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Abstract

In the last decades, the use of electronic sensors in portable applications became

increasingly common. They provide a simple way to study processes, monitor envi-

ronment conditions or to provide hazard systems. In order to interpret the signals

generated by these sensors correctly, an electronic Front-End must be used to elab-

orate and translate them into a signal understood by a Processing Unit.

This thesis presents the design of a novel electronic Front-End for resonating

sensors, characterized by compactness and simplicity. This Front-End is a purely

analog system based on a bidirectional pseudo floating gate amplifier (PFGA). Given

the low number of MOSFETs used to implement this amplifier, it is very simple,

compact and with potentially low power dissipation. This document exploits the

possibility to use the bidirectional behavior of the PFGA to implement an electronic

Front-End for resonating sensors. Furthermore, a prototype of a bidirectional PFGA

has been realized using commercial component CD4007UBE. A full characterization

of this front-end has been developed in this work, from the modeling to the mea-

surements on full functioning prototype. Additional features have been added to

the basic structure to improve the front-end such as a control electronic system to

lower the power consumption of the amplifier and a technique to control its band-

width. In conclusion, a comparison with the state of the art shows that the power

consumption is comparable with other structures described in the literature but it

benefits of a smaller occupation of area.

Keywords: Bidirectional; Amplifier; Front-End; Pseudo-Floating-Gate; Com-

pact; Resonating Sensors.

V



 



List of papers

Article 1:

L. Marchetti, A. Romi, Y. Berg, O. Mirmotahari and M. Azadmehr, ”A discrete

implementation of a bidirectional circuit for actuation and read-out of resonating

sensors,” 2016 International Conference on Design and Technology of Integrated Sys-

tems in Nanoscale Era (DTIS), Istanbul, 2016, pp. 1-5. doi: 10.1109/DTIS.2016.7483896

Article 2:

L. Marchetti, Y. Berg, O. Mirmotahari and M. Azadmehr, ”Bidirectional front-end

for piezoelectric resonator,” 2016 IEEE 13th International Conference on Network-

ing, Sensing, and Control (ICNSC), Mexico City, 2016, pp. 1-4. doi: 10.1109/IC-

NSC.2016.7479028

Article 3:

L. Marchetti, Y. Berg and M. Azadmehr, ”An autozeroing inverter based front-end

for resonating sensors,” 2017 12th International Conference on Design & Technology

of Integrated Systems In Nanoscale Era (DTIS), Palma de Mallorca, 2017, pp. 1-5.

doi: 10.1109/DTIS.2017.7930154

Article 4:

L. Marchetti, Y. Berg, O. Mirmotahari and M. Azadmehr, ”A control system for

a low power bidirectional front-end for resonating sensors,” 2017 IEEE 14th Inter-

national Conference on Networking, Sensing and Control (ICNSC), Calabria, Italy,

2017, pp. 322-326 . doi: 10.1109/ICNSC.2017.8000112

VII

Articles omitted from online edition due to publisher's restrictions



L.Marchetti: Design of a Bidirectional Front-End for Resonating Sensors

Article 5:

L. Marchetti, Y. Berg and M. Azadmehr, ”A Bidirectional Front-End with Band-

width Control for Actuation and Read-Out of MEMS Resonating Sensors,” 2017

24th International Conference Mixed Design of Integrated Circuits and Systems

(MIXDES), Bydgoszcz, 2017,

Article 6:

L. Marchetti, Y. Berg and M. Azadmehr, ”Analysis of the Effect of Channel Leakage

on Design, Characterization and Modelling of a high voltage Pseudo-Floating Gate

Sensor-Front-End”, accepeted in Electronics MDPI journal

Article 7:

L. Marchetti, Y. Berg and M. Azadmehr, ”Design and Modelling of a Bidirectional

Front-End for Resonating Sensors based on Pseudo Floating Gate Amplifier”, ac-

cepted in Electronics MDPI journal

Co-Author of the following publications:

Article 8:

M. Azadmehr, L. Marchetti, Y. Berg ”A Low Power Voltage Similarity Circuit,”

2017 IEEE 50th International Symposium of Circuits and Systems (ISCAS), Balti-

more, 2017

Article 9:

M. Azadmehr, L. Marchetti, Y. Berg, ”A Virtual Wheatstone Bridge Front-End for

Resistive Sensors,” 2017 IEEE 14th International Conference on Networking, Sens-

ing, and Control (ICNSC), Calabria, 2017

VIII



List of Figures

1.1 Sensor Node Block Diagram . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Examples of applications for Resonating Sensors. (a) Parking Assis-

tance. (b) Health-Care (c) Military applications. (d) Gas Detectors

(e) Fish finders. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 State of the Art in Self-Sensing Approaches for Resonating Trans-

ducers. (a) Oscillator-Based Method. (b) Impedance Measurement.

(c)Ring Down Method. . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Resonating Sensor Diagram Block . . . . . . . . . . . . . . . . . . . . 10

2.2 Examples of Resonating Sensors. [1]. (a)Fluid density sensor. (b)

Mass sensor. (c) Gas Detector. (d) Thermometer. (e) Electrostatic

sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Examples of MEMS Resonating Sensors Structures. . . . . . . . . . . 12

2.4 Example of vibrations in resonating sensors. . . . . . . . . . . . . . . 13

2.5 Resonating Sensor models. (a) Example of a real resonating sensor

impedance plot and equivalent model. (b) Comparison of the RLC

and BvD impedances with the impedance of a resonating transducer

around the fundamental mode. . . . . . . . . . . . . . . . . . . . . . . 14

2.6 Other models for resonating sensors. (a) Guan Model (b) Transmis-

sion Line model based on Mason model. . . . . . . . . . . . . . . . . 15

IX



L.Marchetti: Design of a Bidirectional Front-End for Resonating Sensors

3.1 OP-AMP amplifiers State of the Art. Black Terminals are the input

of the amplifiers and the grey terminals are the output terminals. (a)

Typical differential input stage for OP-AMP based on 3 stacked tran-

sistors. (b) Cascode input stage of OP-AMP. (c) OTA without tail

current. (d) Inverter Based OTA. (e) Pseudo Floating Gate Amplifier

(PFGA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2 Basic building blocks implemented with PFGA. (a) Inverting Am-

plifier. (b) Bandwidth controlled Amplifier (c) Operational Trans-

conductance Amplifier (OTA). . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Pseudo-Floating Gate Amplifier. (a) System Level. (b) Transistor

Level. (c) Symbol for the PFGA [2] . . . . . . . . . . . . . . . . . . . 19

3.4 Pseudo-Floating Gate Amplifier Graphical Representation of the Equi-

librium Point. (a) Inverter voltage transfer characteristic. (b)PFGA

equilibrium point graphical representation. (c) Ideal Voltage Buffer

voltage transfer characteristic. . . . . . . . . . . . . . . . . . . . . . . 20

3.5 Pseudo Floating gate feedback reaction principle. (a) PFGA. (b)

PFGA with initial condition VIN < VDD/2 < VOUT . (c)PFGA with

initial condition VIN > VDD/2 > VOUT . . . . . . . . . . . . . . . . . . 21

3.6 Initial transient time comparison between HL-PFGA (PTM-90nm)

and LL-PFGA (AMS-350nm). . . . . . . . . . . . . . . . . . . . . . . 22

3.7 Non linear behaviour of the LL-PFGA around the low cut-off frequency. 23

3.8 Non linear behaviour of the HL-PFGA around the low cut-off frequency. 24

3.9 CMOS inverter and CMOS voltage buffer . . . . . . . . . . . . . . . . 25

3.10 Bidirectional PFGA (BPFGA). (a) Transistor level implementation.

(b) Symbol of the BPFGA. (c) and (d) show the elements in the

BPFGA for the two possible cases. . . . . . . . . . . . . . . . . . . . 25

3.11 Comparison between symmetric and asymmetric design strategies.

(a) Asymmetric PFGA. (b) Symmetric PFGA. (c) Asymmetric BPFGA.

(d) Symmetric BPFGA. . . . . . . . . . . . . . . . . . . . . . . . . . 26

X



L.Marchetti: Design of a Bidirectional Front-End for Resonating Sensors

3.12 Dynamic analysis of the bias during the transition from a mode to

the other one. (a) Equilibrium state dynamic in an ideal BPFGA.

(b) Equilibrium state dynamic in real BPFGA. T1 − T0 is the time

necessary for the bias point to reach the steady state values. . . . . . 27

4.1 Bidirectional Front-End Working Principle. . . . . . . . . . . . . . . . 29

4.2 Simulation of the Bidirectional amplifier implemented in 90nm CMOS

technology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.3 Comparison between the simulation results shown in Fig.4.2 and the

measurements at VDD = 5V . (a) Whole read-out cycle of the signals

simulated with 90nm model. (b) Actuation mode analysis of the

simulation results based on the 90nm model. (c) Whole read-out

cycle of the signals measured on a prototype implemented by using

CD4007UBE at VDD = 5V . (d) Actuation mode analysis of the

measurement results shown in (c). . . . . . . . . . . . . . . . . . . . . 31

4.4 Secondary effects in the Bidirectional Front-End. (a) Turning on

of the Source-Bulk pn junctions in the voltage buffer MOSFET (b)

Double excitation of the resonant transducer. (c) Physical implemen-

tation of the Front-End. . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.5 Piezoelectric Sensor Characterization . . . . . . . . . . . . . . . . . . 33

4.6 Comparison between the measurement results of the bidirectional

front-end loaded by a piezoelectric sensor (a) vs RLC (b). Figures (c)

and (d) are close-ups of (a) and (b) respectively. . . . . . . . . . . . 34

4.7 Sleeping Mode Concept . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.8 Sleeping Mode Implementation . . . . . . . . . . . . . . . . . . . . . 36

4.9 Sleeping Mode Control System. (a) BPFGA with generic sleeping

mode module connected. (b) Generic Sleeping Mode module. (c)

Sleeping mode control system triggered by one period of the output

oscillation of the BPFGA. . . . . . . . . . . . . . . . . . . . . . . . . 37

4.10 BPFGA with bandwidth control working principle. (a) Stacked in-

verter. (b) Bandwidth control concept. (c) Bidirectional Front-End

with bandwidth control and equivalent model. . . . . . . . . . . . . . 38

XI



L.Marchetti: Design of a Bidirectional Front-End for Resonating Sensors

4.11 Effect of the bandwidth control on a high order mode oscillation at

1MHz. (a) Time and FFT analysis for the case of a high order oscil-

lation inside the bandwidth of the bidirectional front-end. (b) Time

and FFT analysis for the case of a high order mode filtered out by

reducing the bandwidth of the amplifier. . . . . . . . . . . . . . . . . 39

4.12 Auto-Zeroing Bidirectional Amplifier inverter-based (a) System Level.

(b) Transistor Level. . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.13 Working Principle Auto-Zeroing Bidirectional Amplifier . . . . . . . . 40

4.14 Comparison between Simulation Results (a) and Measurements (b)

of the auto-zeroing amplifier. . . . . . . . . . . . . . . . . . . . . . . . 41

5.1 Whole BPFGA Front-End . . . . . . . . . . . . . . . . . . . . . . . . 44

5.2 Whole switched Front-End . . . . . . . . . . . . . . . . . . . . . . . . 45

XII



Abbreviations

ADC . . . . . . . . . analog to Digital Converter

AFE . . . . . . . . . . Analog Front-End

ASIC . . . . . . . . . Application Specific Integrated Circuit

BPFGA . . . . . . Bidirectional Pseudo Floating Gate Amplifier

BVD . . . . . . . . . Butterworth Van Dike

FFT . . . . . . . . . . Fast Fourier Transform

HTV-PFGA . High Threshold Voltage Pseudo Floating Gate Amplifier

IA . . . . . . . . . . . . Impedance Analysis

IC . . . . . . . . . . . . Integrated Circuit

LNA . . . . . . . . . . Low Noise Amplifier

MEMS . . . . . . . Micro-Electro Mechanical System

MOSFET . . . . Metal Oxide Semiconductor Field Effect Transistor

OBM . . . . . . . . . Oscillator-Based Measurement

OP-AMP . . . . Operational Amplifier

OTA . . . . . . . . . . Operational Trans-conductance Amplifier

PFGA . . . . . . . . Pseudo Floating Gate Amplifier

RDM . . . . . . . . . Ring-Down Measurement

RLC . . . . . . . . . . Resistance-Inductance-Capacitance

XIII





List of Symbols

CF . . . . . . . . . . . . Feedback Capacitance

CIN . . . . . . . . . . . Input Capacitance

CE . . . . . . . . . . . . Parasitic Capacitance of the Sensor due to the Electrodes

CL . . . . . . . . . . . . Load Capacitance

fres . . . . . . . . . . . . Resonant Frequency

k . . . . . . . . . . . . . . Stiffness

kp, kn . . . . . . . . . . transconductance parameter of a PMOS or NMOS respectively

m . . . . . . . . . . . . . Mass

ROFF . . . . . . . . . . Drain-Source OFF Resistance

Ro.inv . . . . . . . . . . Total Output Resistance of a Digital Inverter

tsw . . . . . . . . . . . . Swapping time of a Bidirectional Pseudo Floating Gate Amplifier

W/L . . . . . . . . . . MOSFET Aspect Ratio

VDD . . . . . . . . . . . Power Supply

VRLC . . . . . . . . . . Voltage Across the Sensor

Φ,Φ . . . . . . . . . . . Power Supply of a Bidirectional Pseudo Floating Gate Amplifier

XV



 



Contents

1 Introduction and Background 1

1.1 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Research Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Dissertation Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Resonating Sensors 9

2.1 Basic Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Discrete and MEMS Resonating Sensors . . . . . . . . . . . . . . . . 10

2.3 Modelling of a Resonating Sensor . . . . . . . . . . . . . . . . . . . . 12

3 Bidirectional Amplifier 17

3.1 Pseudo Floating Gate Amplifier (PFGA) . . . . . . . . . . . . . . . . 17

3.2 PFGA Basic Principle . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Effects of Channel Leakages in PFGA . . . . . . . . . . . . . . . . . . 21

3.4 Bidirectional Pseudo Floating Gate Amplifier (BPFGA) . . . . . . . . 24

4 Bidirectional Front-End for Resonating Sensors 29

4.1 Bidirectional Front-End for MEMS Resonating Sensors . . . . . . . . 29

4.2 Measurement results of Bidirectional Front-End with RLC Load . . . 31

4.3 Bidirectional Front-End for Piezoelectric Sensors . . . . . . . . . . . . 33

4.4 A Control System for a Low Power Bidirectional Front-End . . . . . . 35

4.5 Bidirectional Front-End with Bandwidth Control . . . . . . . . . . . 38

4.6 An Auto-zeroing Bidirectional Amplifier for Resonating Sensors . . . 39

XVII



L.Marchetti: Design of a Bidirectional Front-End for Resonating Sensors

5 Conclusion and Proposal for Further Work 43

5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.3 Suggestions for Future Research . . . . . . . . . . . . . . . . . . . . . 44

XVIII

Articles                           53 



Chapter 1

Introduction and Background

1.1 State of the Art

Recent technological developments in electronic systems have led to an exponential

growth in the demand for various types of sensors. Nowadays, sensors are being

used in many applications such as environment monitoring [3], medical applications

[4], automotive [5] and etc. Furthermore, a rapid progress in MEMS technology [6]

allowed to reduce the dimensions of these devices to micro-scale, which makes them

easy to include in portable devices. The use of sensors in portable applications, such

as cell phones, have slowly became an essential feature, but the design of the whole

system introduced new strict requirements regarding the power consumption and

the area occupied.

Figure 1.1: Sensor Node Block Diagram

1
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Sensors and their electronic interfaces are known as sensor nodes, which are usu-

ally connected in a network. In this way sensor nodes can communicate with each

other and a central unit, utilized to process the data acquired from the surrounding

environment. The purpose of a sensor network is usually two sided, to study or an-

alyze fundamental processes and/or provide systems, which can detect and respond

to particular events that occur in the surrounding environment. The electronic in-

terface of a sensor transforms the signal generated by these devices in a form, which

can be easily interpreted by a digital system such as a computer or displayed in an

understandable way. A sensor node can be recognized by 4 main building blocks as

shown in Fig.1.1: a sensor, an analog electronic front-end (AFE), Analog to Digital

Converter (ADC) and a digital processing unit including the communication. The

reason of this typical structure is that by using digital signals the elaboration of

the measurements can be performed much faster than what it can be done with

analog signals, without loosing precision and improving immunity of the system to

the noise. The main purpose of the analog electronic front-end is to provide a signal,

which is ready to be converted in digital form. This block is often referred to as

signal conditioning block and performs operations such as amplification, filtering,

level shifting, conversions (ex:I/V) and etc. Once the readability of the signal has

been improved, it is possible to perform the conversion to digital form by using

an analog to Digital Converter (ADC). Finally, the information can be extracted

and processed by a digital signal processor. Sensors are a type of transducer, two

terms, which are often used interchangeably. However, in strict sense the definition

of transducer is more general.

A sensor is an electronic device that converts a physical quantity into electrical

signal, while a transducer converts energy from a form to another. A transducer can

be used as sensor, but can be also used as actuator, this explain why the measure-

ment chain in Fig.1.1 is bidirectional. In some applications, the digital processor

sends a control signal to actuate the sensor and then performs the measurement. An

interesting type of transducer, which falls in this classification and it is also object of

this research is the resonating transducer, which transforms electrical to mechanical

energy and vice versa. These devices have been studied for long time given their

2
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numerous advantages such as low drift, accuracy and high resolution [7],[8] and they

have been applied in many fields such as automotive, health care systems, hazard

systems, ultrasound systems and so on (Fig.1.2).

(a) (b) (c)

(d) (e)
AUTOMOTIVE

HEALTH-CARE

ULTRASOUND IN
MILITARY

APPLICATIONS

GAS SENSORS FISH FINDER

Figure 1.2: Examples of applications for Resonating Sensors. (a) Parking Assistance.

(b) Health-Care (c) Military applications. (d) Gas Detectors (e) Fish finders.

Examples of resonating sensors are described in [1],[9]. Resonating sensors need

to be actuated and read-out. There are three main techniques to perform a mea-

surement with this type of sensors: Impedance Analysis (IA), Oscillator-Based Mea-

surement (OBM) and Ring-Down Measurement (RDM) [10]. These methods are

schematically represented in Fig.1.3.

TX

RX

( a) ( b) ( c )

A

Figure 1.3: State of the Art in Self-Sensing Approaches for Resonating Transducers.

(a) Oscillator-Based Method. (b) Impedance Measurement. (c)Ring Down Method.

The IA method is generally slow since it requires a sweep in frequency of the input

signal to trace the impedance vs. frequency plot. The OBM method is generally

power consuming because the resonating device is used to close a positive feedback

loop of an amplifier, which is continuously exciting the transducer. However, the

3
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Ring Down method is a good candidate to implement a low power system. The ring

down method is based on two phases: the actuation phase and the read-out phase.

During the first phase, an electronic circuit excites the transducer by mean of an

electrical signal. The electrical energy provided to the sensor is then converted in

mechanical energy in the form of vibration. Finally, in the second phase, another

electronic circuit reads the transducer. All of these techniques are also known as

self-sensing approaches, which consists of the fact that a transducer is used both as

sensor and actuator [11],[12]. In this thesis, the Ring-Down method will be utilized

as design strategy to implement a novel Front-End for resonating transducers.

1.2 Motivation

The limited lifetime of the power sources in portable sensors nodes created the need

to develop an energy efficient electronic interface to read-out sensors. These power

sources are either battery with a limited lifetime or an energy harvester with a

limited power, which has to be enough to feed the entire system. Therefore, the

aim of this thesis consists in implementing a compact and low power analog Front-

End to actuate and read-out resonating sensors. In particular, the Ring Down

Method has been chosen as design strategy since it requires a less complex system

and can consume less power than the other techniques. This work investigates the

possibility to implement this method by using a suitable analog electronic circuit,

which can satisfy these requirements. The main concern of this research is to analyze

and extract a design procedure for the analog front-end based on a bidirectional

pseudo floating gate amplifier (BPFGA), utilized for both actuation and read-out

of the resonating sensor. The key point consists in substituting the systems for the

actuation and the read-out of the sensor with a bidirectional device, which provides

both functions. The PFGA has been proved in literature to be a compact and low

power at low supply voltages, but not studied at higher supply values. Since most of

the common resonating sensors require an actuation voltage greater than the ones

used for traditional low power circuits, the PFGA structure must be re-analyzed in

order to describe secondary phenomenon, which were not relevant for lower power

supply values. After the PFGA has been re-analyzed, its bidirectional behaviour

4
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will be studied. Finally, this research provide a detail description of the dynamic

of the Front-End when connected to a resonating load, emphasizing the differences

between the signals obtained when the Front-End is connected to a real sensor and

when it is connected to a load, which approximate the behaviour of the resonating

sensor. The applications for this novel Front-End will be numerous, but one of the

most attractive purposes is the use of this device to drive arrays of transducers for

ultrasound imaging due to its compactness.

1.3 Research Contribution

This thesis describes and analyses in detail the working principle of a bidirectional

Front-End for resonating sensors based on pseudo floating gate amplifier. This type

of front-end has been initially introduced and simulated in [13] and thought to be

used as electronic Front-End for MEMS resonant sensors. The concept was proven

just through simulations. Therefore, the next step was to realize a prototype, to

verify the validity of the Front-End. The system has been proved to be conceptually

functional in [14],[15]. In [14] the bidirectional Front-End has been tested with a

series RLC circuit, which mimics the behaviour of a resonant transducer, while in

[15] the same system has been tested with a real transducer to evaluate the accuracy

of the approximated model used. The transducer chosen is a piezoelectric ceramic

disk (FERROPERM) with a resonant frequency of 100kHz, since it falls inside the

bandwidth of the electronic Front-End. In both publication, the Front-End has been

tested with a power supply voltage of 5V, first because it provides a sensor response

with a wide amplitude that can be easily monitored by the typical electronic instru-

mentation (oscilloscope, multimeter,...), second because it falls in the power supply

range of the integrated circuit used to implement the Front-End. However, similar

results can be obtained by using lower or higher power supply values. In order to

reduce the power consumption of the Front-End, a sleeping mode was added. This

mode consists in turning off the amplifier after a few periods of the output signal

have been read and the resonant frequency has been extracted with a certain ac-

curacy. This system is discussed in detail in [16]. In this publication, the sleeping

mode has been activated after reading one period of the oscillation generated by the

5
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sensor, however due to the flexibility of the control system, the sleeping mode can

be activated after a configurable number of cycles of this oscillating signal. This

method has been proved to be functional, providing a power consumption lower or

equal to the ones described in the State of the Art. A further improvement to the

basic structure of the bidirectional Front-End has been provided by adding a way

to control the bandwidth of the amplifier by simply tuning a bias voltage. This

improved circuit is based on a stacked-inverter, which allows to limit the current

and varying the output resistance by changing the value of a bias voltage. This is an

interesting feature, which allows to increase the signal to noise ratio in the output

signal of the Front-End. Further details can be found in [17]. An alternative Bidi-

rectional Front-End based on an auto-zeroing amplifier realized with a logic inverter

has been proposed in [18]. This new structure has been developed to compare the

performances between an open loop solution and the bidirectional amplifier based

on PFGA. Both circuits biasing is based on a parasitic phenomena, leakage currents

for the BPFGA and charge stored on the parasitic capacitance of the resonant sensor

for the open loop amplifier. In order to have a comprehensive understanding of the

design of a BPFGA, a detailed investigation of PFGA has been discussed in [19].

This particular work aimed to provide precise design rules for a PFGA implemented

in low leakage CMOS technology and a comparison with an high leakage implemen-

tation. These results have been used in another successive work where the dynamic

behavior of the BPFGA has been discussed in detail. The work described in [20]

has the purpose of providing a detail analysis of the BPFGA and to define precise

design rules to drive and read-out a resonant load.

1.4 Dissertation Outline

This thesis is divided in 5 chapters. The first chapter consists of a general introduc-

tion about the State of the Art of the Front-End for resonating sensors, the aims of

this thesis and the research contribution to the field. The second chapter consists

of a brief description of resonating sensors, their working principle, available tech-

nologies and modelling. Particular emphasis has been given to the Butterworth Van

Dyke (BvD) model, which is also the approximated model for the load used during

6
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this research. Chapter three presents a short introduction of the state of the art of

pseudo floating gate amplifiers (PFGA) and its basic principle. Furthermore, a com-

parison between the performance of a PFGA characterized by low and high leakage

currents has been discussed in this chapter. Finally, chapter 4 describes the main

topic of this research: the Bidirectional Front-End based on Pseudo Floating gate

Amplifier (PFGA). The second part of this chapter describes the added features to

the bidirectional amplifier such as sleeping mode, bandwidth control. Furthermore,

a comparison between an auto-zeroing amplifier inverter-based and the BPFGA is

provided. This thesis ends with conclusions and proposal for future works in chapter

5.
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Chapter 2

Resonating Sensors

As the main signal processing in modern control systems is digital, they require

sensors, which can provide digital outputs directly. Sensor which have outputs based

on frequency or phase changing have the advantage that they can be read directly

by a digital system [1] such as the resonating sensor. Furthermore, resonant sensors

provide high accuracy, low drift and high resolution [7],[8]. In the next sections, a

detailed description of this type of sensors is provided.

2.1 Basic Principle

A resonant transducer converts physical quantities of the surrounded environment

into a time varying electrical signal, which can be read-out by an electronic interface.

In order to generate the electrical signal, the transducer must be excited electrically,

which induces a mechanical vibration in this device. The electro-mechanical coupling

of the transducer allows to transform the mechanical perturbation in an electrical

oscillation characterized by a particular frequency called resonant frequency. The

value of this parameter is directly related to the measurand, therefore once it has

been read, it can be used to obtain the information required. The relationship

between the measurand and the resonant frequency (fres) is synthesized in Eq.2.1.

fres =
1

2π

√
k

m
(2.1)

Where m is the mass and k is the stiffness of the transducer. If a physical
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quantity in the surrounding environment changes the mass or the stiffness of the

transducer, then the resonant frequency changes. A device such as the resonant

transducer characterized by an output in frequency presents 2 major advantages: it

is not affected by noise on the amplitude of the oscillating signal and can be digitized

easily by counting the periods [21]. Often, the output signal of this type of sensor is

referred to as quasi-digital signal. Furthermore, amplitude and phase could be also

used to bring information and they are specially used in acoustic applications. In

conclusion, a generic resonant sensor can be modelled as a 2 port device: one port

is connected to the mechanical domain (input port) and the other port is connected

to the electrical domain (output port) as shown in Figure2.1.

Resonating 
transducer

Digital 
System

Temperature

Pressure

Mass

noise

Electrical
Domain

Mechanical
Domain

sensor

actuator

Figure 2.1: Resonating Sensor Diagram Block

A few examples of applications for this device could be: temperature sensor, in

which the thermal expansion affects the stiffness of the device, a pressure sensor

in which a deformation of the transducer varies the stiffness, a deposition detector

based on mass variations of the sensor due to the deposition of a material on it such

as gas, micro-droplets, thin layer deposited during MEMS fabrication and etc.

2.2 Discrete and MEMS Resonating Sensors

The fast development in the fabrication and the increased down-scaling of resonating

transducers has resulted in a huge variety of this type of sensors. Resonant sensors

can be actuated mechanically, electro-statically, electromagnetically, thermally, etc.

Some examples of discrete resonant sensors are shown in Fig.2.2.

Fig.2.2(a) shows a resonant sensor, which can detect the density of the liquid

inside a pipe based on the resonant frequency of the pipe. An electromagnetic
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Figure 2.2: Examples of Resonating Sensors. [1]. (a)Fluid density sensor. (b) Mass

sensor. (c) Gas Detector. (d) Thermometer. (e) Electrostatic sensor.

transducer can be used to force the pipe into vibration, then the electromagnetic

coupling of the same sensor can be used again to read-out the resonant frequency

of the pipe. Fig.2.2(b) shows a quartz resonator, which can be used to monitor

material deposition during a generic fabrication process. Same principle can be used

to detect gases in a local environment as shown in Fig.2.2(c). Fig.2.2(d) shows how

the transducer thermal expansion can be used to modify its stiffness and resonant

frequency to monitor the surrounding temperature. Fig.2.2(e) shows a sensors which

is electro-statically actuated. A voltage source is used to bend a membrane and then

released to vibrate at its natural oscillation mode. The frequency of vibration of

this thin membrane depends on the mass and the stiffness of it. In more advanced

and complex systems, MEMS sensors are preferred. These devices are based on the

same transducing principle of the discrete sensors. However, the design of these

transducers require particular attention to issues, which don’t need to be taken into

account in the discrete sensor design and fabrication. In order to overcome these
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issues some of these MEMS are designed into exotic shapes shown in Fig.2.3.

Figure 2.3: Examples of MEMS Resonating Sensors Structures.

Regardless the complexity that they presents, they can be seen as composed by

basic structures, which are easier to study, such as cantilevers, bridges and mem-

branes. This alternative interpretation can simplify the analysis of the whole trans-

ducer. These sensors can introduce a certain kind of noise related to their geomet-

rical dimensions. This is usually labelled as high order oscillating modes. There are

many high order modes, each one of them represents a different way to vibrate of

the transducer. Each mode is characterized by a particular frequency and it can

be activated only if the exciting signal provides enough energy at that frequency.

Therefore, the oscillating mode at which the structure is vibrating depend on how

the excitation distributes the energy along its frequency spectrum. Examples of high

order modes are simple to visualize for the case of a cantilever as shown in Fig.2.4.

Fig.2.4 shows also possible vibrations shape in other structures.

2.3 Modelling of a Resonating Sensor

An electrical model of a resonant transducer is essential to understand the inter-

actions with the electronic interface used to read-it out. As shown in Fig.1.3, the

resonating transducer is modelled generally as a two port device however, under
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FLEXURAL VIBRATION LONGITUDINAL VIBRATION

ROTATIONAL PLATE FLEXURAL DIAPHRAGMA
VIBRATION VIBRATION

FUNDAMENTAL
MODE1 OVERTONE

2 OVERTONE

Figure 2.4: Example of vibrations in resonating sensors.

particular assumptions it can be approximated with a simple resonant bipole. The

simple way to investigate an equivalent model for this type of transducer, consists

in analyzing its electrical impedance. By using an impedance analyzer it is possible

to observe that this type of device present a frequency behaviour similar to a second

order linear system, which can be approximated with a RLC circuit. An example of

resonant transducer impedance plot is shown in Fig.2.5(a).

Fig.2.5(a) shows multiple peaks, but analyzing just the first one it is possible

to find some similarities with a second order linear system as shown in Fig.2.5(b).

Overlapping these two curves it can be observed that they match till the point at

which the impedance reach the minimum value, while in the second part of the plot

the two curves show different behaviours (Fig.2.5(b) black line and red dashed line).

This means that a RLC circuit can model a resonant sensor with a quite good ap-

proximation at the resonance, after that the simplified model starts to introduce a

certain error. A better approximation can be obtained by adding a parallel capaci-

tance to the RLC series circuit. This new model is often referred to as Butterworth

Van Dike model (BvD), where this new element is actually representing the parasitic
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Figure 2.5: Resonating Sensor models. (a) Example of a real resonating sen-

sor impedance plot and equivalent model. (b) Comparison of the RLC and BvD

impedances with the impedance of a resonating transducer around the fundamental

mode.

capacitance between the electrodes of the transducer. The parasitic capacitance in

the BvD model introduces the anti-resonance peak and the continuous decreasing of

the impedance, which otherwise should increase due to the effect of the inductance

as it occurs for the RLC impedance plot. In some cases, the effects of this capaci-

tor can be neglected such as in electromagnetic transducers in which a simple RLC

series circuit provides enough accuracy to model the behaviour of the resonating

sensor. In other cases such as in electrostatic and piezoelectric transducer the par-

asitic capacitance of the electrodes cannot be neglected. The previous observation

are limited to the range around the first peak in the impedance plot, which is also

referred as fundamental mode or fundamental frequency. The previous model don’t

take into account the other peaks in the impedance plot in Fig.2.5(a). These peaks

represent the higher order modes and each one can be modelled by a single RLC

series.

Therefore, if these modes are not negligible an improved model consists in ad-

ditional RLC series circuit connected as shown in Fig.2.5(a). The research about

the modelling of this device brought out many other models, which improve the

accuracy of the approximation done, some of these are: the Guan model [22] and

the transmission line model based on the Mason model [23] as shown in Fig.2.6. The
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Figure 2.6: Other models for resonating sensors. (a) Guan Model (b) Transmission

Line model based on Mason model.

Guan model is often used when a description of the higher order modes and losses

in the resonant sensor are needed. While the transmission line model is utilized

to model piezoelectric transducer, emphasizing the energy transfer at the surface

interface of the transducer. It is a 3 port model, where one is the electrical port and

the other two are the mechanical ports, which are often referred as back acoustic

port and the front acoustic port. For instance, given a piezoelectric disk the two

ports represent the propagation of the energy through the two opposite surface of

the disk. In conclusion, the choice of the correct model depends just on the accuracy

required.
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Chapter 3

Bidirectional Amplifier

The bidirectional Front-End developed in this work is based on a pseudo floating

gate structure. Therefore, this chapter concentrates on analysis and design of this

electronic circuit and explains the basic idea of how to transform this unidirectional

amplifier into a bidirectional device.

3.1 Pseudo Floating Gate Amplifier (PFGA)

Operational amplifiers (OP-AMP) have been used intensively in analog electronic

circuit design such as in filter design, switched capacitor circuits [24], low noise

amplifier (LNA) [25], sensor front-end [26] etc. However, the demands for low power

and down-scaling of the micro-electronic systems introduces new challenges in the

architecture of this type of device. One of the many issues, is the design of low

power OP-AMPs for low supply voltages [27] specially for analog applications.

The typical structure of an OP-AMP requires minimum 3 stacked devices as

shown in Fig.3.1(a), which limits the minimum power supply of this circuit. Fur-

thermore, all the high gain OP-AMPs based on cascode stages are not suitable

building blocks to implement low power amplifiers, because their high number of

stacked MOSFETs doesn’t allow reducing the power supply voltage (Fig.3.1(b)).

Therefore, novel solutions have been developed. Some still based on the OP-AMP

structure, but without the current tail, which reduces the number of stacked devices

to two [28] as shown in Fig.3.1(c). Other researches proposed solutions based on the

use of the logic inverter for analog applications (Fig.3.1(d)). An alternative solution
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(a) (b) (c)

(d) (e)

Figure 3.1: OP-AMP amplifiers State of the Art. Black Terminals are the input

of the amplifiers and the grey terminals are the output terminals. (a) Typical

differential input stage for OP-AMP based on 3 stacked transistors. (b) Cascode

input stage of OP-AMP. (c) OTA without tail current. (d) Inverter Based OTA. (e)

Pseudo Floating Gate Amplifier (PFGA)

proposed and studied in the last two decades is called Pseudo-Floating Gate Ampli-

fier (PFGA) shown in Fig.3.1(e). This type of device enjoys the advantage of using

an inverter-based amplifier with only 2 stacked transistors and is based on the float-

ing gate transistors. This new structure allows a very low power supply and an easy

implementation in CMOS technology. This new type of amplifier has been proved

to be effective and it has been utilized to implement many type of circuits such as

for multivalued gate (MV) [29], analog to digital converters [30], band pass filters

[31, 32, 33, 34], tunable filters controlled with bulk voltages [2], tunable dual-band

pass filters [35], filters based on current-starved PFGA [36, 37], re-configurable ana-

log circuits [38], to implement mixer and extractor [39],multiplexer/demultiplexer

[40]. Some of the electronic circuits implemented with PFGA, which can be used as

building blocks to realize more complex analog systems are shown in Fig.3.2.

The flexibility of the PFGA is one of the main key points, which makes this
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Figure 3.2: Basic building blocks implemented with PFGA. (a) Inverting Amplifier.

(b) Bandwidth controlled Amplifier (c) Operational Trans-conductance Amplifier

(OTA).

amplifier very suitable for all type of applications. Furthermore, the possibility to

implement bidirectional systems by using this device has been introduced in [38],

[13], [39], [34],[41],[40]. This idea is the basic concept, which led the author to

conduct a research on the bidirectionality of the PFGA and its applicability as

bidirectional front-end for resonating sensors.

3.2 PFGA Basic Principle

This section will describe the structure and the working principle of the PFGA

shown in Fig.3.3.

weak

VDD

(a) (b) (c)

M1

M2

M3

M4
IN OUT

IN
OUT IN OUT

VDD

Figure 3.3: Pseudo-Floating Gate Amplifier. (a) System Level. (b) Transistor Level.

(c) Symbol for the PFGA [2]

The PFGA is based on a CMOS inverter closed in a feedback loop with an

ideal voltage buffer as shown in Fig. 3.3(a). Fig. 3.3(b) shows a PFGA made by
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only 4 MOSFETs. M1,M2 realize a CMOS logic inverter, while M3,M4 realize a

CMOS voltage buffer. The symbol adopted in literature to represent this amplifier

is shown in Fig. 3.3(c). The voltage buffer provides the biasing for the inverter,

which is forced to work in linear region as amplifier rather than a logic device. By

using capacitors it is possible to build a second feedback loop to set the gain of

the PFGA. The gain is equal to −CIN

CF
in Fig. 3.2(a). The equilibrium state of the

PFGA is characterized by VIN = VOUT = VDD/2 when it is implemented by using

a balanced inverter ( (W/L)n
(W/L)p

= kp
kn

). This value can be graphically represented as the

point at the intersection between the VTC curve of an inverter and the VTC curve

of the voltage buffer as shown in Fig. 3.4. One of the peculiarity of this circuit is

that the feedback reaction is provided by leakage currents of the MOSFET in the

CMOS voltage buffer.

INVERTER-VTC IDEAL BUFFER-VTCPFGA EQ. POINT

V
D

D
/2

VDD/2VIN

V
O

U
T

VIN

V
O

U
T

VIN

V
O

U
T

(a) (b) (c)

Figure 3.4: Pseudo-Floating Gate Amplifier Graphical Representation of the Equi-

librium Point. (a) Inverter voltage transfer characteristic. (b)PFGA equilibrium

point graphical representation. (c) Ideal Voltage Buffer voltage transfer character-

istic.

For short channel transistors, these leakages provide enough current to charge

and discharge the input node of the PFGA. It is important to emphasize that pre-

vious works about PFGA considered the sub-threshold currents as the dominant

contribution to the leakage currents in the voltage buffer of the PFGA. This is an

important assumption since in the new CMOS processes other sources of leakages

could be dominant. A graphical representation of the feedback reaction in PFGA

is shown in Fig.3.5. Fig.3.5(b) and (c) show that one of the MOSFET in the volt-

age buffer start to generate a current to bring back the equilibrium in the PFGA,

20



L.Marchetti: Design of a Bidirectional Front-End for Resonating Sensors

which is initially imbalanced. This process ends when VIN = VOUT = VDD/2. In

Fig.3.5(b) is the NMOS in the voltage buffer which drives the feedback reaction,

while in Fig.3.5(c) is driven by the PMOS.

In

VDD

VDD

C1 C2 VIN

VOUT

time

VDD/2VOUTVIN

In

VDD

VDD

C1 C2

VIN

VOUT

time

VDD/2VOUTVIN

(a)

(b)

(c)

Figure 3.5: Pseudo Floating gate feedback reaction principle. (a) PFGA. (b) PFGA

with initial condition VIN < VDD/2 < VOUT . (c)PFGA with initial condition VIN >

VDD/2 > VOUT .

3.3 Effects of Channel Leakages in PFGA

The design of the bidirectional amplifier treated in this work requires a deep un-

derstanding of the PFGA operations. Therefore a detailed analysis of the PFGA

has been described in [19]. However, the performance of the PFGA are strictly

related to the value of the leakage currents used to bias it. Therefore, they must be

distinguished in two cases, when the PFGA is implemented in high leakage CMOS

technology, and the case where the PFGA is implemented in low leakage CMOS tech-

nology. The first one corresponds to the case of an implementation by using modern

fabrication processes and it can find easy application in low voltage electronic cir-

cuits. The second one can be utilized in high voltage applications (VDD > 5V )

where low leakage technologies are the only option. Typically, the magnitude of the

MOSFET leakages decreases as the dimensions of the transistor increase. There-

fore, low leakage PFGA can be implemented by using old fabrication processes or

power MOSFET. In literature, it has already been discussed a high leakage imple-

mentation in 90nm CMOS process, while this research focuses on the analysis of a
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low leakage implementation and a comparison between these two technologies. The

main difference between these two implementations is the time needed to approach

to the steady state as shown in Fig.3.6.
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Figure 3.6: Initial transient time comparison between HL-PFGA (PTM-90nm) and

LL-PFGA (AMS-350nm).

Fig.3.6 shows a comparison between an initial transient time of a 90nm and a

350nm implementation. The 90nm PFGA reaches the equilibrium state after a short

initial transient time, while the 350nm PFGA will require longer time. This is due

to the fact that in the high leakage PFGA (HL-PFGA) the feedback reaction is led

by sub-threshold currents when the voltage buffer turns off. unfortunately, these

currents are too low to drive the feedback reaction also in a low leakage PFGA (LL-

PFGA). Therefore, the bias point of the LL-PFGA stops when the voltage buffer

turns off. This problem has been discussed in [19], and it must be solved in order

to obtain a functional amplifier. This issue is referred in this work to as offset of

the PFGA, because the improper position of the bias point could be though as

originated by an input offset voltage.

An interesting feature of the PFGA which does not dependent on the technology

used to implement it, is the non linearity around the low cut-off frequency. This

phenomenon is caused by the voltage buffer, which is driven by a wide input signal

that emphasize the non linear relation between the input voltage and the output

current of this device. The distortion of the signals in this amplifier can be quantified
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by using the parameter called total harmonic distortion (THD). This non linear

behaviour has been exploited for a low leakage PFGA in [19] and shown in Fig.3.7,

but similar results can be obtained for an high leakage implementation.
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Figure 3.7: Non linear behaviour of the LL-PFGA around the low cut-off frequency.

Given the distortion introduced by the PFGA, it is not possible to use the ratio

between the input and the output signal amplitude to evaluate the transfer function

of the amplifier. The transfer function of the PFGA has been calculated by using

the ratio between the input signal and the first harmonic of the output signal of the

PFGA. Simulation and measurement results show that the non linearities are very

low for a LL-PFGA but they are expected greater effects in a HL-PFGA. Indeed, a

comparison between the AC analysis by using PTM-90nm model and the transfer

function calculated considering the only first harmonic of the output signal, proved

that the there exists a difference in the estimation of the low cut-off frequency. These

results are shown in Fig.3.8. This is because, SPICE substitutes all the models with

the small signal equivalent circuits, which in this case introduces an error because

the input signal of the voltage buffer is not small.

Last remark is about the particular set up that must be used to perform the

measurements on this amplifier. The working principle based on leakages requires

instruments with very high input impedance and very low input current leakages.

This purpose can be achieved by using a voltage buffer between the PFGA and the

measurement tools. In conclusion, a detailed analysis of the PFGA implemented

with high leakage CMOS technology has been developed to increase the under-
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Figure 3.8: Non linear behaviour of the HL-PFGA around the low cut-off frequency.

standing of this device and define some precise design rules to minimize offset and

non linearities.

Finally, [19] has been proposed a possible solution to solve the problem of the

LL-PFGA offset. This task has been accomplished keeping the same structure and

designing the inverter in the PFGA in order, which is not balanced anymore. Fur-

thermore, a resistor has been added to improve the stability of the LL-PFGA bias

point. Such PFGA has been proved to be a functional structure suitable to be ap-

plied for any high voltage application, specially as front-end for resonating sensors.

3.4 Bidirectional Pseudo Floating Gate Amplifier

(BPFGA)

The bi-directionality of the PFGA has been exploited in a few previous works but

only for low voltage applications [38], [13], [39], [34],[41],[40]. The working principle

of a bidirectional PFGA is simple and represented in Fig.3.9.

The symmetry provided by the PFGA structure is used to achieve a bidirectional

behaviour. The pair of MOSFET which implement a CMOS inverter, behaves as a

CMOS voltage buffer when the power supply is swapped and vice-versa, a CMOS

voltage buffer becomes a CMOS inverter when the power supply is reversed. This

mechanism changes the orientation of the inverter inside the PFGA, which mimics
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Figure 3.9: CMOS inverter and CMOS voltage buffer

the behaviour of a bidirectional amplifier. This circuit will be referred now on as

Bidirectional Pseudo Floating Gate Amplifier (BPFGA). The basic idea is summa-

rized and represented in Fig.3.10.
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Figure 3.10: Bidirectional PFGA (BPFGA). (a) Transistor level implementation.

(b) Symbol of the BPFGA. (c) and (d) show the elements in the BPFGA for the

two possible cases.

The symbol chosen for the BPFGA is shown in Fig.3.10(b). The power sup-

ply of the BPFGA is now indicated with Φ,Φ since it is not anymore constant.
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Fig.3.10(c),(d) report the cases already described. Two are the main parameters,

which affect the BPFGA performances: the symmetry and the power supply. A

PFGA is usually designed as asymmetric circuit (Fig.3.11(a)) and the buffer must

be weakest possible. BPFGA should ideally have the same performances in both

directions. This can be accomplished only if the BPFGA has a symmetric struc-

ture as shown in Fig.3.11(b). In this case, the aspect ratio of the MOSFET, which

compose the inverter and the buffer are equals (Fig.3.11(d)).
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Figure 3.11: Comparison between symmetric and asymmetric design strategies. (a)

Asymmetric PFGA. (b) Symmetric PFGA. (c) Asymmetric BPFGA. (d) Symmetric

BPFGA.

The choice between an asymmetric and a symmetric structure depends on the

value of the load at the two ports. When different loads are placed at the two ports

of the BPFGA, an asymmetric structure is preferred as show in Fig.3.11(c), while

when the loads at the two ports have similar values then a symmetrical structure is

usually more convenient as shown in Fig.3.11(d). The second parameter to take into

account during the design of the BPFGA is the technology utilized to implement it.

For high leakage CMOS technologies (short channel MOSFET), the behaviour of the

BPFGA can be considered almost ideal, which means that only the directionality of
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the amplifier changes. However, when higher value of power supply are necessary

(≥ 5V ) then the BPFGA has to be implemented with older CMOS fabrication (low

leakage CMOS technology) processes, which can support these voltages. In this last

case the BPFGA is subjected to the problems previously described for the PFGA

implemented in low leakage CMOS technology, such as high input offset voltage.

These effects are discussed in detail in [19],[20]. A simple representation of the

effects of the input offset is shown in Fig.3.12.

VDD/2 VDD/2 VDD/2 VDD/2

VB1 VB2 VB1VB2

V1

V2

(a)

(b)

Tsw

T0 T1

Figure 3.12: Dynamic analysis of the bias during the transition from a mode to the

other one. (a) Equilibrium state dynamic in an ideal BPFGA. (b) Equilibrium state

dynamic in real BPFGA. T1 − T0 is the time necessary for the bias point to reach

the steady state values.

Fig.3.12(a) shows the ideal values for the input and the output node of the

BPFGA before and after the transition from a mode to the other one. Fig.3.12(b)

shows the working point dynamic for a low leakage BPFGA. When the system

changes directionality (t = T0), the bias voltages of the two nodes are ideally just

exchanged. However, it can be noticed that the input voltage is the signal that will

approach closer to the ideal value VDD/2. This is due to the fact that the linear

region of the inverter is usually very narrow and the input voltage can approach to
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VDD/2 before that the voltage buffer turns off and the dynamic of the bias point

stops. tsw is the time interval after which the bias point becomes almost constant.
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Chapter 4

Bidirectional Front-End for

Resonating Sensors

4.1 Bidirectional Front-End for MEMS Resonat-

ing Sensors

A bidirectional Front-End by using a BPFGA has been reported is shown in Fig.4.1.
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Figure 4.1: Bidirectional Front-End Working Principle.

The system is composed of a multiplexer/demultiplexer, 2 coupling capacitors,

a BPFGA and a resonant load. The power supply of the PBFGA is controlled by

two control signal Φ and its inverted form Φ. The working principle is divided in

two phases: actuation phase and read out phase as shown in Fig.4.1. In the first

mode the resonant sensor is excited by the electrical signal injected at the input
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terminal of the Front-End. The input signal is a rectangular pulse characterized

by a wide bandwidth spectrum that can force the load to resonate regardless the

value of its resonant frequency. In read-out mode the electrical oscillation generated

by the transducer is amplified by the BPFGA and read-out at the OUT terminal.

The input terminal and the output terminal are connected to the BPFGA through

2 switches, which compose the multiplexer/demultiplexer. The concept has been

proved in [13] by mean of simulations in 90nm Technology with a power supply of

1.2V , which implement an high leakage BPFGA. The results are shown in Fig.4.2.

Figure 4.2: Simulation of the Bidirectional amplifier implemented in 90nm CMOS

technology.

The resonant transducer behaviour has been reproduced by using a RLC series

circuit. In order to mimic a variation of the resonant frequency, the RLC series

has been implemented by using a variable inductor, which has been set to different

values. Fig.4.2 shows that the input pulse (blue line) is injected while Φ = 1 =

P1 and Φ = 0 = P2. The sensor response VRLC (black line) is an oscillating

signal amplified by the PFGA during the read-out mode and read-out at the output

terminal (green line). after being excited by the input pulse. The sensor response

(black line) has been then amplified a read-it out at the output terminal (green line).
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4.2 Measurement results of Bidirectional Front-

End with RLC Load

This work proposes a deep study of the Front-End for resonating sensors with VDD ≥
5V using a CD4007 IC. This value has been chosen in order to provide signals with

an amplitude easily to monitor with normal laboratory instrumentation and it allows

to analyze the dynamic of the system, proving the functionality of the Front-End.
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Figure 4.3: Comparison between the simulation results shown in Fig.4.2 and the

measurements at VDD = 5V . (a) Whole read-out cycle of the signals simulated

with 90nm model. (b) Actuation mode analysis of the simulation results based on

the 90nm model. (c) Whole read-out cycle of the signals measured on a prototype

implemented by using CD4007UBE at VDD = 5V . (d) Actuation mode analysis of

the measurement results shown in (c).
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Fig.4.3 shows the comparison between the measurement results of the bidirec-

tional Front-End at VDD = 5V and the simulations shown in the previous section.

Both tests have been performed by using an approximated RLC load which mimics

the behaviour of a real sensor. Results do not show particular differences in the

waveforms. A more detailed analysis of this Front-End revealed that this electronic

circuit is subjected to secondary phenomena, which must be taken into account

during the design. Some of these are represented in Fig.4.4
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Source-Bulk pn junctions in the voltage buffer MOSFET (b) Double excitation of

the resonant transducer. (c) Physical implementation of the Front-End.
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First of all, at the occurrence of the edges of the input pulse the source-bulk pn

junctions in the voltage buffer MOSFET could turn on as shown in Fig.4.4(b). This

phenomenon increases the probability of latch up and the power dissipation of the

circuit. Second, the sensor is excited by both edges of the input pulse which force

the device to oscillate for two times. Third, the output swing of the amplifier is

maximized only by implementing the multiplexer/demultiplexer with transmission

gates as shown in Fig.4.4(c). A detail description of these and other phenomena

is provided in [20]. In conclusion, the design of this Front-End consists mainly in

fixing the values of the coupling capacitors and the parameter of the control signals

to maximize the excitation of the sensor.

4.3 Bidirectional Front-End for Piezoelectric Sen-

sors

The use of an approximated model for resonating sensors is very convenient from

electrical point of view, because it allows the designer to test the electronic inter-

face without the need of a real transducer. However,the accuracy provided by the

approximated load must be verified. Therefore, a piezoelectric ceramic transducer

has been characterized as shown in Fig.4.5 and utilized to test the bidirectional

front-end.
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Figure 4.5: Piezoelectric Sensor Characterization

33



L.Marchetti: Design of a Bidirectional Front-End for Resonating Sensors

The detailed of the measurement set-up can be found in [15]. Measurement

results have been compared in Fig.4.6 with those one shown in Fig.4.3 (c,d).
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Figure 4.6: Comparison between the measurement results of the bidirectional front-

end loaded by a piezoelectric sensor (a) vs RLC (b). Figures (c) and (d) are close-ups

of (a) and (b) respectively.

A first analysis of Fig.4.6(a) and (b) shows very similar waveforms between

the two cases. We have chosen two different power supply voltages to show that

this parameter doesn’t affect the shape of the waveforms. The excitation of a real

transducer produces an oscillation which is less sinusoidal than the shape produced

by the excitation of an RLC load. This is probably due to the non linearities of

the transducer. The damping for the real piezoelectric sensor is much lower than

the one observed with the RLC approximated model. This is due to the fact that

Rb = 100Ω for the RLC load and Rb = 2.88Ω for the piezoelectric transducer.

Fig.4.6(c),(d) highlight the shape of the wave-forms around the actuation mode.

The main difference between the two cases is represented by the signal V3, which is
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characterized by fast variations in Fig.4.6(c) and slow variations in Fig.4.6(d) during

the actuation mode. When the bidirectional amplifier drives the piezoelectric sensor,

the dynamic of V3 is slower because the presence of the parasitic capacitance CE

between the electrodes of the transducer. Furthermore, in both cases it is shown the

presence of noise affecting the signals VRLC and V3, but they have different origins.

When the RLC load is used, then the noise is probably due to the resonance of the

inductor with some parasitic capacitance in the circuit, while when the real sensor

loads the bidirectional amplifier, the noise is due to the higher oscillating modes. In

conclusion, a comparison between the results in [14] and [15] shows similar results.

This proves that the approximated load can be used in place of a real transducer

and future tests can be performed without the necessity of a real device.

4.4 A Control System for a Low Power Bidirec-

tional Front-End

One of the major concern, in the design of a portable device is the power consump-

tion. In an analog electronic interface the most common and dominant source of

power dissipation is due to the biasing of the amplifiers. In the BPFGA the major

consumer of energy is the inverter, which is characterized by a constant current

passing through the PMOS and the NMOS during the normal working operation.

Therefore in [16] we proposed a simple control system to reduce the power consump-

tion of the bidirectional Front-End. The idea behind this system is that the amplifier

can be turned off after the measurement of a few periods of the output oscillating

signal, which will provide sufficient accuracy to estimate the resonant frequency of

the sensor as shown in Fig.4.7.

Ideally, one period of the oscillating signal would be even enough to obtain the

required parameter, but due to the noise and other fluctuations in the signals of the

Front-End the uncertainty of this parameter increases. In brief, the idea consists in

introducing ”sleeping mode” in the normal operation of the BPFGA. This design

strategy can be easily implemented in this front-end because of the simple structure

of the amplifier. This mechanism is shown in Fig.4.8.
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Fig.4.8 shows that the amplifier can be turned off by imposing Φ = 0 during the

read-out mode. The sleeping mode must be triggered by the occurrence of a certain

number of periods of the oscillating output signal of the Front-End. The control

system, which realizes the sleeping mode is shown in Fig.4.9.

This system counts the zero-crossing points at VDD/2 of the output signal and

after a certain number of periods turns off the power supply of the BPFGA. During

the actuation mode the control system is bypassed by the AND gates U2 and U1.

The whole system has been described in [16]. Finally, a comparison with the state

of the art has been done to analyze the benefits provided by the sleeping mode and

it is shown in Table 4.1.

This comparison shows that the BPFGA with sleeping mode reduces the power

consumption to 16% of the power consumed without using this technique, which
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Table 4.1: Performance comparison of resonating sensor front-end

Power diss. read-out method Reference

1.7 mW @ Vdd=5V RDM current work

wihtout

sleep mode

270µW @ Vdd=5V RDM current work

+

sleep mode

900µW to 1.95mW @ Vdd=5V closed loop [42]

oscillator

118µW @ Vdd=3.3V RDM [10]

corresponds to 270µW . This value is comparable with the power consumption of the

other structures described in literature, which means that this electronic interface

shows competitive performance.
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4.5 Bidirectional Front-End with Bandwidth Con-

trol

The flexibility of the proposed Front-End has been improved by introducing a simple

way to control the bandwidth of the BPFGA. By adding only two transistors to

the inverter/amplifier as shown in Fig.4.10(a), it is possible to control the output

resistance of the amplifier and therefore the dominant pole as shown in Fig.4.10(b)

and in Eq.4.1.
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Figure 4.10: BPFGA with bandwidth control working principle. (a) Stacked in-

verter. (b) Bandwidth control concept. (c) Bidirectional Front-End with bandwidth

control and equivalent model.

The stacked inverter shown in Fig.4.10(a) is controlled by two bias voltages:

VHF , VHF . If | dRop

dVHF
| = | dRon

dVHF
| then the relation between these two voltages is :

VHF = VDD − VHF . Where: Ron, Rop are the drain source resistance of the NMOS

and the PMOS controlled by the bias voltages. This new feature is particularly

useful to remove high frequency noise over the output signal of the BPFGA, which

for the case of a resonating sensor interface corresponds to the higher oscillating

modes of the transducer (Fig.4.10(c)). Proved that the resonant transducer can be

approximated with a BvD model, the electronic interface has been tested with this
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equivalent load. The concept has been tested removing a sinusoidal signal generated

by an auxiliar signal generator in series with the BvD model, which mimics an high

resonating mode. The measurement results are shown in Fig.4.11.
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Figure 4.11: Effect of the bandwidth control on a high order mode oscillation at

1MHz. (a) Time and FFT analysis for the case of a high order oscillation inside the

bandwidth of the bidirectional front-end. (b) Time and FFT analysis for the case

of a high order mode filtered out by reducing the bandwidth of the amplifier.

The FFT analysis shows an attenuation of the ”noise”, which falls outside the

bandwidth after the system has been tuned. Another benefit of reducing the band-

width of the amplifier is the reduction of the amplifier power consumption, because

the controlled MOSFET limit the current passing through the stacked inverter.

More detailed about this structure can be found in [17].

4.6 An Auto-zeroing Bidirectional Amplifier for

Resonating Sensors

The biasing network implemented by the CMOS voltage buffer has been proved

to work well but it introduces also some design issues in terms of non linearities,

power consumption and input offset. Therefore, in order to overcome all of these

problems an alternative solution to implement an amplifier inverter-based has been

investigated. The proposed Front-End is based on an unidirectional amplifier with
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dynamic signal paths created by switches, which mimics the behaviour of a bidirec-

tional amplifier [18]. The Front-End is represented in Fig.4.12.
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The working principle is divided in three phases: actuation mode, auto-zeroing

mode, read-out mode represented in Fig.4.13.
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Figure 4.13: Working Principle Auto-Zeroing Bidirectional Amplifier

First of all, the sensor must be actuated, therefore switches S2, S3 close while

S1, S4 remain open. A path from the input terminal to the sensor allows to excite the

sensor. The second phase is called auto-zeroing phase and it is used to generate the

bias voltage for the amplifier. The input and the output of the inverter are shorted

in order that the voltage VM = VIN = VOUT is stored in the parasitic capacitance

of the resonant transducer (S1 = S2 = open, S3 = S4 = close). Finally, the sensor

must be read-out by closing the switch S1 and opening S3. In conclusion, the storage

capacity of the transducer is used to keep the bias voltage across the sensor, which

forces the inverter to work as amplifier. Since the most important phase in this
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front-end is the storing phase of the bias voltage, this Front-End has been named

as auto-zeroing amplifier.
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Figure 4.14: Comparison between Simulation Results (a) and Measurements (b) of

the auto-zeroing amplifier.

Unfortunately, there two possible causes, which can affect the auto-zeroing phase,

moving the bias point away from the ideal value. The first one is the charge injec-

tion due to the opening of the switch S3. Second, the drop voltage on the output

resistance of the inverter prevents the correct positioning of the amplifier bias point.

All of these phenomena contribute to introduce an offset in the amplifier. By set-

ting correctly the timing of the control signals and the parameter of the front-end

it is possible to reproduce the same waveforms of the simulation results shown in

Fig.4.14(a). A final comparison between the bidirectional amplifier based on BPFGA

and the auto-zeroing amplifier inverter based, shows that the power dissipation of

the biasing network is zero, while in the BPFGA is very small but not zero (leak-

age currents) and both structures present an input offset. On the other hand, the

Auto-zeroing amplifier is an open loop amplifier, which means that is more affected

to process voltage temperature variation (PVT) than the BPFGA.
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Chapter 5

Conclusion and Proposal for

Further Work

5.1 Overview

The Front-End described in this work is based on a Bidirectional Pseudo Floating

Gate Amplifier. The bidirectional Front-End with all the added features is shown

in Fig.5.1.

The same features are easily adaptable to the Auto-Zeroing bidirectional ampli-

fier as shown in Fig.5.2.

Given its compact size and possibility of low power consumption, it can be used

to drive even array of resonant discrete or MEMS transducers.

5.2 Conclusion

This thesis addressed the problem of designing an analog electronic Front-End for

resonating sensors based on pseudo floating gate amplifier. One of the main contribu-

tion of this work consists in proving the functionality of this amplifier by measuring

and testing on a real prototype. Design rules for these systems have been proposed

based on a detailed analysis of the PFGA structure, which has been never reported

before in literature. Additional features have been added to the basic Front-End

structure to improve the performances and the flexibility of this electronic circuit.
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Figure 5.1: Whole BPFGA Front-End

A final comparison in terms of power dissipation has been done with the state of

the art, which shows comparable performances with the other structure presented

in literature.

5.3 Suggestions for Future Research

The next logical steps that should be taken are: implementation of the bidirectional

Front-End in ASIC and test with a MEMS resonating sensor. The first one will

improve the performance of the Front-End given the lower parasitic capacitance of

the circuit and the possibility to perform and optimal design. The second one, will

prove that the Front-End is suitable to drive a kind of device, which is the future

trend for this type of sensor. Finally, a further step would be implement a MEMS

and the ASIC in the same package to realize a whole system in one chip.
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