 𝑃𝑖𝑛 the optical power. The transfer function of the opto-

mechanical sensor + PD + TIA is expressed as: 
 

𝐻𝑜𝑝𝑡𝑜+𝑃𝐷+𝑇𝐼𝐴(𝑗𝑤) =
 

𝑚𝑤0
2

  𝑐𝑡 𝑃𝐷 𝑇𝐼𝐴
3√3
4
𝑃𝑖𝑛𝐶 𝑄𝑜𝑝𝑡𝜆   

4𝜋2𝑐
𝑔𝑜 

 + 𝑗
𝑤
𝑄𝑤0

 (
𝑤
𝑤0
)
2  

 

From the transfer function of the resonator equation (C.8), we can determine the maximum 

gain     . This gain is used as an amplitude reference to follow the resonance. Written as: 

 

    =
 

𝑚𝑤0
2   𝑐𝑡 𝑃𝐷 𝑇𝐼𝐴

3√3

4

𝑃𝑖𝑛𝐶 𝑄𝑜𝑝𝑡𝜆   

4𝜋2𝑐
𝑔𝑜  

 

 

From the equation (C.8), the expression of the phase is: 

 

𝜓𝑜𝑝𝑡𝑜+𝑃𝐷+𝑇𝐼𝐴 = arg (𝐻𝑜𝑝𝑡𝑜+𝑃𝐷+𝑇𝐼𝐴(𝑗𝑤)) =  arctan (

𝑤
𝑄𝑤0

  (
𝑤
𝑤0
)
2) 

 

 

C.3 Amplitude & Phase tracking architecture: Example 
 

Figure C.4 below shows an example of an amplitude tracking architecture. The resonator 

has an initial frequency     . When a mass deposition is performed its frequency becomes     
Δ . 

The output signal is converted into voltage by a photodiode and TIA. A band-pass filter of 

central frequency      allows to change the amplitude of the signal with its attenuation. And 

then with an envelope detector and an integrator we average this amplitude level Δ𝑉 to estimate 

the resonator frequency. This architecture requires a perfect dimensioning of the quality factor 

and resonance frequency of the band-pass filter.  

 

 

 

 

 

 

 

 

Figure C.4: Example of Amplitude tracking architecture 
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Appendix D 

 
 
Closed-loop I/Q architecture 

       

In this appendix we will present a second architecture that we could not present in chapter 

4. This architecture is a closed-loop architecture that combines part of a lock-in-amplifier I/Q 

demodulation type architecture and a Phase locked-loop architecture. In this architecture, the 

idea is to control the direction of the phase in the loop in order that the error between the I and 

the Q channels is zero. We called this architecture the closed-loop I/Q architecture.    

 

 

D.1 Operating Principle 
 

Figure D.1 below represents the complete schematic of the I/Q closed-loop architecture. 

Within this architecture we have our optomechanical resonator. At the output of the resonator 

is placed a photodiode and a transimpedance amplifier (TIA).  Then we have the two channels 

I / Q. Each channel is composed of two mixers, a low-pass filter, a gain and a derivation. Then 

we compare the two channels between them at the level of 𝜀𝑟. Then we integrate this error to 

drive a voltage controlled oscillator (VCO). At the output of the VCO, the I channel corresponds 

to the signal of the VCO and the Q channel the signal of the VCO phase shifted by 90° . 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure D.1: General schematic of a closed-loop I/Q architecture 

 

The operating principle is as follows. The signal at the output of the TIA is demodulated in 

the I/Q way and then low-pass filtered. At the point x and y the I and Q channel signals are 

derived with respect to time. Then we multiply each signal by the derivative of the opposite 

channel to compare them. The expression of the error 𝜀𝑟 is presented by the equations (D.1) and 

(D.2).  When 𝜀𝑟 respects the condition D.1, on the trigonometric circle the phase of the VCO is 
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(D.1) 

(D.2) 

  

 

 

 

 

 

 

 

 

 

 

adjusted in clockwise direction (CW). When 𝜀𝑟 meets the condition D.2, the VCO phase is set 

counterclockwise (CCW). In this way the phase of the VCO is adjusted to match the phase of 

the resonator. To test the validity and suitability of the architecture shown in Figure D.1, we 

performed a block simulation on Simulink. Figure D.2 shows the Simulink schematic of the 

closed-loop I/Q architecture. To emulate the resonator signal at the TIA, we considered a 

sinusoidal source of frequency 300 MHz.  The Dechrip blocks are mixers. The low-pass filters 

correspond to a Butterworth of order 2 and two continuous-time VCO. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.2: Simulink (Matlab) schematic of a closed-loop I/Q architecture 

 

The simulation results are shown in Figure D.3. At the initial state, the VCO frequency is 

250 MHz and the resonator is 300 MHz as shown in Figure D.3.a. The VCO gain is 50 MHz/V. 

Figure D.3.b shows the control voltage of the VCO as a function of time. As can be seen the 

frequency of the VCO converges at 300 MHz since its control voltage converges to 1 V. 
 

 

 

 

 

 

 

 

 

 

 
Figure D.3: (a) Initial state of the Simulink simulation with the VCO frequency at 250 MHz and the 

resonator at 300 MHz. (b) Control voltage of the VCO (gain 50 MHz/V) which converges to 1 V. 
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(E.1) 

(E.2) 

 

Appendix E 

 

 
Adjustable Heterodyne Frequency 

Locked Loop (AH-FLL): Extensive 

Analysis. 
       

 

This appendix presents in detail the theoretical approach introduced in chapter 4 section 4.4. 

As a reminder, to read our optomechanical resonators we have chosen an AH-FLL architecture. 

Figure E.1.a represents the block diagram of the AH-FLL. The phase noise model is illustrated 

in figure E.1.b. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure E.1: (a) AH-FLL architecture applied to the optomechanical resonator (b) Phase noise model 

 

- Phase noise Analysis 

 

The AH-FLL output phase noise noted 𝜑𝑜𝑢𝑡 is determined from the phase noise model. If 

we consider Figure E.1.b, 𝜑𝑜𝑢𝑡 is written as follows: 

 

𝜑𝑜𝑢𝑡 =
1

𝐻𝑑
𝜑𝑃𝐿𝐿 +

𝐻𝑃𝐿𝐿
𝑝ℎ

𝐻𝑑
𝜑𝐿𝑃𝐹 +

𝐻𝑘

𝐻𝑑
𝜑𝐿𝑂 +

𝐻𝑖

𝐻𝑑
𝜑𝑖 

 

where,  

 

𝐻𝑑 = 1 − 𝐻𝑟𝑒𝑠
𝑝ℎ

𝐻𝐿𝑃𝐹𝐻𝑃𝐿𝐿
𝑝ℎ

  
 

 

(a) (b) 
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(E.3) 

(E.4) 

(E.5) 

(E.6) 

(E.7) 

 

with 𝐻𝑘 = 𝐻𝐿𝑃𝐹𝐻𝑃𝐿𝐿
𝑝ℎ

(𝐻𝑟𝑒𝑠
𝑝ℎ

− 1) and 𝐻𝑖 = 𝐻𝐿𝑃𝐹𝐻𝑃𝐿𝐿
𝑝ℎ

. The phase 𝜑𝑖 is written as : 

 
𝜑𝑖 = 𝜑𝑇𝐼𝐴 + 𝜑𝑃𝐷 + 𝜑𝑟𝑒𝑠 

 

where, 𝐻𝑟𝑒𝑠
𝑝ℎ

(𝑠) = 1/ (1 + 2
𝑄𝑟𝑒𝑠

𝑤𝑟𝑒𝑠
𝑠) is the transfer function of the resonator where 𝑄𝑟𝑒𝑠 and 𝑤𝑟𝑒𝑠 are 

the quality factor and the resonance frequency respectively.  

 

 

- Phase noise expressed in Power Spectral Density (PSD): 

 

As the noise is a random process, it is better to write it as Power Spectral Density. Equation 

(E.1) becomes : 

 

𝑆𝜑𝑜𝑢𝑡
= |

1

𝐻𝑑
|

2

𝑆𝜑𝑃𝐿𝐿
+ |

𝐻𝑃𝐿𝐿
𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝐿𝑃𝐹
+ |

𝐻𝑘

𝐻𝑑
|

2

𝑆𝜑𝐿𝑂
+ |

𝐻𝑖

𝐻𝑑
|

2

𝑆𝜑𝑖
 

 

where,  

 

𝑆𝜑𝑖
= 𝑆𝜑𝑇𝐼𝐴

+ 𝑆𝜑𝑃𝐷
+ 𝑆𝜑𝑟𝑒𝑠

 
 

𝑆𝜑𝑃𝐿𝐿
, 𝑆𝜑𝐿𝑃𝐹

, 𝑆𝜑𝑇𝐼𝐴
, 𝑆𝜑𝑃𝐷

, 𝑆𝜑𝑟𝑒𝑠
, 𝑆𝜑𝐿𝑂

 are respectively the spectral noise density in phase of the 

PLL, low-pass filter, TIA, photodiode, resonator, and local oscillator. 
 

- Allan Variance (AVAR) and Mass resolution : 

 

The phase noise for the resonant sensor is evaluated using the Allan Variance. The AVAR 

is defined as follows : 

 

𝜎2(𝜏) = ∫ 𝑆𝑦(𝑓)|𝐻𝐴(𝑗𝑓)|2𝑑𝑓
∞

0

 

 

where, 𝑆𝑦(𝑓) = (
𝑓

𝑓0
)

2
𝑆𝜑𝑜𝑢𝑡

(𝑓) is the power spectral density of a fractional frequency deviation 

and |𝐻𝐴(𝑗𝑓)|2 is the filter transfer function expressed as : 

 

|𝐻𝐴(𝑗𝑓)|2 = 2
𝑠𝑖𝑛4𝜋𝜏𝑓

(𝜋𝜏𝑓)2
 

 

𝜏 is the integration time where the AVAR is calculated. The phase noise density 𝑆𝜑𝑜𝑢𝑡
 can be 

injected into equation (E.4). The AVAR of the FLL architecture is written : 
 

𝜎𝐹𝐿𝐿
2 (𝜏) = ∫ (

𝑓

𝑓0
)

2

[|
1

𝐻𝑑
|

2

𝑆𝜑𝑃𝐿𝐿
+ |

𝐻𝑃𝐿𝐿
𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝐿𝑃𝐹
+ |

𝐻𝑘

𝐻𝑑
|

2

𝑆𝜑𝐿𝑂
+ |

𝐻𝑖

𝐻𝑑
|

2

𝑆𝜑𝑖
] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0

 

 

(E.8) 
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To simplify, equation (E.9) becomes : 

 

𝜎𝐴𝐻−𝐹𝐿𝐿
2 (𝜏) = 𝜎𝑒𝑙𝑒𝑐

2 (𝜏) + 𝜎𝑟𝑒𝑠
2 (𝜏) + 𝜎𝑃𝐷

2 (𝜏) 

 

where 𝜎𝑒𝑙𝑒𝑐
2 (𝜏) = 𝜎𝑃𝐿𝐿

2 (𝜏) + 𝜎𝐿𝑃𝐹
2 (𝜏) + 𝜎𝐿𝑂

2 (𝜏) + 𝜎𝑇𝐼𝐴
2 (𝜏) is the AVAR of electronics. 𝜎𝑟𝑒𝑠

2 (𝜏) 

and 𝜎𝑃𝐷
2 (𝜏) are respectively the AVAR of the resonator and the photodiode. 

𝜎𝐴𝐻−𝐹𝐿𝐿(𝜏) corresponds to the Allan frequency deviation of the AH-FLL architecture. The mass 

resolution 𝜎𝑚 depends on the minimum frequency resolution 𝜎𝐴𝐻−𝐹𝐿𝐿,𝑚𝑖𝑛 and the mass of the 

resonator 𝑀𝑟𝑒𝑠. It is expressed as follows : 

 

𝜎𝑚 = 2𝑀𝑟𝑒𝑠𝜎𝐴𝐻−𝐹𝐿𝐿,𝑚𝑖𝑛(𝜏) 

 

- Open-Loop Analysis : 

 

The AH-FLL architecture is a closed loop architecture, so it is necessary to ensure the 

stability of the loop. For this, we need to calculate the transfer function in open loop which 

expression is as follows: 

 

𝐻𝐴𝐻−𝐹𝐿𝐿_𝑂𝐿(𝑠) = 𝐻𝑟𝑒𝑠
𝑝ℎ (𝑠)𝐻𝐿𝑃𝐹(𝑠)𝐻𝑃𝐿𝐿

𝑝ℎ (𝑠) 

 

The resonator and low-pass filter introduce high-frequency poles that have no effect on 

stability, so the equation (E.11) simplifies: 

  

𝐻𝐴𝐻−𝐹𝐿𝐿_𝑂𝐿(𝑠) = 𝐻𝑃𝐿𝐿
𝑝ℎ (𝑠) 

 

=
𝐾𝑉𝐶𝑂

𝑠
 
𝐼𝑝𝑢𝑚𝑝

2𝜋
 

1

𝐶1 + 𝐶2

(1 + 𝑅𝐶1𝑠)

𝑠(1 + 𝑅
𝐶1𝐶2

𝐶1 + 𝐶2
𝑠)

 

 

The equation (E.12) is the case where we consider a 2nd order loop filter (two capacitors in 

parallel with a resistor). To achieve a stable architecture, the gain 𝐾𝑉𝐶𝑂, 𝐼𝑝𝑢𝑚𝑝, and the loop 

filter must be calculated to have a phase margin 𝑀𝜑 greater  than 45° and a gain margin 𝑀𝐺  

greater than 10 dB. 

 

𝑀𝜑 = arg (𝐻𝐴𝐻−𝐹𝐿𝐿_𝑂𝐿(𝑗𝑤0𝑑𝐵))  + 𝜋 

 

and 

 

𝑀𝐺 = −20Log10|𝐻𝐴𝐻−𝐹𝐿𝐿_𝑂𝐿(𝑗𝑤−𝜋)| 

= ∫ (
𝑓

𝑓0
)

2

[|
1

𝐻𝑑
|

2

𝑆𝜑𝑃𝐿𝐿
] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0

+ ∫ (
𝑓

𝑓0
)

2

[|
𝐻𝑃𝐿𝐿

𝑝ℎ

𝐻𝑑
|

2

𝑆𝜑𝐿𝑃𝐹
] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0

+ ∫ (
𝑓

𝑓0
)

2

[|
𝐻𝑘

𝐻𝑑
|

2

𝑆𝜑𝐿𝑂
] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0

+ ∫ (
𝑓

𝑓0
)

2

[|
𝐻𝑖

𝐻𝑑
|

2

(𝑆𝜑𝑇𝐼𝐴
(𝑓) + 𝑆𝜑𝑃𝐷

(𝑓) + 𝑆𝜑𝑟𝑒𝑠
(𝑓))] |𝐻𝐴(𝑗𝑓)|2𝑑𝑓

∞

0
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Résumé 

 
 

Titre : Interface électronique compacte pour capteur optomécanique 
 

 

Grâce à leurs extrêmes sensibilités, les résonateurs optomécaniques ont montré ces dernières 

années leur potentiel pour les applications capteurs, en particulier pour la détection de masse. 

Comparés aux autres résonateurs mécaniques, ils présentent une surface de détection plus 

importante (quelques µm de diamètre). Ils sont aussi beaucoup plus robustes, ce qui leur permet 

de résonner dans différents milieux (air, vide, liquide, …). Les résonateurs optomécaniques 

développés par les équipes du CEA, sont à base de micro-disque en silicium. Un tel dispositif, 

présente une sensibilité de 1𝐻𝑧/10−18𝑔. Cela nous permet d’envisager la détection de particule 

infime quels que soient les types applications envisagées : détection de particule chimique, 

détection biologique….  

 

Les travaux de cette thèse s’inscrivent dans le cadre du développement d’un système de 

mesures de masse compacte à base de résonateur optomécanique. L’objectif de la thèse consiste 

à développer une électronique suffisamment compacte permettant de lire ses capteurs de masse 

optomécanique. Pour parvenir à cet objectif, nous avons d’abord développé un modèle compact 

en Verilog A des résonateurs optomécaniques. Cela facilite la conception des circuits en 

permettant de réaliser des simulations réalistes, conjointes capteur-électronique. Ensuite, nous 

avons mené une réflexion sur les configurations matricielles des résonateurs optomécaniques. 

Un tel système permet d’avoir une surface de détection plus importante tout en préservant la 

sensibilité d’un seul résonateur optomécanique. A moyen terme, le système de mesure de masse 

que l‘on souhaite réaliser doit être à base de cette matrice. Aujourd’hui, une telle matrice 

n’existe pas encore, mais il faut anticiper et concevoir un circuit de lecture compatible. 

Finalement, pour lire les résonateurs optomécaniques, nous proposons un circuit de lecture 

modulable en fréquence. En termes de performance le système de mesure réalisé (capteur et 

circuit de lecture) atteint une résolution de 500 ppb, c’est qui correspond à une fréquence de 

158 Hz pour un résonateur de 316 MHz de fréquence. Si l’on considère la sensibilité des disques 

optomécaniques cela correspond à une résolution de masse de 158 ag. 

 

Mots clés : 

 
Détection de masse, résonateur optomécanique, matrice de capteur, modélisation compacte, 

électronique de lecture pour capteur, architecture de lecture boucle ouverte, architecture de 

lecture boucle fermée. 

 

 

 

 

 

 

 



 

 

Abstract 

 
 

Title : Compact electronic interface for optomechanical sensor 
 

 

Thanks to their high sensitivity, optomechanical resonators have shown in recent years their 

potential for sensor applications, in particular for mass detection. Compared to other mechanical 

resonators , they exhibit a larger detection area (a few µm in diameter). They are much more 

robust, which allows them to resonate in different environments (air, vacuum, liquid, ...). The 

optomechanical resonators developed by the CEA teams are based on a silicon microdisk. The 

sensitivity of such a device is 1𝐻𝑧/10−18𝑔. This enables us to consider the detection of tiny 

particles for any type of applications : chemical detection, biological detection. 

 

The work of this thesis is part of the development of a compact mass measurement system 

based on optomechanical resonator. The objective of the thesis project is to develop suitably 

compact electronics to read optomechanical mass sensors. To achieve this purpose, we first 

developed a compact Verilog A model of optomechanical resonators. This helped us to design 

the circuit allowing us to perform realistic and complete simulations. Then, we moved on to the 

reflection of a matrix configuration of optomechanical resonators. Such system allows to have 

a larger detection surface while preserving the sensitivity of a single optomechanical resonator. 

In the mid-term, the mass measurement system that we wish to realize must be based on 

matrices of optomechanical sensors. At present, such a matrix does not yet exist, but we must 

anticipate and design a compatible readout circuit. Finally, to read the optomechanical 

resonators, we propose a modulable reading circuit in frequency. The performance of the 

measurement system (sensor and reading circuit) reaches a resolution of 500 ppb, which 

corresponds to a frequency of 158 Hz for a resonator of 316 MHz frequency. Considering the 

sensitivity of optomechanical disks, this corresponds to a mass resolution of 158 ag. 
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