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Abstract

Air-coupled ultrasonic transducers are widely used in many industrial, medical, or domestic applications,
such as range finding, gesture sensing, or gas flow metering, to name only a few. The knowledge of the
behavior and properties of the ultrasonic transducers is essential for the development and the improve-
ment of these applications. The three most utilized work principles, e.g. piezoelectric, electrostatic,
and electromagnetic, of ultrasonic transducers are explained and most common representatives of ul-
trasonic transducers are described. Within this thesis, several important methods of characterization in
three domains (electrical, mechanical, and acoustical) of ultrasonic transducers are described, investig-
ated and modified. The electrical impedance measurement delivers the most important characteristics
of ultrasonic transducers in the electrical domain. However, the electrical impedance measurement us-
ing a common network analyzer reveals issues considering the measurement uncertainties at higher
impedance values, such as the open circuit resonance frequency. In order to characterize the behavior
of the ultrasonic transducers with the boundary conditions more closely to the applications, electrical
impedance measurements of ultrasonic transducers at their rated excitation voltage are conducted in
comparison to the common small signal network analyzer measurements. Further, the ultrasonic trans-
ducers are characterized with thermal loads, which occur, for example, in gas flow metering. A wide
temperature range of almost 450 °C from —190 °C using a cryo setup to +250 °C using an oven are used
to characterize a piezoelectric wide range transducer. In doing so, the influence of the excitation voltage
and the thermal boundary conditions are investigated. A complex curve fit algorithm is implemented in
MATLAB®and is used to fit the Butterworth-van Dyke model to the electrical impedance data gathered.
The Butterworth-van Dyke model is extended by using up to seven parameters in total in order to de-
scribe additional physical effects such as contact resistance, parasitic contact capacitance, and parasitic
parallel resistance. The parameters are monitored and each of them is analyzed individually to achieve
a robust complex curve fit algorithm. A laser doppler vibrometer is used to characterize the surface velo-
city and displacement of the ultrasonic transducers in the mechanical domain. This measurement setup
is extended by translational linear stages in order to obtain the surface velocity of the entire surface
area of ultrasonic transducers. Through post processing of the stored A-scans at any spatial point of the
area, characteristics such as the transient oscillation at each point, are visualized in a video sequence.
In order to characterize ultrasonic transducers in the acoustical domain, two different volumetric sound
pressure level measurement systems are used to characterize and visualize the sound pressure field using
a calibrated microphone. First, a 3D linear stage which is capable of measuring the sound pressure level
in a volume of 1 m? in front of an ultrasonic transducer in equidistant steps in any direction (X —Y —Z).
Second, a goniometer which is built in an anechoic chamber and capable of measuring the sound pres-
sure level in a volume of 144  m? in front of an ultrasonic transducer, using spherical coordinates r-¢-0.
Further, an air-coupled 40 kHz 1D-phased array prototype with a half-wavelength pitch is built and char-
acterized in both transmit and receive mode. It features a smart packaging layer utilizing waveguides to
separate the acoustic aperture from the vibrating aperture. In doing so the acoustic characteristics are
manipulated and an impressive sound pressure level of (130 + 1) dB at a distance of 1 m. The ultrasonic
beam can be steered electronically in an angle of 110° without creating any significant grating lobes.




The approach, used in this prototype, leads to various improvements of existing applications, such as
gestures sensing, gas flow meters, or imaging of entire rooms in air. Further, the mechanical amplific-
ation, using an additional horn structure on top of the vibrating aperture, of the efficient piezoelectric
Murata MA40S4x ultrasonic transducers is investigated and adopted. A capacitive micromachined ultra-
sonic transducer is modified with such a horn structure acting as a mechanical amplifier. The horn with
a diameter of 2.3 mm and a thickness of 100 um is fabricated of aluminum using non-micromachining
techniques. It is glued on top of a 55kHz single cell device and an increased sound pressure level of
(3 £ 1)dB is obtained. Within this thesis the described methods of characterizations are essential to
gain needed knowledge of the behavior of ultrasonic transducers, which can lead to an improvement
of many industrial, medical, or domestic applications. The described waveguide approach and mechan-
ically amplification opens the door for various modification of ultrasonic transducers and therefore the
usage in applications.




Kurzfassung

Luftgekoppelte Ultraschallwandler werden in vielen industriellen, medizinischen oder privat-hauslichen
Anwendungen benutzt, wie zum Beispiel Entfernungsmessung, Gestenerkennung oder Gas Durch-
flussmessung um hier nur einige zu Nennen. Die Kenntnis iiber das Verhalten und die Eigenschaften von
Ultraschallwandlern ist dabei wesentlich fiir die Entwicklung und die Verbesserung solcher Anwendun-
gen. Die drei meist genutzten Wirkprinzipien, das piezoelektrische, das elektrostatische, das elektro-
magnetische und deren geldufigsten Vertreter von Ultraschallwandlern werden in der vorliegenden
Arbeit erklart. Wichtige Charakterisierungsmethoden von Ultraschallwandlern aus der elektrischen,
der mechanischen und der akustischen Doméne werden beschrieben, untersucht und modifiziert. Die
Messung der elektrischen Impedanz, haufig durchgefiihrt mit Netzwerkanalysatoren, liefert dabei die
wichtigsten Merkmale von Ultraschallwandlern in der elektrischen Doméne. Jedoch weisen diese Mes-
sungen bei hoheren Impedanzen, im Bereich der Antiresonanz, Probleme bei den Messunsicherheiten
auf. Netzwerkanalysatoren nutzen dabei hdufig nur eine Kleinsignalanalyse. Ultraschallwandler wer-
den jedoch in der spiateren Anwendung mit maximaler Versorgungsspannung betrieben, deshalb werden
im Vergleich zur Kleinsignalanalyse Impedanzmessungen mit maximaler Versorgungsspannung unter-
sucht. Des Weiteren werden die Ultraschallwandler unter thermischer Last untersucht, welche zum
Beispiel in der Gas Durchflussmessung auftritt. Dabei wurde ein gro3er Temperaturbereich von fast
450°C mit Hilfe eines Cryo Aufbaus von —190°C bis 250°C in einem Ofen durchfahren und mehr-
ere Ultraschallwandler charakterisiert. Hierbei wurden der Einfluss der Versorgungsspannung und der
Einfluss der thermischen Randbedingungen untersucht. Um die Daten der Impedanzmessungen zu ana-
lysieren wurde ein Komplex-Curve-Fit Algorithmus in MATLAB®implementiert um das Butterworth-van
Dyke Modell auf die Messdaten komplex zu fitten. Dabei wurde das Butterworth-van Dyke Modell
auf bis zu sieben Elemente erweitert um zusatzliche physikalische Effekte wie den parasitiren Kon-
taktwiderstand, die parasitdre Kontaktkapazitit und den parasitiren Parallelwiderstand abzubilden.
Durch die Beobachtung aller sieben Parameter und die Untersuchung des Einflusses jedes einzelnen
wurde ein robuster Komplex-Curve-Fit Algorithmus erreicht. Um die mechanische Doméne zu unter-
suchen wurden die Oberflaichengeschwindigkeit und die Auslenkung der Ultraschallwandler mit einem
Laser Doppler Vibrometer gemessen. Zusatzlich wurde das Einzelpunktvibrometer mit Hilfe von Linear
Achsen, fiir die Vermessungen von Flachen, erweitert. So konnen durch das Speichen der A-Scans, an
jedem gemessenen Raumpunkt der Flache, transiente Vorgange durch erzeugen einer Videosequenz im
Nachhinein dargestellt werden. Fiir die Charakterisierung der akustischen Doméne werden zwei volu-
metrische Mikrofonmesssysteme verwendet. Das Erste bietet den Vorteil einer 4quidistanten kartesischen
Positionierung (X —Y —Z) eines kalibrierten Mikrofons innerhalb eines Volumen von 1 m3. Das Zweite er-
laubt die Vermessung von Ultraschallwandlern in einem Schallreflexionsarmen Raum {iiber ein Volumen
von rund 144n m® durch Ausnutzung des Goniometer Prinzips und verfahren des kalibreiten Mikrofons
in Kugelkoordinaten r — ¢ — 6. Ferner wird ein 40 kHz 1D-Phased Array Prototyp mit einem Pitch von
halber Wellenldnge gebaut und charakterisiert. Es nutzt die Besonderheit eines Smart-Packaging-Layers
welcher mit Hilfe von Wellenleiterstrukturen die akustische Apertur von der vibrierenden Apertur trennt.
Dadurch werden die akustischen Merkmale manipuliert und ein Schalldruckpegel von (130 £+ 1)dB in
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einem Abstand von 1m gemessen. Dabei lasst sich die so generierte Hauptschallkeule in einem Winkel
von 110° elektronisch, ohne weitere signifikante Gitterkeulen entstehen, steuern. Dieser Ansatz fiihrt
zu verschiedensten Verbesserungen von bereits existierenden Anwendungen wie Gesten Erkennung, Gas
Durchflussmessungen oder Bildgebenden Verfahren in Luft fiir die Visualisierung ganzer Rdume. Des
Weiteren wurde die mechanische Verstarkung von piezoelektrischen Luftgekoppelten Ultraschallwand-
lern von Murata untersucht und auf einem Kapazitiven Mikromaschinell gefertigten Ultraschallwandler
angewandt. Hierzu wurde eine Hornstruktur mit einem Durchmesser von 2,3 mm und einer Dicke von
100 um aus Aluminium gefertigt und auf einem Kapazitiven Mikromaschinell gefertigtem Ultraschall-
wandler 55kHz aufgeklebt. Dabei wurde ein um (3 £ 1)dB erhohter Schalldruckpegel gemessen. Die
in der vorliegenden Arbeit beschriebenen Charakterisierungsmethoden sind wesentlich fiir den Kennt-
nisgewinn des Verhaltens von Ultraschallwandler und fithren somit zur einer Verbesserung von vielen
Anwendungen aus der Industrie, der Medizin, oder dem privatem Hausgebrauch. Der Wellenleiteransatz
und die mechanische Verstarkung von Ultraschallwandlern weisen dabei den Weg fiir die verschiedensten
Modifikationen und Nutzungen in den Anwendungen.
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1 Introduction

Ultrasonic transducers, ultrasonic actors or ultrasonic sensors are important and mostly inexpensive
devices, which are being used for many applications. They are typically designed to their designated
field and environment. Here ultrasonic transducers generate ultrasound and therewith ultrasound
waves do propagate into the media. Thereby ultrasonic transducers are able to transmit and receive

ultrasound due to reciprocity.

1.1 Motivation

Ultrasonic (US) transducers are widely used in many industrial, automotive, medical and domestic ap-
plications. They are essential for non-destructive evaluation, medical imaging, range finding, container
less processing, acoustic tweezing, haptic holograms, gesture sensing, tactile displays, parametric loud-
speakers, directed ultrasonic communications, anemometry, temperature measurement, ultrasonic clean-
ing, ultrasonic welding or flow metering to name a few. According to the field of using ultrasound and
ultrasonic transducers their work principle can be distinguished in solid state or fluid physics. Whereby
fluids are again separated into liquids and gases. So ultrasonic transducer are being distinguished again
between immersion or emersion devices. Therefore their frequency varies depending on states of matter
of the media in which ultrasound is propagating (Table 1.1). Due to different properties of the me-

Table 1.1: Overview of most typical frequencies of ultrasound used in different media and its specific
speed of sound [16].

Media | Frequency range for US transducer | Speed of sound range

Solids 500kHz — 1 GHz 60 ? — 18000 ?
Liquids 500 kHz — 50 MHz 11682 —1540
Gases 20kHz — 500kHz 1305 —1280 %

dia the principle of generating ultrasound efficiently has also to be different. US transducers can be
classified in piezoelectric (PUTs, PMUTSs), electrostatic (CUTs, CMUTs), and magnetostrictive (EMATS)
transducers (Chapter 2.1). Ultrasonic transducers are often particularly designed for a desired frequency
range, by using the physical active principle and housing for their own application. However, the fo-
cus of this thesis is mostly on air-coupled Capacitive Micromachined Ultrasonic Transducers (CMUTSs)
and air-coupled Piezoelectric Ultrasonic Transducers which are using the radial (mono-morph) [17] and

thickness mode (bolt-clamped Langevin) concept [18].

So to use these ultrasonic transducers in industrial application in an optimal way the knowledge about
their behavior and characteristic is essential. Besides geometric parameters such as aperture size or focal
length important characteristics are the electrical impedance, the surface velocity, the sound pressure
field, or the sound pressure level. Therefore proper methods of characterization are essential and are
introduced, described, and analyzed in this thesis.




1.2 Industrial Applications

Of the many industrial applications here the ultrasonic flow meters and the ultrasonic imaging are de-
scribed in more detail. A common and important industrial application where ultrasonic transducer are
being used is flow metering. Ultrasonic flow meters (UFMs) are available for liquids and for gases. The
difference is the driving frequency of the ultrasonic transducer and its active work principle. Mostly
piezoelectric-driven ultrasonic transducer are used (Chapter 2.2.1). They are robust and can be used
in these domains of fluids. UFMs are using different types of measurement principles, e.g. ultrasonic
transit time, ultrasonic laser doppler, ultrasonic correlation, and ultrasonic vortex shedding UFMs [19].
For example, a common transit time UFM consists of at least one acoustic path which is consists of two
ultrasonic transducers. One transducer acts as a transmitter emitting ultrasound and the other one acts
as a receiver. The time of flight (TOF) of the ultrasound signal is measured downstream and upstream.
Now, depending on the flow velocity of the media inside the flow meter the TOF upstream will be differ-
ent than the TOF downstream. Hence, the velocity of the media can be calculated, knowing or assuming
the flow profile. In order to increase the accuracy, multi path transit time UFM measure the TOFs via

several independent paths, so the flow profile can be gathered much more precisely.

The main goal to determine the robust and strong ultrasonic transducers is knowing as much as possible
of those ultrasonic transducer such as sound pressure level (SPL), beam characteristics, or temperature
dependencies, high and low temperatures, can be essential. Therefore characterizing such ultrasonic
transducers with several methods can lead to an advantages in these applications in design, development
and fabrication of UFMs. Of course this is valid for the other types of UFMs as well. In this work therefore
most important characterization methods such as electrical impedance, sound pressure level, surface
velocity measurements are described and used for characterizations and investigations.

Next, another important industrial application is ultrasonic imaging. Looking into medical imaging, ul-
trasonic examinations are widely used and already standard and available since many years. Here the
imaging takes places with high frequencies usually in range of several mega hertz, since those examina-
tions are conducted in liquids and tissue inside of the human body. In order to gather an image an array
consisting of many hundreds small ultrasonic transducers is used and controlled by electronics to steer
and focus the ultrasonic beam in two dimensions. In doing so, an area of interest can be scanned and
therewith an image is constructed based on the pulse echo TOFs.

However, imaging in air, based on electronic steering, is not available yet and needs to be further de-
veloped. The main advantages of an ultrasonic imaging would be that it is non intrusive and it would
be impervious against smoky, dusty, or foggy environments. So when using it for supervision of elder
people who are living alone if they are for example plunged, their privacy and dignity is still protected.
In case of an emergency the emergency service can be called. Also scanning a smoky room, fire fighters
would get an image and could detected people as well.

But the main issues in air are the missing ultrasonic transducers below 200 kHz, which fulfill the needs
of a good quality imaging systems. Those are broadband transducers, for good spatial resolution, with
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enough sound pressure level and sensitivity for a high signal-to-noise-ratio (SNR) and an aperture size
which fits the half-wavelength criteria. This criteria is required to build an array of ultrasonic transducers
with no significant grating lobes [16]. Grating lobes reduce the field of view, by inducing ambiguities.
This is no problem when arrays for imaging in liquids are used, due to the order of magnitudes higher
frequency and the higher speed of sound in liquids. Therefore the array elements easily can be made
smaller than the half-wavelength.

In this thesis a concept of separating the acoustic aperture from the actual vibrating aperture is intro-
duced and investigated (Chapter 5). This separation is achieved by using waveguides, such as acoustic
tubes or channels. Using such waveguide structure opens the door for many industrial applications
such as imaging of entire rooms with a half-wavelength array by reducing the pitch of the ultrasonic
transducers. Furthermore, thinking of harsh environment industrial applications with high or low tem-
peraturess a proper waveguide could be used to protect the ultrasonic transducer by building a negative
temperature gradient with cooling or a positive one with heating. The ultrasonic transducer works al-
ways in its specified point of operation. Such harsh environments such as found in non-destructive testing
(NDT) or non-destructive evaluation (NDE) or even in non-contact non-destructive testing (NCNDT) or
non-contact non-destructive evaluation (NCNDE) when conducted in-situ on molten or hot materials.

1.3 Structure of this Thesis

This thesis is structured as follows. After a short motivation with several examples of the usage of
ultrasonic transducers for industrial applications the author declares his original work, in which mainly

five contributions are described.

In chapter 2 the basics of air-coupled ultrasonic transducers are described. The three main work prin-
ciples of generating ultrasound are introduced and described in more detail. The important and overall
valid equivalent circuit model "the Butterworth-van Dyke model" is derived and the main parameters
are explained. An interesting interdisciplinary approach of separating the vibrating structure from the
acoustic aperture is discussed.

Chapter 3 describes the four most important methods of characterization of ultrasonic transducers. First,
the electrical impedance measurements and with its accuracy at small signals and ambient temperatures
is discussed. Then this method is compared with a higher excitation voltage, which is used to charac-
terize the electrical impedance of ultrasonic transducers in their point of operation. Following by the
electrical impedance measurements of the wide temperature range of —190 °C up to 250 °C. Second, the
characterization of the surface velocity of ultrasonic transducers, using a laser vibrometer, which was in
addition modified to scan the surface of ultrasonic transducers. Third, the calibrated measurement of the
sound pressure level as one of the most important quantities and the visualization of the sound pressure
field by utilizing two different volumetric measurement setups. Finally, the quantitative visualization of
the sound pressure field using a Schlieren photography setup.

In Chapter 4 the automatic parameter extraction using a complex curve fit algorithm is introduced.
Furthermore the Butterworth-van Dyke model is extended to consider more physical effects and a method
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for finding the model and good starting values by monitoring the parameters is described. Therefore a
program was written in LabVIEW " to manipulate parameters individually.

Then in chapter 5 the already discussed separation of the vibrating structure from the acoustic is imple-
mented, by building an air-coupled phased array with a half-wavelength pitch by utilizing waveguides.

The phased array is then characterized in transmit and receive mode.

Chapter 6 introduces a mechanically amplified capacitive micromachined ultrasonic transducer by modi-
fying a device without micromachining techniques. This idea was born by characterizing an efficient
piezoelectric ultrasonic transducer from Murata. A finite element study was conducted and a prom-
ising dimension of the mechanical amplifier was built and glued on a 55kHz capacitive micromachined
ultrasonic transducer, which was then characterized measuring the sound pressure level.

Finally a conclusion of this thesis is given and future work is discussed.

1.4 Original Work

In the author’s opinion the original part of the work are the following:
1) Electrical impedance characterization with excitation voltages up to 70 V,,,.

A common characterization of ultrasonic transducers is the electrical impedance measurement us-
ing a network or an impedance analyzer. These analyzers often feature methods where only small
signal levels, e.g. 1Vyyg are used to obtain the electrical impedance of a device under test (DUT).
However, in many industrial applications such as container less processing, range finding, or gas
flow metering, only to name a few, the ultrasonic transducers are driven by their maximum ratings
of voltage and current and therewith at their maximum power level. Higher signals, e.g. max-
imum excitation voltage, have to be investigated and electrical impedance measurements need
to be conducted at those excitations voltage levels. Since, depending on the active work prin-
ciples (Chapter 2), ultrasonic transducers can have effects such as frequency shifts, mechanical
or electrical bifurcation [20, 21, 22], which are non-linear behaviors in regimes of higher driving

settings, e.g. high excitation voltage.

2) Electrical impedance characterization over a wide temperature range of 440°C.

In most cases, ultrasonic transducers are designed for a specific operation range, e.g. temper-
ature, ambient pressure, or other environmental conditions. However, piezoelectric ultrasonic
transducers can, for example have a Curie temperature. The electrical impedance measurement
needs to be conducted over a wide temperature range to investigate the effects due to the thermal
load conditions. The very same ultrasonic transducers were characterized from —190°C up to
250°C and their impedance data were analyzed.

3) Complex curve fit with automatic parameter extraction.

1.4 Original Work 4



4)

5)

The knowledge of several important parameters of a DUT, its characteristics and therewith a pre-
dictability of its behavior are important for an application development and for the fabrication of
the DUT itself. In order to obtain these parameters a proper equivalent circuit — the Butterworth-
van Dyke model - is fitted to electrical impedance measurement data. A complex curve fit al-
gorithm has to be used, since the electrical impedance is a complex characteristic quantity, which
consists of magnitude and phase. A complex curve fit algorithm is implemented in MATLAB®and
Mathematica®, which is used to fit models consisting of up to seven parameters.

Separation of acoustic aperture from vibrating aperture.

The separation of the acoustic aperture from the vibrating aperture can be found in nature, i.e.
the lips and the vocal cords in humans [23]. This separation allows the manipulations of the
generated sound. The author shows an approach of separating the acoustic aperture from the
vibrating aperture [24, 25] using waveguides to build an air-coupled 1D-phased array with a pitch
of half-wavelength at 40kHz for both transmit and receive, whereby reciprocity is demonstrated
for the first time. In doing so it is capable of transmitting and receiving ultrasound without any
significant grating lobes with an opening angle electronically steered by 110° in total [5].

Mechanical amplification of a capacitive micromachined ultrasonic transducer.

Mechanical amplification using a horn is state-of-the-art for many piezoelectric ultrasonic trans-
ducers [3, 26, 27]. The author shows the possibility of a mechanical amplification of a 55kHz
air-coupled capacitive micromachined ultrasonic (CMUT) transducer, to improve both its sound
pressure level in transmit mode and its sensitivity in receive mode [15]. A horn, fabricated by
the author using non-micromachining techniques, was attached to a CMUT, which increased the
center-to-average displacement ratio in both transmit and receive mode [15], thus the modified
CMUT was characterized.
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2 Basics of Air-Coupled Ultrasonic Transducers

This chapter gives an overview of most common air-coupled ultrasonic transducers. Hence, piezoelec-
tric, electrostatic and electromagnetic ultrasonic transducers are described and thus their active work
principle is explained. The Butterworth-van Dyke model is derived from the mechanical domain and
important parameters of ultrasonic transducers are introduced. Further an interdisciplinary approach of
the separation of the actual vibrating structure and the acoustic aperture is described.

2.1 Air Coupled Ultrasonic Transducers

Beforehand air-coupled ultrasonic transducers are the main objective in this thesis. When speaking of
air-coupled ultrasonic transducers emersed transducers working in gases are meant. Conventionally
ultrasonic transducers convert — such as any electro-acoustic transducer — electrical energy into acoustic
energy and vice versa, i.e. these can act as transmitter or receiver, due to reciprocity. Similar as a
loudspeaker and a microphone combined in one device. The energy conversion is not done directly from
electrical to acoustic energy. The electrical energy is primarily converted to mechanical energy and the
mechanical energy is then subsequently converted to acoustic energy. Whereby the acoustic energy is a
special subdomain of mechanical energy. The same principle applies the other way around, when first
acoustic energy is converted to mechanical energy and then mechanical energy is converted to electrical
energy.

Thereby the acoustic to mechanical or mechanical to acoustic conversion occurs always through a mech-
anical oscillation system, which is usually a mass-spring-damper system. This conversion is responsible
for the directivity pattern of the ultrasonic transducer and also its efficiency [16]. Whereas the electrical
to mechanical or the mechanical to electrical conversion principle is depending on the type of ultrasonic
transducer. It can be reversible or non-reversible [16]. The three most common conversion principles

are piezoelectric, electrostatic and magnetostrictive and are described as follows.

2.2 Active Work Principle of Ultrasonic Transducers

In general, the active work principle of ultrasonic transducers, meaning the electrical to mechanical
and mechanical to electrical conversion can be distinguished into three groups. Namely ultrasonic
transducers which are based on the piezoelectric, based on the electrostatic and based on the elec-
tromagnetic (Figure 2.1). Within these groups the ultrasonic transducers are further classified and are
represented by a selection of transducer types.
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Figure 2.1: Overview of most common air coupled ultrasonic transducers and classification according
their work principles.

The focus of this work is on reversible conversion principles and air-coupled ultrasonic transducers only.
PUTs, BLT and CMUTs are used in this thesis. However, these basics are more or less the same for im-
mersion transducer, e.g. in water or liquids in general.

2.2.1 Ultrasonic Transducers Based on the Piezoelectric Principle

Piezoelectric materials are widely used in many applications. Piezoelectric materials feature an electric
polarization when mechanically stressed or deformed. It is called piezoelectric effect and is being used to
receive ultrasound. The reciprocate piezoelectric effect works the other way around, piezoelectric mater-
ials deform themselves when an electrical voltage is applied, which is being used to transmit ultrasound.
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Piezoelectric materials in particular piezoelectric ceramics have resonant frequencies depending on their
specific elastic vibration [17]. This vibration is a function of the shape of the piezoelectric ceramic mater-
ial. Furthermore piezoelectric ceramics can have various vibration modes, such as radial, longitudinal,
transversal, thickness and shear mode to name a few [17]. These modes depend on the shape of the
piezoelectric ceramic, orientation of polarization during the fabrication process, and the direction of the
electric field. At this point only a few important piezoelectric ultrasonic transducers will be discussed.

First, unimorph or monomorph piezoelectric ultrasonic transducers. They have one piezoelectric active
layer which is attached to a non-active layer, e.g. metal. The piezoelectric layer uses the radial mode.
It is expanding and contracting when an excitation voltage is applied to its electrodes. The term bi-
morph is often used instead, which is miss leading, because it refers to the similar bi-metal structure
due to its bending characteristic. The ultrasonic transducer MA40S4x (Murata Manufacturing Co. Ltd.,
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Figure 2.2: Comparison of a radial mode of a piezoelectric material (a) and thickness mode of a piezo-
electric material (b), the hatched area indicates the electrodes, E is Electric Field, and P
the polarization. The vibration modes of a piezoelectric material depend on the shape,
dimension, orientation of polarization, and direction of the applied electric field [17].

Higashikotari, Kyoto, Japan) [Figure 2.3 (a)] is an efficient ultrasonic transducer of this monomorph
type. Here the metal plate is made of brass where the Piezo layer PZT-7B [17] is glued at the bottom
side. This structure is fixed at the almost outer diameter with silicone to the base [Figure 2.3 (b)].
Therefore it can bend up and down freely at its center point.

Additionally it has a horn or funnel-shaped structure, an equalizer [26], out of aluminum attached to the
top side at the center of the brass plate [Figure 2.3 (b)]. This acts as a mechanical amplifier due to its
larger average-to-center displacement ratio [15] (Chapter 6). The monomorph structure is bending in
transmit mode the most in the center, but this area is relatively small compared to the entire brass plate
area. Using this horn concept the displacement of the small area is enlarged to a bigger area, namely
the entire diameter of the aluminum horn (Figure 2.4). In receiving mode the horn structure amplifies
and concentrates the incoming sound wave by focusing its energy, respectively force to the center of the
monomorph structure (Figure 2.4), where its sensitivity is largest, due to is constructional constrains.

The acoustic aperture and the vibrating aperture is still the same. But using the ultrasonic transducer
with its housing, as it is intended, the opening grid of the housing becomes the new acoustic aperture.
So the MA40S4x are well designed transducers, looking at the full assembly. However it is a narrow
band [16] ultrasonic transducer operating at 40kHz [28]. Excited with 10Vgyg Sine wave signal, it
features (120+3) dB Sound Pressure Level (SPL) at a distance of 30 cm [29]. The MA40S4x can be used
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Figure 2.3: Murata MA40S4S 40 kHz 10 mm ultrasonic transducer (a), inside view of a Murata MA40S4S
where the housing has been removed (b), slightly enlarged.

as a transmitter as well as a receiver. Although Murata offers a dedicated transmitter MA40S4S and a
better matched dedicated receiver MA40S4R (see Chapter 2.3 for more detail). Monomorph or bending
plate ultrasonic transducers are overall efficient in transmitting and receiving ultrasound in air.

Aluminum horn
Glue

Brass plate
Piezo layer

Silicone

Base

Figure 2.4: Murata MA40S4S 10mm ultrasonic transducer without housing cut in half, using
Technovit® 5071 (Kulzer GmbH, Wehrheim, Germany) a fast curing two component embed-
ding resin [30], to visualize the monomorph structure with Keyence VHX-600 Microscope
(Keyence Osaka, Japan). Whereby the Technovit® 5071 was removed using a photo editing
software.

Second, composite ultrasonic transducers, consisting of a mixed combination of different components,
these can be piezo ceramics mixed with glass beads, air bubbles, polymer or epoxy resin. Common piezo-
composites are 1-3 composite ultrasonic transducers (Figure 2.5). Here the piezo ceramic is structured
in varies shapes and sizes and it is isolated mostly with epoxy resin. The 1-3 composite ultrasonic
transducers are named by their connectivity [31]. Where the first number stands for the piezo-active
component and the second number for the less or even non piezo-active component. Imagine a typical
coordinate system (xyz), in which the classification ranges from 0, 1, 2 to 3. Then 1 corresponds to
only one direction independent of (xyz) and 2 corresponds to two independent directions of (xyz), a
combination of (x;y), (x;z) or (y;z). With 0 standing for an isolated component with no connectivity
and 3 as a fully connected component in every direction of (xyz). Therewith the connectivity directions
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of both materials are described. So in 1-3 composites, the piezo-active component (piezo ceramic) is
connected in one direction either in x, y or z (1). Then the non-piezo-active component (epoxy resin),
which is connected in three directions (3).

Figure 2.5: 1-3 piezo composite ultrasonic transducer from Precision Acoustics (Dorchester, UK) [32].

Such as % piezo ultrasonic transducers, composite ultrasonic transducers for air coupling often do need
an impedance matching layer in front of them. Unlike 1-3 composite ultrasonic transducers for immer-
sion (e.g. water), where such a layer is often not needed due to the better acoustic impedance match-
ing of water 1.5MRayl to 6.5 MRayl of the composite material, which is equivalent to 1.5MPasm™' to
6.5MPasm ™! in SI-units. This layer is usually used to improve the coupling efficiency into air, due to its
better acoustic impedance match [16]. The impedance mismatch between piezo material and air can be
reduced stepwise using several matching layers of % or even % [33, 34].

Most piezo composite ultrasonic transducers have a so called backing. The backing is an absorbing
material, which reduces the backwards dissipated ultrasonic sound wave. It can be glued or infused
to the back side of the piezo-active composite material. Such backing is often used to increase the
bandwidth due to its damping behavior. In doing so the transducers efficiency is reduced, there is always
a trade off [16]. Therefore composite ultrasonic transducers are often more broadband but less efficient
than monomorph or bending plate ultrasonic transducers, which results in better spatial resolution in
imaging applications.

Third, Bolt Clamped Langevin (BLT) half wavelength ultrasonic transducers. Those ultrasonic trans-
ducers consists of two or more piezoelectric disks, which are clamped mechanically in between the
front-, and back-end using a bolt [Figure 2.6 (a)]. The piezoelectric disks are electrically connected via
interlacing polarity electrodes [Figure 2.6 (b)] and are operating in thickness mode. Stacking these piezo
disks in larger number fitted to the resonance the more performance is available. They are clamped as
well using a bolt or screw, which is forcing the back-, and front-end together. This is also called mech-
anically prestressed. Unlike the other two described piezoelectric ultrasonic transducers the prestress
is here necessary to let the BLT work properly. First, the mechanically prestress is used to fine tune its
resonance frequency. Second, without enough prestress the brittle piezo disks would burst due to the
hight surface velocities (Chapter 3.2). The dimensions of the back-end and of the front-end as well have
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to match the wavelength. Depending of their material and therefore depending on their speed of sound
of the back-end and of the front-end the length of the entire ultrasonic transducer has to match 3A.
Hence, the surface velocity at the front face of the ultrasonic transducer has its maximum. In doing so
the BLT ultrasonic transducers are acting such as a piston. Therefor they have to be mounted in a node of
oscillation to allow a free movement for maximum performance when dissipating ultrasound into air or
such as the 40kHz ultrasonic transducer SMBLTD45F40H (STEMINC Steiner & Martins, INC, Doral, FL,
USA) is therefore mounted with its front face directly onto a surface of interests (e.g. ultrasonic cleaning
tanks, ultrasonic plastic welding, fluid mixer transducer, solid separation transducer, or stop organism
growth on boat hull [18]).

Bolt /¢

Back-end Connecting leads

Electrodes

Connecting leads

Piezo disks Electrodes

Front-end ;
(a) (b)

Figure 2.6: Bolt-Clamped Langevin 40kHz ultrasonic transducer SMBLTD45F40H (STEMINC
Steiner & Martins, INC, Doral, FL, USA) (a) and another type of Langevin ultrasonic
transducer which has four piezo ceramic disks being custom made and investigated for a
third party project (b) Copyright Steffen Elgner [35].

2.2.2 Ultrasonic Transducers Based on the Electrostatic Principle

Another group of common ultrasonic transducers are the ultrasonic transducers based on the electrostatic
principle. They consist of two electrodes facing each other such as a capacitor in principle. Thereby one
electrode is fixed and cannot move or bend. The counter electrode however is thin and can be deformed.
This can either be a thin foil, which acts as a membrane or a thin plate, which acts as a bending plate.
Those devices are often referred as capacitive ultrasonic transducers (CUTs) and the latter one capacitive
micromachined ultrasonic transducers (CMUTs). In between those electrodes is either air or vacuum for
electrical isolation. Both transducer types have a deformable foil or plate structure at the front. So
vibration of this structure can generate the ultrasonic wave. In contrast to ultrasonic transducers based
on the piezoelectric principle such as monomorph or 1-3 composite ultrasonic transducers a capacitive
transducer always need to be prestressed. CUTs and CMUTs are often prestressed mechanically and
electrically using a high DC-Bias voltage.
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A common capacitive ultrasonic transducer (CUT) is the Series 600 [Figure 2.7 (b)] ultrasonic trans-
ducer (SensComp, Inc., Livonia, MI, USA), which was originally design by Polaroid " for their auto focus
ranging system [36]. Its back electrode is made of aluminum. This electrode features concentric circu-
lar shaped V-groves machined in [Figure 2.7 (a)]. These groves provide small cavities in combination
with the front electrode, a foil [Figure 2.7 (a)]. These cavities filled with air allowing the foil to vibrate
slightly in and out. So ultrasound can be generated. The foil is gold or metal plated on one side so the
opposite side is acting as an electrical isolation. The foil is clamped to the front face or welded onto
a ring [Figure 2.7 (a)]. Thereby the foil is mechanically prestressed by the spring pushing from the
backside of the transducer at the back electrode and stretching therewith the foil. Furthermore the back
electrode acts as the high voltage or hot electrode and the front electrode, the foil, as the ground or cold
electrode. Since the foil is surrounded by air a CUT is usually damped and therefore it is less efficient
regarding its sound pressure level but it is more broadband. That is why these CUTs have a specified
center frequency of 50kHz rather than a resonance frequency [37]. A perforated front face housing
made of stainless steel covers the CUT and protects the thin foil [Figure 2.7 (b)].
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Figure 2.7: Exploded drawing of a CUT Series 600 SensComp, Copyright Polaroid” manual 6500 Series
Sonar Ranging Module (a) [37] and tilted view of a Series 600 SensComp 50 kHz ultrasonic
transducer (b).

In contrast to the piezoelectric driven ultrasonic transducers (Chapter 2.2.1) the capacitive ultrasonic
transducers need in addition to the AC excitation voltage a DC voltage, which is called DC-Bias or Bias
voltage. It is used to increase the efficiency of those ultrasonic transducers and the DC-Bias voltage linear-
izes the CUTs around their operating point (Equation 2.4). For the SensComp 600 CUTs the recommen-
ded DC-Bias voltage is as high as the AC voltage, 200V each, so AC+DC voltage is total of 400V, [37]. To
apply this combination of AC+DC voltage a so called Bias-T is necessary [Chapter 3.1.1.2 Figure 3.4 (b)].
This AC+DC voltage is then responsible for an electrostatic force F,j, which lets the foil vibrating. In re-
ceiving mode the DC-Bias voltage is needed too, the sensitivity is increased and its response linearized.
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Micromachined ultrasonic transducers (CMUTs) working with a similar principle such as CUTs. They
also have two electrodes (plates) facing against each other. One is fixed and can not bend and the other
one is thin and therefore flexible (bendable). The gap in between can be filled with air or can be evac-
uated and sealed keeping the vacuum. Unlike CUTs they are mostly made of silicon and are fabricated
usually in a cleanroom. CMUTs are smaller by order of magnitudes. Usually their uniformity and repro-
ducibility is good. This is possible because masking, lithography, etching, oxidation, and metalization is
down scalable, well controllable and manageable on wafer level. Two main fabrication processes were
established in the past 20 years. First, CMUT fabrication using sacrificial release method and second

CMUT fabrication using wafer bonding.

The difficulty which is to overcome during a CMUT fabrication process is to build a cavity or gap with
lateral dimensions between two plates [38]. Since the micro fabrication is good in structuring and
building structured layer by layer on top of each other or etching structures into the silicon it is not
possible to built something on nothing, to some extend and keeping in mind the properties of silicon
and silicon dioxide. Therefore, a sacrificial layer or material is used to fill the gap and it used as kind
of support structure before adding the counter plate silicon layer. This sacrificial layer is then dissolved
with a proper etchant later. This process step reveals then the gap which is needed. There are some main
issues regarding this method. The etchant is unfortunately not only dissolving the sacrificial layer but
also the surrounding silicon structures e.g. top plate [38]. Due to this fact it is more difficult to achieve
the needed thickness of the gap and plate. So it is affecting the resonance frequency and performance
later, whose are dependent on those parameter. Furthermore, the uniformity and reproducibility is
affected too. Also different materials lead to different material properties, for example compressive
stress in sacrificial layer, which can simply destroy the silicon plate during the etch process releasing
such stress [38].

To avoid those issues another process called wafer bonding or wafer fusion bonding is used [38]. Here
the CMUT is structured in general on two wafers. One is structured with the back electrode, posts,
and the gap [Figure 2.8 (a)], which is done with lithography, oxidation and etching. The other wafer
is a special silicon on insulator wafer (SOI). It is fusion bonded to the first one. After this bonding
step the handle layer of this second wafer and its buried oxide layer (BOX) is then removed [38]. In
doing so the top plate as a silicon layer is now placed on top off the bottom wafer enclosing the gap.
If this fusion bonding process is done in vacuum, then it is now encapsulated and sealed through the
bonding step. So the top plate is already prestressed and therefore slightly deflected by the ambient
pressure [Figure 2.8 (b)]. Finally a metalization layer is deposed and is acting as the top electrode, such

as the CUT this top electrode is connected to ground.

Assuming the electrodes are parallel such as the plates of capacitor, the electrical energy W, is calculated
by [40], i.e.
1 1eA 1
Wy = =CV?==—E*d*> = —¢dAF? 2.1
) 2d 2 (2.1
where the permittivity ¢ is given by € = g,¢, with g, is the permittivity of vacuum and ¢, is the relative

permittivity of the material, d is the distance between the electrodes, A is the area of an electrode, C as
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Figure 2.8: Scanning electron microscope (SEM) picture of one [Figure 2.8 (b)] capacitive microma-
chined ultrasonic transducer cell cut (a) [39] and a multi CMUT cell ultrasonic transducer
array with 151 cells in parallel with resonance frequency of 330kHz, the deflection due
to the ambient pressure (sealed vacuum) as a mechanical prestress is visible through light
reflections (b) [39].

the capacitance with C = £, and the electrical field E = w1th voltage V. Then the electrostatic force
F, can be calculated as the derivative of the electrical energy .1 after the distance (stretch s)

dwy _ d 1 1 v?
F € =— dAEZ) AE? = —gA— 2.2
4T T4 T ds ( 2° 2z (2.2)

If now an AC voltage V = V,sin(wt) is applied (Equation 2.2) only then becomes clear that the CUT or

1 A1 1 C? V
£ —cos(Qwt)] =

1A [1
2d22 Vac 4 €A

ST [Vicsin(wt)]* =

Fel

—cos(2wt)] 2.3)

CMUT is driven with a quadratic distortion with twice the frequency VAZC cos(2wt) (Equation 2.3). But
when an AC+DC voltage is applied V = V¢ + V¢ sin(wt) using equation 2.2 then

2
Fy= ; 212 [Vie + Vaesin(wt)]* = %S—A |:2VDZC + V2. + 4VpcVpcsin(wt) — V2. cos(2wt)] (2.4)
the term 2V2. + V.2, is the static force component (Equation 2.4), the term 4VpcVjc sin(wt) the Vi bias
voltage linearizes and magnifies (Equation 2.4) the CMUT because the V. bias voltage is usually higher
voltages then the V, especially when driving CMUTs. The term —V2 cos(2wt) is still the quadratic
distortion with twice the frequency (Equation 2.4). That is why capacitive ultrasonic transducers always
need an additional DC-Bias voltage.
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2.2.3 Ultrasonic Transducers Based on the Electromagnetic Principle

Electromagnetic acoustic transducers (EMATSs) are only used for non-destructive testing (NDT) of solid
materials, due to their work principle. Other than for piezoelectric ultrasonic transducers, no coupling
fluid between test specimen and electromagnetic acoustic transducer is needed. The EMAT can touch but
does not need to touch the surface of the test specimen [41]. Although proximity then is an advantage.
There are two commonly active work principles when it comes to EMATs: transducers based on the
Lorentz force and transducers based on the magnetostriction [42, 43].

First, electromagnetic ultrasonic transducers based on the Lorentz force. These are using two magnetic
fields. One is a static or a quasi static magnetic field, which can be provided simply by a magnet or
even a coil using direct current (DC). It is often referred to as the bias magnetic field [42]. The other
magnetic field is generated through a coil, situated above a test specimen, using alternating current
(AC) from 20kHz to 100 MHz, which can be continuous waves or pulses [44]. Then the alternating
magnetic field induces eddy currents into the surface of a test specimen. This induction will take place
close to the surface and with increase of frequency the depth will decrease, due to the skin effect. So
the test specimen must be a conducting and non-ferromagnetic material e.g. stainless steel, copper, or
aluminum [42, 43]. The test specimen is part of an electromagnetic ultrasonic transducer. Next, the
induced eddy currents will experience a force, the Lorentz force, due to the present bias magnetic field.
So elastic deformation of the material occurs based on the Lorentz force. In such way ultrasonic waves
are excited and propagate directly in the test specimen. Depending on the design of an EMAT, especially
the shape of the AC coil, longitudinal, shear, Rayleigh, or lamb waves are excited [42].

Second, electromagnetic ultrasonic transducers based on the magnetostriction. When an EMAT is used
with a ferromagnetic test specimen then the elastic deformation of the material occurs based on the
magnetostriction. The Weiss domains of the ferromagnetic materials are interacting with the external
alternating magnetic field [42]. They can shift and rotate according to the external magnetic field. A
distortion takes place due to this rotation and the dimension of the material is changing in a range of
10 £ up to 2 2 at high magnetostrictive materials [45]. If magnetostriction happens at frequencies in
the audible range this phenomena can even be heard e.g transformers humming. Again the test specimen

becomes part of the EMAT. Otherwise no ultrasound can be generated.

2.3 Equivalent Circuit Model and its Parameter

Ultrasonic transducers and their behavior can be described mathematically using ordinary differential
equations. Here analogies between the mechanical domain and the electrical domain are used. In
doing so, complex network theory of the electrical domain with all its rules can be used to describe
a mechanically system such as an ultrasonic transducer. Therefore, a better understanding is given
and characterization of ultrasonic transducers can be done using lumped parameter models such as the
Butterworth-van Dyke equivalent circuits and therefrom derived models (Chapter 4.1).

Ultrasonic transducers have a mechanically vibrating structures which is generating the ultrasound. This
vibration or oscillation is driven or caused by several kinds of active working principle (Chapter 2). It
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is well known that such mechanically oscillation can be described as spring-mass-damper system math-
ematically with differential equations [46, 47, 48]. Looking at a quartz crystal only by itself the applied
harmonic force F,sin(wt) is given by the ordinary differential equation (ODE)

d’x _dx
m— +d— +cx = Fysin(wt), 2.5
FICRPT osin(wt) (2.5)
where damping d, spring constant c, time t, angular frequency w, and the displacement x of the center of
the mass m. It is a fact that those differential equation and therefore behavior of a mechanical oscillator
such as a quartz crystal oscillator can be described with differential equation using in analogy electrical
basic components, resistance, inductance, and capacitance [47, 49, 50]. The differential equation must
thereby be valid in both the mechanical and the electrical domain. Since the mechanical ODE uses the
displacement x as the mutual quantity, the electrical ODE is then written with the charge Q as the mutual
quantity by
d*Q dQ Q
L—+R— + = = U,sin(wt), 2.6
with inductance L, resistance R, capacitance C, time t, angular frequency w and U,sin(wt) as the
applied voltage. The applied force in mechanical domain which is responsible for the displacement and
the applied voltage in the electrical domain which is responsible for the movement of the charges in a

wire.

There are basically two known analogies [16, 47, 51]. Analogy of the first art which is used for impe-
dance fidelity (Table 2.1) and the second art which is used when circuit fidelity is needed. This implies
obviously that the first art analogy has no circuit fidelity a parallel resonance circuit exchanges with a
series resonance circuits and vice versa. The second analogy leads to a reciprocity of the impedance.
These are generally interchangeable without any compromises [16]. In this work the first analogy is
used (Table 2.1).

The ODE 2.6 describes a RLC series resonance circuit. This is obviously not enough to describe a
quartz crystal or piezoelectric layer with electrodes, which are always necessary for electrical connec-
tion. Adding electrodes the quartz or piezo layer acts as a dielectric layer in between, which leads to a

capacitive behavior. Therefore a parallel capacitance C, has to be added in parallel to the RLC circuit.

Stephen Butterworth and Karl Skillmann van Dyke developed independently this equivalent circuit with
lumped parameters [46, 49]. In reason of that, the Butterworth-van Dyke (BvD) model (Figure 2.9)
as equivalent circuit is common and is used as a description of quartz crystal resonators or piezoelectric
disks. Annotation, sometimes ultrasonic transducer especially piezoelectric driven one are also described
using the Mason model which includes mechanical coupling. But only if the thickness mode is used and
the lateral dimension is a multiple of there wavelength [16, 47]. Furthermore, the basic BvD model
or the 4-elements equivalent circuit is often extended with more lumped parameters. Those extended

models are discussed in chapter 4.1.

In general the Butterworth-van Dyke (BvD) model uses concentrated electrical devices to describe ul-
trasonic transducer disregarding of the actual working principle e.g. piezoelectric, electrostatic or
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Table 2.1: Analogy of mechanical and electrical parameters using impedance fidelity [16, 47, 51].

Meachanical | Symbol | |  Symbol | Electrical

Mass m — L Inductance

Damping d — R Resistance

Spring constant c — 1/C 1/Capacitance
Force F, — Vo Voltage
Displacement (Deflection) X — Q Charge
Velocity x=% =y — | Q== Current
Acceleration X = ‘%‘ =v= d—’t’ =a |« Q= % = % Accelerated Charge

electromagnetic. Therefore electrical network theory can be used for calculation of the steady state
solution.

Figure 2.9: Butterworth-van Dyke model with R, L, C; in series as the mechanical or acoustic branch de-
scribing a quartz crystal by itself and C,, as the electrical branch which describes the electrical
connections e.g. electrodes [46, 49].

So the complex impedance Z =R + jX is then calculated by

1 1
g - Zseries ”gparallel - ? - Y +Y ’
— —series = —parallel

2.7)

where R is the resistance, X is the reactance, Y = G + jB is the complex admittance with G as the

conductance, B as the susceptance, and j as the imaginary unit. The series impedance Z . . is given
with
. 1
gseries =R;+]j| wLs— wC, (2.8)
and the parallel impedance Z parallel is given with
1
ZParallel - j(OCp > (2'9)

where w is the angular frequency, R is the resistance, L, is the inductance, and C; is the capacitance of
the series branch of the BvD model (Figure 2.9). Combining then equation 2.7 with 2.8 and 2.9 gives

(L= 55 ) —iRs

wRC, +j(w?L,C,— 2 —1)

Z= (2.10)
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as the complex impedance of the BvD model.

Plotting the magnitude | Z | and the phase ¢, over the frequency of the BvD model (Figure 2.10) gives
the same result such as an impedance measurement of this device (Chapter 3.1). Hence, conducting
an electrical impedance measurement and analyzing the data provides many important parameter
of the DUT, the ultrasonic transducer. In order to gather the parameter with an automatic para-
meter extraction (Chapter 4) it is necessary to have a good model and a robust complex curve fit
algorithm (Chapter 4.3).
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Figure 2.10: Butterworth-van Dyke model with magnitude | Z|, the phase ¢, and important equivalent
circuit model describing the behavior in several regions (I-V) of interests [30, 52]. The
inlets show the discrepancy of f; (a) and f; (b) when the damping R, has to be considered.

The BvD model is a powerful analytic model, which provides many parameters of an ultrasonic trans-
ducer and its electrical impedance behavior. Looking closely at the BvD model of an ultrasonic transducer
then the frequency range can be distinguished into five regions of interests.
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First, at frequencies below the short circuit resonance (Figure 2.10 I) and at frequencies above the open
circuit resonance (Figure 2.10 V) when the ultrasonic transducer mostly becomes ohmic-capacitive. The
phase ¢ is here usually negative and reaches down to minimum of —90°. The equivalent circuits can be

either described as series of R'C’ or as parallel of R”’C”” and are interchangeable [52].

Second, between the short and open circuit resonance frequency an ultrasonic transducer becomes
ohmic-inductive (Figure 2.10 III). Here the phase ¢ is usually positive and can reach up to a max-
imum of +90° if a powerful ultrasonic transducer is considered. The equivalent circuit can be described
as parallel of C”L”, which is again interchangeable with both elements in series [52].

Thirdly, most important regions of interest are the short circuit resonance (Figure 2.10 II) and open
circuit resonance (Figure 2.10 IV). Here the ultrasonic transducer is used for transmitting respectively
receiving ultrasound. In both cases of resonance the ultrasonic transducer is completely ohmic if no
damping is present [52].

When operating an ultrasonic transducer in transmit mode, at its short circuit resonance frequency, it
is usually connected to a low impedance driving source e.g. waveform generator or amplifier. In doing
so the parallel capacitance of the BvD and thereby the ultrasonic transducer is shorted. At its short
circuit resonance frequency f, (Figure 2.10) the magnitude of the impedance is at its minimum. Thus
the ultrasonic transducer draws maximum energy and has its maximum displacement. The short circuit

resonance frequency f; is calculated by

o1 2.11)

2n 21./L.C,

setting the reactance, the imaginary part, of Z (Equation 2.8) to zero, due to the condition of

Z series
resonance [53], and solving for w;.

When operating an ultrasonic transducer in receive mode, at its open circuit resonance frequency, it is
usually connected to a high impedance input of an amplifier. So the BvD model and thereby the ultrasonic
transducer is working as an open circuit (Figure 2.10) at high impedance matching the impedance of the
amplifier. The open circuit resonance frequency f, is calculated by

f=@o 1 (2.12)

27 CsCp ’
214/ Lere,

again setting the reactance, imaginary part, of Z __ ...

(Equation 2.8) to zero and solving for w,. But this
time the parallel capacitance C, has to be considered as well. Due to the high impedance connection
into an amplifier no current flow is assumed, and, therefore, C; and C, are treated as connected in series.
Both equations 2.11 and 2.12 give for most ultrasonic transducers good approximations for their short

circuit f; and open circuit f, resonances.

However, using these calculations the short circuit resonance is lower than the short circuit resonance
indicated by the zero crossing of the phase f; , [Figure 2.10 inlet (a)]. Also the calculated open circuit
resonance is higher than the open circuit resonance indicated by the second zero crossing of the phase
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fo, [Figure 2.10 inlet (b)]. For a correct calculation of both frequencies the entire imaginary part of the
complex impedance (Equation 2.10) has to be solved for w by

Cy(w?LC,—1)— C, {1 + w?C, [ CR? + Ly(w?L,C,—2) |}
w(Cy+ Cy)? + 3C,C, [ C,C,R2 — 2Ly(C + C,) ] + wSL2C2C2

w —

(2.13)

Using Mathematica 11.0.1.0 (Wolfram Research, Inc., Champaign, IL, USA) to calculate the imaginary
part (Equation 2.13) and solving it analytically for w gives two valid solutions for the exact resonances

w, with
1 R2 1 R4C2  4R2C2 9R2C
w?= -+ 1-q[1+ = —-—2-—2 (2.14)
LC, 2L2 2L, L L.C, L,
and w, with
1 RZ 1 R4C’2 4R2C2 2R2C
wi=—— = 1+y1+ 2 —-—L2——=F (2.15)
LC, 212 2L, L L.C, L,

at phase zero. Solutions for negative angular resonance frequency of w, = :I:\/w_g and w, = :I:\/w_g are
neglected, since they have no physical meaning. Studying equation 2.14 and 2.14 shows the influence of
the resistance R,. In case of a quartz crystal with high quality factor of Q up to 500,000 [54] the resistance
is negligibly small. Assuming this fact and setting therefore R; = 0 than equation 2.14 becomes simplified
to

1 1
w? = + (1 — ﬁ)
° LG 2LC,

= ! + ! — 1 (2.16)
LC;  2LC, 2L,

_ 1

LG

In doing so the short circuit resonance frequency (Equation 2.11) can be found with w = 2nf,. Also
setting R, = 0 than equation 2.15 becomes simplified to

1 1

w? = + (1++1)
s T LG, 2L,
1 1 1
= + +
L, 2LC, 2L,
_1 .1
 LC, L,C, (2.17)
C,+C,
- L,CC,
_ 1
- CpCs °
Lscsljrcp
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So the open circuit resonance frequency (Equation 2.12) can be found with w = 27 f,. To conclude, the
error of the calculated resonance frequencies depends on the ultrasonic transducer type and its quality
factor. So for narrow band ultrasonic transducers the error will be smaller than for ultrasonic transducers
which are more broad band. Narrow band means the ultrasonic transducer has a high quality factor Q.

Thus broadband means the ultrasonic transducer has a low quality factor Q.

The quality factor Q can be defined in a variety of different ways. According to Hunt [55] the most
fundamental explanation is that Q,, the mechanical quality factor is [52, 55]

Energy stored E
Qm =27 — =2m— (2.18)
Energy dissipated E4

in a transducer during one full period cycle. Again using the analogy of the electrical circuit theory the
quality factor Q, of a series resonance (Figure 2.10 II) it can also being calculated by [52]

1[4

Ql = _R_l Cl. (2.19)

In case of a parallel resonance circuit (Figure 2.10 IV) the quality factor Q, is given by [52]

C
Q, =R, L—j (2.20)

Hence equations 2.19 and 2.20 are only valid for a resonator which can vibrate freely such as hanging

in air and is non loaded [52].

Since ultrasonic transducers usually have loaded structures, e.g. piezo-ceramic is sputtered on a plate or
piezo-ceramic disks are clamped with a bolt (Chapter 2.2.1) another way can be used for the calculation
of the quality factors. In general the quality factor Q can be calculated by [56]

fo fo

AT

(2.21)

where f, is the resonance frequency, f; lower cut off frequency and f, upper cut off frequency left and
right at =3dB of the magnitude of the impedance at the resonance frequency. Usually is f, > f; and
therewith the bandwidth BW = f, — f; is calculated. In case of a symmetric undamped waveform f, is
also often refereed as the center frequency and the lower respectively upper cut off frequency f;, f, are
in equal distance of it. Ultrasonic transducers have two resonance frequencies, therefore also two quality
factors and two bandwidths respectively. Due to the mutual interferences of both resonances, ultrasonic
transducers mostly do not have symmetrical cut off frequencies. Looking at short resonance thus the
quality factor is calculated by

_ S
Q= BW (2.22)

S
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with its bandwidth

BWs = fio +3d8 — fs1,+3dB- (2.23)

Here the bandwidth is given by frequencies f;,, at +3dB from the minimum of the magnitude of the
impedance. The quality factor of the open circuit resonance is calculated similarly by

_fo
Q=22 (2.24)

o

Since the magnitude of the impedance has its maximum at the open circuit resonance, the bandwidth is
given by the frequencies f; , ; at —3 dB from this maximum, i.e.

BW, = fo2 348 — fo,1,-3dB- (2.25)

In doing so, both quality factors can be obtained out of the measured electrical impedance (Chapter 3.1)
which can be conducted under thermal load or with higher excitation voltages.

Next important parameter of ultrasonic transducers is their electromechanical coupling efficiency kg,
which is indicating the performance of energy transfer from one domain to another, from electrical to
mechanical. Therewith using the mechanical one to generate ultrasound, via vibrational structures, in

the acoustical domain. The coupling coefficient is defined by following equations [55]

f 2
kge=1— (JTO) (2.26)
for electromagnetic coupling and
f 2
Kp=1— (FS) (2.27)

for electrostatic coupling. An ultrasonic transducer becomes more efficient the more apart the short
circuit resonance frequency is from the open circuit resonance frequency is.

2.4 Separation of the Acoustic Aperture

In general almost every ultrasonic transducers except EMATs generate ultrasound with a vibrating struc-
ture. As described before this can be a disk, a plate, or a membrane. At the same time the dimensions, the
shape and the properties of the vibrating structures are responsible for the characteristics of the emitted
ultrasonic wave, so the acoustic characteristics. Acoustic characteristics such as the shape and width of
the beam or the presents of side lobes, to name only a few. Furthermore the ultrasonic wave (ultrasonic
sound wave) is direct emitted from this vibrating structure. In this case the vibrating structure is the
same as the acoustic aperture. So the ultrasonic sound wave is coming out of it.
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But looking besides ultrasonic transducers into other fields of sound generation in general, interesting
approaches and solutions can be found. Thereby it does not matter whether it is a technical field or
looking at mother nature. In many cases the vibrating structure, the sound generating one, is not equal

with the acoustic aperture, the opening where the sound wave comes out.

For example most of the wind instruments, if not all, have a separation of the vibration tone or sound
generating structure and the acoustic aperture, the opening. Thinking here of trumpets, tuba, or flute
for example. Here the acoustic aperture is often an exponential or hyperbolic shaped horn opening,
which can be seen as an acoustic impedance transformer [57]. It allows the transformation of the sound
pressure level into the acoustic particle velocity in an efficient way. Therewith goes along an increasing
of the volume. By minimizing reflections, which could otherwise occur due to an acoustical impedance

mismatch.

Looking into mother nature and the human anatomy, the voice or sound generation takes place at the
vocal cords. They are the vibrating structure and are located down in the throat (Figure 2.11) [23].
However the acoustic aperture is the mouth opening with the lips (Figure 2.11). It is a complex structure
with resonator cavities and sound waveguides, but also here the vibrating structure is separated from
the acoustic aperture.

alveolum

bilabial uvula

- pharynx

epiglottis J

oesophagus/
\ food passage

trachea -

vocal folds

Figure 2.11: An example of a separation of sound generating structure and the acoustic aperture. At
the complex vocal tract of a human, the sound generating structure, the vibrating vocal
cords, the vocal folds, are located down in the throat. The acoustic aperture however is the
opening of the mouth, the lips. Copyright 2013 B. V. Tucker [23].
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In the field of ultrasonic transducers, waveguides were investigated in a previous work done in 1993.
Langen describes a process of development for ultrasonic sensors based on the waveguides [24], which
are then being used in automation and robotic industry. An ultrasonic transducer generates the ultra-
sound, the vibrating structure, into a compression chamber with a first aperture at its end, followed by a
waveguide and then the second aperture which is the opening [24]. The compression chamber in com-
bination with the first aperture increases the acoustical impedance, such as a Helmholtz-Resonator. So
the attached ultrasonic transducer couples more acoustic energy through the first aperture into the wave-
guide [24]. Overall the vibrating structure, the ultrasonic transducer, is separated from the aperture, the

opening, through a waveguide and so the acoustic properties can be manipulated.

A similar but even simpler approach of this, to build a single line phased array, which consists of six
MA40S4S (Murata Manufacturing Co. Ltd., Higashikotari, Kyoto, Japan) ultrasonic transducers was
used by Takahashi et al. in 2007. In this work the dimension of 10 mm Murata ultrasonic transducers
were reduced by polyvinyl chloride (PVC) sound tubes [25] to achieve half wavelength criteria. They
also separate the vibrating aperture from the acoustic aperture.

Looking into these fields several advantages for ultrasonic transducers can be identified. First, the ad-
dition of the degree of freedom for shaping the new acoustic aperture and therefore manipulating the
properties of the sound beam. Second, using this approach for harsh environments such as high tem-
perature ones. Due to the separation, with the waveguide the ultrasonic transducers can be protected
against the harsh media building simply a temperature gradient by passive cooling through distance or
even active cooling. Third, in the field of array applications almost every type and size of ultrasonic
transducer can be used with waveguides and therewith the half wavelength criteria can be achieved. In
chapter 5 the approach of separation using waveguides is shown with such a prototype 1 D air coupled

phased array.
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3 Methods of Characterization

This chapter describes severals methods of characterization of ultrasonic transducers. Starting with an
electrical impedance measurement, calibrated with a network analyzer and a non-calibrated with higher
excitation voltages using a function generator and oscilloscope. The investigation of the electrical impe-
dance is done over a wide temperature range from —190°C to +250°C and two setups are described to
achieve these test conditions. Furthermore the measurement of the surface velocity and sound pressure
levels are also essential for ultrasonic transducer characterization. A volumetric acoustic sound pressure
scan and a Schlieren setup are used to visualize the acoustic field in front of the transducers.

3.1 Electrical Impedance Measurements

The electrical impedance measurement is one of the most essential tools for first characterization. It is
a quick and accurate measurement at the same time. These measurements can be done at the very end
of a transducer assembly, as well as direct on waver level during a CMUT production as example using a
prober.

"Impedance Z is generally defined as the total opposition a device or circuit offers to the
flow of an alternating current (AC) at a given frequency." [58].

Overall there are many measurement methods to obtain an unknown impedance Z, = R, +jX, of a device
under test (DUT). Where R, is the real part as resistance and an imaginary part as reactance X, indicated
via j as imaginary unit. So the complex impedance is as a vector in the complex plane. It consists of an
absolute value, its length, and its phase angle ¢, = arctan ()R%), which gives the direction. Knowing this
fact that impedance is a complex quantity, it is important that two values have to be measured. Obvi-
ously with advantages and disadvantages in ease of use, frequency range, accuracy and measurements
conditions. There are basically six impedance measurement methods which are commonly used. Bridge
method, resonant method, I-V method, RF I-V method for low and high impedance, network analysis
method [58].

The bridge method uses a regular bridge circuit layout but with different combinations of inductors,
capacitors and resistors. By varying these components an unknown impedance Z, can be obtained
in relationship to the given components by matching these. The bridge method is most accurate (0.1%
typ.) one for frequencies up to 300 MHz [58]. But there is a drawback, it needs to be manually balanced,
which is a non practical approach for automatic measurements with a high throughput. However, there
are analyzers on the market, which can perform an auto-balancing by them self, but such a device is not

available in the research laboratory at the time this research was done.

Using the resonant method a DUT is in resonance by adjusting a tuning capacitor in an oscillating circuit.
By doing so Z, can be recalculated using frequency, tuned capacitance value and measured Q value direct
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at the capacitor. This method can be used up to Q ~ 300 and frequencies up to 70 MHz [58]. Again this
method needs to be manually tuned and it has a low impedance measurement accuracy [58].

The IV method uses measured voltage and current to calculate the impedance Z,. Current is again
calculated with Ohms law by measuring the voltage across a well known low ohmic resistor. It is an
accurate technique from 40 Hz and above [59]. Instead of a resistor a low loss transformer can be used
to prevent any influence a resistor would do to the DUT circuit. However, due to this low loss transformer

I-V method has its limits in low frequency range [58].

Next method is an extension of the I-V method. Radio frequency or RF I-V method is based on the same
principle. But the impedance is matched to 502 circuit and can measure impedance from 100 MHz up
to 3GHz [58]. There are two different configurations of voltmeter and current meter for measuring the
impedance. One is for low impedance DUTs and another for high impedance DUTs. As a rule of thump
below 1kS2 is low impedance and above 100kS2 the DUT is high impedance [58]. The range in between
is a kind of soft transition, so there is no exact number as a switching point.

From 3GHz and up, the network analysis method is commonly used. Basically it measures the re-
flection at the DUT using a directional coupler or bridge. In doing so the reflection coefficient is the
ratio of an incident signal to the reflected signal. For more detailed information please see "Impedance
Handbook" [58].

Since all measurements where performed with the I-V method, the focus is now on this method. The
complex impedance Z is defined by Ohms law

v
Z==, (3.1)
1
where v is the instantaneous value of an alternating voltage defined by
v =D [cos(wt + @) +jsin(wt + p,)] = pel@ttev) (3.2)
and i is the instantaneous value of the alternating current with
i=1[cos(wt + ;) +jsin(wt + ;)] = 1@+, (3.3)

Hereby is w = 27tf the angular frequency with frequency f itself and t is time. Then electrical impe-
dance Z is calculated by the absolute value of the complex impedance

Z=1Z|. (3.4)
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In case of periodic harmonic signals such as a sinusoidal signal and using rules of complex calculating
theory for alternating current, Z can be simply calculated by

_ Vaws (3.5)

with ¥ = v/2Vayg and i = +/2Iys as the amplitude or peak values of voltage and current. Where
Upums and Igyg correspond to root mean square (RMS) value of each signal. It does not matter whether
amplitude or RMS is used, because the crest factor of +2 ~ 1.414 for sinusoidal is canceling out. The
phase angle ¢, is calculated by the difference of phase angles, i.e.

of voltage and current.

3.1.1 Measurement Setup Network Analyzer

Many impedance measurements are performed using a dedicated impedance analyzer or a network
analyzer which also can feature an impedance measurement as an option. In this work most of the impe-
dance measurements were conducted with the Keysight Network Analyzer E5061B-3L5 with impedance
analysis function 3L5 as option (KEYSIGHT TECHNOLOGIES, Santa Rosa, CA, USA). Additionally, a test
fixture Keysight 16047E (KEYSIGHT TECHNOLOGIES, Santa Rosa, CA, USA) for leaded components, a
16034E test fixture for surface mounted devices (SMD), a 16089B test fixture with Kelvin Clip Leads,
or 16334A with extension cables equipped with a tweezer are required. Also measurements were con-
ducted with Anritsu MS4630B Network Analyzer using a PI-Network MA1506A (Anritsu Cooperation,
Atsugi, Kanadawa Prefecture, Japan).

Both network analyzers require a warm up time and a calibration before measurements [60, 61]. The
calibration procedure is described for the Keysight E5061B-3L5 Network Analyzer only. After a warm up
time of 90 min [60] and before calibration all settings for impedance measurements are entered and an
appropriate test fixture is connected. The measurement method is set to Gain-Phase-Series-Thru which
enables the impedance analyzes from 5Hz to 30 MHz. Next Channell Tracel is set to |Z| and Trace2 is
set to p(Z). The input impedance of the network analyzer is set to 50 or 1 MQ and the attenuation is
set to 0dB or 20dB. For impedance measurement of piezos typically T is set to 50 20dB, R is set to
1MQ 20dB [60], where T stands for transmission (current) input and R stands for reflection (voltage)
input. Next, the source power is set to desired level ranging from —30dBm to 10dBm or 3.556 mVj,;, to
2V,, at 509 respectively. Then frequency range, intermediate frequency band with (IFBW), number of
points (min 201 —max 1601 points [60]), and sweep time is set to desired needs fitting the DUT. The
2-port calibration is performed in three steps open, short, and load (low loss capacitance optional).
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First, for an open calibration set the connectors (HIGH, LOW) is a defined state. Each contact should be
closed but not shortened by a bridge [Figure 3.1 (a)]. Now, the open compensation data can be obtained.
These are used to reduce or eliminate stray capacitance [59]. This is only valid if an open compensation

impedance value of 100 times greater than the maximum DUT impedance can be achieved [59].

Defined open position Shorting bridge 50 Q load

Low @ HGH

- ‘//IMI//// ,\\\\m ~

(a) (b) (©

Figure 3.1: Calibration of the Keysight 16047E test fixture for leaded DUT, in open calibration the con-
nectors (HIGHT, LOW) should be in a defined position (a) e.g. closed, during short calibra-
tion the shorting bridge should be cleaned and inserted completely (b), for load calibration
a precise 502 resistor should also be inserted completely (c), to avoid parasitics [60].

Second, for a short calibration the connectors (HIGH, LOW) are shorted by a bridge [Figure 3.1 (b)].
Now, the short compensation data can be obtained. These are used to reduce or eliminate resistance and
inductance [59]. This is only valid if a short compensation impedance value of 100 times smaller than
the minimum DUT impedance can be achieved [59].

Third, for a load calibration a precision 50 £ 0.01% resistor is connected to the connectors (HIGH,
LOW) as load and as low as possible, to avoid any parasitics inductance or capacitance [Figure 3.1 (c)].
Now, the load compensation data can be obtained. These are used to reduce the influence of passive
circuit or components (e.g. Bias-T) or when the measurement port is extended [59].

Optional a low loss capacitor calibration can be performed, too. Note all measurements were conducted
using calibration step open, short, and load only. After calibration is done all compensation data are
only valid for mentioned boundary condition and chosen frequency range. This implies that if e.g. the
frequency range changes, the entire setup has to be re-calibrated. Note, when measurements at higher
frequency are conducted then the impedance measurements are even more sensitive to the change of
temperature or humidity for instance and a re-calibration should be done more frequently [58]. In doing
so a long term steady performance is more likely given. However, a successfully calibration does not
reduces or eliminate the given measurement uncertainties of the measurements. So a frequency depend-
ent measurement uncertainty calculation has to be done.
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3.1.1.1 Measurement Uncertainty

The measurement uncertainty of the Keysight E5061B-3L5 Network Analyzer can be found as supple-
mental performance data (SPD) in its data sheet [60]. When using a test fixture such as the Keysight
16047E an additional error has to be considered, supplemental performance characteristics (SPC) can
be found in its data sheet [62]. The measurement uncertainty is a combined frequency f and meas-
ured impedance Z,, dependent calculation [60]. Where impedance accuracy [Z,] = % is calculated
[Figure 3.2 (a)] by [60]

Za=A+(i+C|Zm|) 100%, 3.7)

|Z |

using A as basic accuracy given in [A] = %, B as short offset given in [B] = m2, and C as open offset
given in [C] = uS. Where the basic accuracy is calculated by

2 if 5Hz < f < 1MHz
A= v (3.8)
2+0.1502-  if IMHz < f < 30MHz,
the short offset is calculated with
500(4/18E)  if SHz < f < 1kHz
B =mQ{ 500 if 1kHz < f < 100kHz (3.9
250 if 100kHz < f < 30MHz,
and the open offset is then calculated by
6(y/B)  ifSHz < f < 1kHz
C=uS4{6 if 1kHz < f < 100kHz (3.10)

2 if 100kHz < f < 30MHz,

with [F;] = kHz and [F,] = MHz [60]. Once, the impedance accuracy Z, is calculated it can be used to
calculate phase accuracy ¢, , by

.| Z,
P, 2 = arcsin 100 )’ (3.11)

with [, ,] = rad [Figure 3.2 (b)]. Both measurement uncertainties equations 3.7 and 3.11 are only
valid for the chosen settings of input impedance and attenuation of T, R [60].

Since, an additional test fixture is required for almost all impedance measurements, also an additional
measurement uncertainty has to be calculated. Following equations are only valid for Keysight 16047E
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test fixture. The measured impedance uncertainty [Z, gye] = % of the test fixture [Figure 3.3 (a)] is
calculated by
Z
Zy fixture = £ [D + (Z—S + YOZm) 100%], (3.12)
m
where D additional error is given in [D] = %, [Y,] as the open repeatability of the admittance given

in [Y,] = S, Z, as the short repeatability of the impedance given in [Z,] = Q, and Z,, is the measured
impedance. The open repeatability is then calculated by

f
Y, =2nS+ 10 uS————, 3.13
° 2700 MHz (3.13)
the short repeatability is calculated by
Z, :2mQ+600mQL, (3.14)
100 MHz
and the additional error is calculated by
o f2 :

with [f] = MHz as the measured frequency. Due to the passive structure of the test fixture the addi-
tional measurement uncertainty Z, gy Of the impedance is less significant [Figure 3.3 (a)] than the
impedance accuracy Z, of the network analyzer [Figure 3.2 (a)].

Next, with this additional uncertainty Z, gy Of the test fixture and equation 3.11 the phase uncertainty
of the text fixture 16047E can be calculated. Although this phase uncertainty [Figure 3.3 (b)] is relat-
ively small in comparison to the overall phase accuracy [Figure 3.2 (b)]. Therefore, the phase accuracy
¥y, a fixture SCale is limited to a maximum of 7 [Figure 3.3 (b)] instead of 27 [Figure 3.2 (b)]. Further-
more, the test fixture 16047E is over a wide range of frequency and measured impedance transparent to
the total phase accuracy and the uncertainty calculation could be neglected in most measurement scen-
arios. Note again, the calculated measurement uncertainty is only valid for the current settings. Thus, a
recalculation is necessary, when a measurement setting such as frequency range is changed.
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10’ my 10 10* 10° 10°
Frequency f (Hz)

Figure 3.2: Overall calculated (Equation 3.7) impedance accuracy Z, (a) and calculated (Equation 3.11)
phase accuracy ¢, , (b) at given frequency and measured impedance Z,, of the Keysight
E5061B-3L5 network analyzer itself. Note, Z, is here manually limited to 20% (a), so it is
not the maximum error meaning at any dataset beyond the 20% contour the error becomes
bigger scaled in logarithmic manner.
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Pz.a, fixture (rad)

10’ my 10 10* 10°
Frequency f (Hz)

Figure 3.3: Overall calculated (Equation 3.12) additional impedance accuracy Z, gy (a) and calcu-
lated (Equation 3.11) additional phase accuracy ¢, , fiywure (b) at given frequency and meas-
ured impedance Z,, of the Keysight 16047E test fixture itself. Note, Z, is here manually
limited to 20% (a), so it is not the maximum error meaning at any dataset beyond the 20%
contour the error becomes bigger scaled in logarithmic manner. Also ¢, , fixwyre 1S manually
limited to 7, cause of its maximum value.
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3.1.1.2 Bias-T with Protection Circuit

As described in chapter 2.2.2, capacitive ultrasonic transducers need, in addition to the AC excita-
tion voltage, a DC bias voltage to linearize their operation around an operating point. As a rule of
thumb the DC bias voltage is thereby often chosen at 80% of the pull-in voltage. A circuit called Bias-
T [Figure 3.4 (a)] is used to superimpose a small AC excitation voltage and an often higher DC voltage.
Hereby a high voltage capacitor C; is used to block the DC voltage going in to the output stage of a
signal generator delivering the AC voltage. However, the AC signal can pass the capacitor C;, because

of x¢, = —L_ with w = 27f, and the resistor R, protects the DC source, using simply a voltage di-

= —,
vider [Figjure1 3.4 (a)]. Thus the DUT is provided with AC+DC signal. Furthermore, a good construed
combination of C;,R; can improve the electrical impedance matching to a DUT. Note, when larger AC
signal level is needed, then the output stage of the DC power supply must also be protected by using an
inductor L, instead of a resistor R, [Figure 3.4 (b)]. Then the inductor blocks the AC signal, due to its

increasing resistance x; = jwL with w =27 f.

DUT - 1 DUT

Qv R @) L
GND | ¢ ! | GND GND | ¢ ! 1 GND

Figure 3.4: Bias-T schematic for small AC signal level and DC coupling into a DUT (a) and Bias-T schem-
atic for larger AC signal level and DC coupling into a DUT (b).

The network analyzer E5061B-3L5 can only handle 42V at 1MQ or 7V at 50 input impedance at
maximum for T and R [60]. Thus, it must be protected when using higher DC voltages. A Bias-T circuit
with protection diodes was designed. It features in addition to the coupling capacitor C; two transient
voltage suppressor diodes (TVSDs) P6KE6.8CA ST® (STMicroelectonics, Geneva, Switzerland) D, and
D, (Figure 3.5), which have a breakdown voltage of 6.8V nominal each [63]. Below this voltage these
diodes are suspending any significant current flow. However, they are rated with a leakage current
of maximum 1mA at 5.8V stand-of-voltage [63]. Beyond 6.8V nominal they become conductive and
discharge the current of the high DC voltage against ground (GND). As mentioned before two of these
TVSDs are being used to protect the network analyzer E5061B-3L5. Diode D; protects the output of the
E5061B-3L5 (LF,y7) and input R. The diode D, protects input T and is connected after the DUT in case
of a short cut failure of the DUT. In doing so, all three connections to the network analyzer E5061B-3L5
are protected against voltages above 6.8V nominal. Its design fits directly at the connectors LF,;r, R, T
of the network analyzer E5061B-3L5 [Figure 3.5 (a)].

In addition the circuit features four jumpers JP;_, to deliver a better matching option for the elec-
trical impedance of the DUT. They set four fixed high voltage SMD HVC2512 (Welwyn Components,
TT Electronics, Woking, UK) resistors R;_, [Figure 3.5 (b)], soldered to the bottom side, ranging from
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(R)eflection Dy
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— Jumper JP,_4 - €DUT
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High voltage capacitor C;
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(@) v (b)

Figure 3.5: Bias-T circuit for AC and DC (up to 2.0kVDC) coupling extended with protection diodes for
usage with the Keysight impadance analyzer E6051B including interchangeable resistors, via
jumpers, for better DUT matching (a) its design fits directly to the connectors of the Keysight
Network Analyzer E5061B-3L5 and the schematic of the Bias-T with two bipolar protection
diodes Dy, D, P6KE6.8CA ST® (STMicroelectonics, Geneva, Switzerland) (b). The jumpers
JP,_, feature a better DUT electrical impedance matching by choosing a resistor R;_,.

R, =10k, R, = 100k, 1MQ to 10 M. They have power rating of 1W at 70°C and a limiting ele-
ment voltage of 3kV [64], which is ideal for a high DC voltage Bias-T. Note that the 10k resistor is not
soldered yet, due to shortness of supplies when buying only a few. Also the capacitor C; must be suit-
able for high DC voltages. Here a polypropylene capacitor (942C20P15K-E Cornell Dubilier Electronics,
Inc., Liberty, SC, USA) was used to block the DC voltage. It has a voltage rating up to 2000V, and
500V, [65]. So it can be used for a combined AC+DC signal without being damaged.

To test this circuit a high voltage DC power supply PS310 (SRS, Standford Research System, Sunnyvale,
CA , USA) is used to provide DC voltages up to 1250V [66]. It is connected to the HV;, input via
BNC [Figure 3.5 (a)]. The jumper JP, was bridged so that R, = 100 k2 was chosen. Next an oscilloscope
RTB2004 (Rohde & Schwarz GmbH & Co. KG, Munich, Germany) was connected via a 100:1 probe
TT-HV-250 (TESTEC Electronic GmbH, Frankfurt, Germany) to measure the high DC voltage directly
at channel one. This channel also was used to trigger the signal. Then channel two, three and four
were connected to the LF,; 7, R respectively T of the Bias-T with its protection circuit. Within these test

conditions several scenarios were tested.

First, a dummy DUT with an electrical impedance of 502 was connected to the circuit and 250V was
set to the PS310. Its current limit was set to the maximum of 20mA [66] to avoid any restrictions.
The power supply then was switched on and off several times and the voltage was recorded over
time [Figure 3.6 (a)]. Because a DC voltage has many higher frequency components at its switching
moments the capacitor C; cannot block them. As expected the TVSD D, cuts off the voltage levels ac-
cording to their specification at around 6V [Figure 3.6 (a)]. After DC voltage is established the capacitor
C, blocks the it totally. Hence, the voltage levels become zero again. Therefore later the connected
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network analyzer would be protected at it output and inputs [60]. The discontinuity at each rising slope
of LFyyt, R can not be explained in the moment. It could be perhaps the current limitation of the PS310
power supply, which occurs during the first milliseconds of charging the capacitor C; in combination
with R,. The voltage drop at T is negligible small due to the 50 2 of the dummy DUT.

Second, to test TVSD D, here the test conditions were changed to a DUT with a short cut, pretending
a failure such as a break down which could happen during a normal impedance measurement. Again
250V were applied to the HV;, and the voltages were recorded [Figure 3.6 (b)] with the oscilloscope
RTB2004 using the same configuration as before.

The TVSD D, does cut off the voltage level this time around 4V at connector LF,; 7, R. The voltage level
at T is cut off stable at 7V by TVSD D,. Due to the short cut at the DUT the voltage level at D, stays at
this maximum level of the TVSD. In doing so, the network analyzer also is protected in case of a short
cut failure of the DUT.

Third, the voltage level was recorded when the applied 250V DC voltage was switched off. Again as
expected the TVSDs do cut off the voltage at their ratings. The network analyzer is protected in all
cases. However, an impedance measurement should only be conducted when the DC voltage is settled
to its target value. Here enough time should be considered depending on given time constants of the
combination of DUT and R, and C; of the Bias-T.

Next, a comparison measurement was performed between the original 16047E test fixture and the Bias-
T with protection circuit, to obtain the influence. Although a Bias-T is originally used to provide a
AC+DC voltage for capacitive DUTs, the comparison is done with a piezoelectric DUT. Because meas-
uring a capacitive DUT with a DC voltage leads often to weak performance and a piezoelectric DUT
does not change its behavior when zero DC voltage is applied. Therefore the electrical impedance Z
and the phase ¢ of a Murata MA40B8S was measured directly at the 16047E test fixture and at the
Bias-T [Figure 3.7 (a), (b)]. The applied DC voltage was set to 0V to see the influence of the Bias-T with
protection circuit. Overall, both measured impedance and phase curves are in good alignment of each
other [Figure 3.7 (a), (b)], which is indicated by the median error Z .4 = 1.82% and ¢,.q = 0.063%.
Furthermore a wide range of the Bias-T measurement is within the accuracy of the Keysight E5061B-3L5
and therefore the measurement are within specifications. However, the maximum error of the impe-
dance Z = 28% and its mean error is Z,,.,, = 2.7% and also the maximum error of the phase ¢ = 7.04%
and its mean error ¢,.., = 0.37% showing that the Bias-T is not totally transparent for these measure-
ment [Figure 3.7 (c), (d)]. In particular sharp shapes such as changing slope of the curves e.g. peaks
in impedance [Figure 3.8 (a) I, II, III] and peaks in phase [Figure 3.8 (b) IV, V] are to be considered
with more uncertainty. Considering these facts the Bias-T with the protection circuit can be used for DUT
measurements.
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Figure 3.6: Measured voltage levels at the connectors LF,; 1, Rand T (right axis), when 250V is applied
the HV,, (left axis). A dummy DUT with 50 Q is connected (a). The protection diode D; does
cut off the voltage level to maximum around 6V at connector LF,;r, R. The voltage level at
T is also negligible small (a). A dummy DUT with short cut is connected (b). The protection
diode D; does cut off the voltage level around 4V at connector LF,;r and R. The voltage
level at T is cut off stable at 7V, due to D,.
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Figure 3.7: Comparison between a Murata MA40B8S ultrasonic transducer measured at the original
16047E test fixture and measured at the Bias-T with protection circuit for impedance (a),
phase (b) and the introduced relative error of the Bias-T with protection circuit for impe-
dance (c) and the absolute phase error with reference to maximum 180°(d).
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Figure 3.8: Detail view of measurements [Figugurere 3.7 (a), (b)] including calculated (Equation 3.7)
impedance accuracy Z, (a) and calculated (Equation 3.11) phase accuracy ¢, , (b). Inlets I,
I1, and III are showing close ups of the impedance values and IV and V of the phase values.

3.1.2 Impedance Measurement Setup for Higher Excitation Voltage

The electrical impedance measurement of DUT is conducted with a dedicated impedance analyzer or a
network analyzers with impedance measurement option built in (Chapter 3.1.1). Those measurement
devices are being used to perform a small signal analysis. Therefore, they have a built in small AC signal
source of a few volts only. Keysight network analyzer delivers only 2V, at 502 (Chapter 3.1.1) [60].
In this chapter a measurement setup is described to measure the electrical impedance at higher AC
excitation voltages. Using a waveform generator, an amplifier and an oscilloscope the characterization of
DUTSs up to 70V, are performed. In doing so, often disregarded, for example the frequency dependency
on higher excitation voltage f (V,), meaning regular driving voltage, is investigated which can lead into
nonlinearities in its performance e.g. bifurcation.
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A waveform generator Keysight 33522B-OCX (KEYSIGHT TECHNOLOGIES, Santa Rosa, CA, USA) with
a high-stability Oven Controlled Crystal Oscillator (OCXO) timebase is used to generate a sinusoidal AC
voltage. So its frequency accuracy of % (0.1 ppm of setting + 15 pHz) is £(2 —5) mHz + 15 pHz, which
refers to (20 — 500) kHz ultrasonic frequency range can be neglected [67]. Its output voltage can be
set up to maximum 20V, when the output impedance is set to high Z [67], meaning feeding into open
circuit. If even higher voltage amplitudes are needed an audio amplifier Dynacord SL2400 (Dynacord
GmbH (Bosch), Straubing, Bavaria, Germany) is then connected to the output of the waveform gen-
erator (Figure 3.9). It is a Class H amplifier and according to its specification it can be used up to
40kHz + 1dB (Table 3.1) [68]. Using a class H amplifier, which is a cascaded AB amplifier[68], gives
at least the possibility to drive a capacitive load unlike modern high end class D amplifiers. Next, the
generated and amplified sinusoidal signal then drives the DUT with a voltage divider in place.

Table 3.1: Main specification of the audio amplifier Dynacord SL2400 [68].

Properties | Values | Units | Annotations
Frequency response 0.01—40 | kHz | £1dBref. 1kHz
Maximum voltage swing 65.1 Vems | 1% THD, 1kHz
Voltage gain 32 dB | Ref. 1kHz
Maximum input level +21 dBV

Maximum input level 8.69 Vrums

Slew rate 26 %

Maximum output power 420 W CW 1kHz
Output stage topology Class H

To calculate the electrical impedance Znr with equation 3.5, the voltage over the DUT and the current
through the DUT have to be measured. Therefore, an oscilloscope Keysight DSO-X 2002A (KEYSIGHT
TECHNOLOGIES, Santa Rosa, CA, USA) with 70 MHz analog bandwidth is used. The entire voltage V of
the circuit is measured at channel one. When the amplifier is used, the higher voltage is measured with
a N2862B 150MHz 10:1 passive probe (KEYSIGHT TECHNOLOGIES, Santa Rosa, CA, USA). Thereby
voltages up to 300 Vg5 could be measured without damaging the oscilloscope [69, 70]. The voltage
V, over a shunt resistor R, is at channel two. Later it is used to calculate the current Iy through the
DUT (Equation 3.17). In doing so the phase can be measured with the oscilloscope directly.

Both devices are remotely controlled via PC using LabVIEW ~ (National Instruments, Austin, TX, USA).
LabVIEW "is sweeping through the specified frequency in equidistant steps. At each step the voltage V,
voltage V; and phase shift ¢, _, between both voltages are measured. The correct voltage Vpyr over the
DUT needs to be calculated with

VDUT = V_VS. (3.16)
The current Iy through the DUT is calculated by

I _ V% (3.17)
DUT_R- .

S
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Combining equation 3.16 and 3.17 in equation 3.5 finally the electrical impedance Z is calculated
with
%
ZDUT == (__1)RS‘ (3.18)
Vs
In the end, the frequency f, calculated electrical impedance Zpyr, measured phase shift ¢,_, and

both measured voltages V, V, are stored in a text file for further post processing and evaluation in
MATLAB R2016b (The MathWorks®, Natick, MA, USA).

Beforehand R, value was chosen not to small, because the voltage drop V; would be to small too and so
difficult to measure with an oscilloscope. If R value is chosen too big it would have to much influence
on the DUT. The measured electrical impedance Z;r would be distorted. Considering these cases it is
always a trade of between enough SNR and less distortion of the electrical impedance. Knowing this
fact R is chosen to 6.8 2 & 1% from the E-24 row when higher voltages of (15— 70)V,, are needed. It
was also measured with a high precision 7% digit digital multimeter DMM 7510 (Tektronix, Beaverton,
OR, USA). Its actual value at ambient temperature of 20°C and in consideration of the accuracy of the
DMM 7510 [71] is so determined to R, = 6.5072 Q2 & 245.3 uQ2 using averaging of 10,000 times.

1SL2400 Amplifier’
: (optional) DUT
v
¢933522B Tour
R Vs
GND
v

Figure 3.9: Schematic for electrical impedance measurements at higher AC voltages. If the SL2400
amplifier is used then the entire voltage V must be measured with at least a 10:1 probe.

The accuracy of these simple electrical voltage divider (Figure 3.9) impedance measurement was checked
with a comparison measurement of a Bolt-Clamped-Langevin Transducer (BLT) using the Keysight net-
work analyzer E5061B-3L5 and the voltage divider circuit (Figure 3.10). The accuracy V., of the
Keysight DSO-X 2002A is given by [69]

Vorror = £ (DC vertical gain accuracy + DC vertical offset accuracy + 0.25% full scale), (3.19)

with [69]

3% full scale if > 10mV/Div+ 0.25% full scale
DC vertical gain accuracy = % { 4% full scale  if <10mV/Div+ 0.25% full scale (3.20)
4% 32mV if <2mV/Div+0.25% 32mV.
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and with the offset accuracy [69]
DC vertical offset accuracy = +0.1Div £ 2mV % 1% of offset setting. (3.21)
The delta time (using cursors) uncertainty, which leads in the end to .., is given by [69]
At opror = E (time base accuracy reading) £+ (0.0016screen width) & 100 ps (3.22)
where the time base accuracy is calculated with [69]
time base accuracy = +25ppm % 5 ppm (per year aging). (3.23)

Since the comparison measurement has to be conducted with the same excitation voltage level of 2V, as
with the network analyzer E5061B-3L5 [60] a larger value of R, = 22.114Q &+ 997 uf2 [71] was chosen.
This is necessary to be able to measure the small voltage levels due to the small current through the
shunt resistor. Assuming a uniform distribution of the given uncertainties according to the data sheet
the entire uncertainty is then using equation 3.19, 3.20, and 3.21 calculated for the magnitude of the

2
1 Veror ) vV _V, 1% 2
Zenwor =\|| =R e“"r) + | ——R,—== +[(——1)R ] 3.24
error ¢(‘/S S ‘/§ ‘/52 S ‘/g ‘/s S, error ( )

using the Guide to the Expression of Uncertainty in Measurement (GUM) [72]. Next the phase uncer-

impedance by

tainty is then calculated with equation 3.22 and 3.23 by

= (360f M)Z = 360fm (3.25)
Qperror ‘/§ ‘/§ *

again assuming the uniform distribution and using the GUM [72].

As a first result both measured curves are in good agreement over a wide range (Figure 3.10). How-
ever, at a closer look the uncertainties of the measured curves are not fully covered against each
other [Figure 3.10 inlet I and II]. Furthermore, at the range around the anti resonance frequency is
covered by a huge measurement uncertainty, due to the small signal levels [69]. As conclusion im-
pedance measurements with a voltage divider can only be seen as a relative measurement between
themself. Absolute values, especially in the range of higher impedance, has to be considered with care
of the uncertainty (Figure 3.10).
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Figure 3.10: Comparison measurement of a BLT measured with E5061B-3L5 network analyzer at 2V,
and with the voltage divider circuit (Figure 3.9) with waveform generator using 2V, too
and oscilloscope for data acquisition.

3.1.3 Ambient Temperature Impedance Measurements

Using a network analyzer such as the Keysight E5061B-3L5 can be a fast and accurate way to measure
the electrical impedance and phase of a DUT (Chapter 3.1.1). It is ideal to do these measurements at
ambient/room temperature at 20 °C or slightly elevated up to 40 °C or lowered down to 5 °C, because no
special cables or adapters for harsh environment are needed [60]. Furthermore, characterization of typ-
ical ultrasonic transducers such as piezoelectric or electromagnetic ones are often done at those moderate
temperatures. On the one hand, there are used later in industrial application with similar conditions. On
the other hand many of such ultrasonic transducers have a Curie temperature and a temperature range
in which they are specified. Common piezoelectric ultrasonic transducer for example are specified in a
range of —40°C to +85°C [29]. Same of them such as Bolt-Clamped Langevin ultrasonic are even only
tested at (23 £ 3)°C [18]. However, some industrial application, in which certain ultrasonic transducer
are used, have to withstand harsher environment conditions. Reaching from cryo temperatures of liquid
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nitrogen below —190°C (Chapter 3.1.5) up to higher temperatures beyond +300°C (Chapter 3.1.4). In
reason of that, two different setup scenarios were built.

3.1.4 High Temperature Impedance Setup

For high temperature measurements two completely different setups were built. The first one is simply
an industrial oven ULA 400 (Memmert GmbH + Co.KG, Schwabach, Bavaria, Germany) reaching up to
220°C [73]. It is controlled by a standard PID controller by manual setting a target temperature value
with a dial. Knowing this fact the target temperature can be reached with an overshoot of 30% [74]. This
oven covers a volume of (40 x 40 x 33) cm?® and uses a fan for a homogeneous temperature distribution.
Using this oven for impedance measurements, the entire DUT can be placed inside the oven, which
minimizes any temperature gradient along the DUT. The connection cables are loosely laid through the
gasket of the front door. Here special cable with polytetrafluoroethylene (PTFE, Teflon) isolation enable
measurements up to approximately 260°C [75].

The second setup is a special designed high temperature setup (HTS) done during its authors Diploma
thesis. It is a precise controlled oven. The adaptive PID controller allows different temperature gradients
from 1K/min up to 30K/min, but most important, it minimizes any significant overshoots. During long
term measurements at 1000 °C, the system was able to reach the target temperature with a overshoot
of 0.08K only [76]. Since, the inner volume is only (169 + 8.48) cm?®[76], larger DUTs, which are then
feed through an opening in the lid, are exposed to a temperature gradient from inside to outside of the
oven along the DUTs.

So both high temperature setups are useful for DUTs characterizations under temperature loads. In doing
so, they can either be used with the network analyzer E5061B-3L5 (Chapter 3.1.1) or with the voltage
divider circuit using waveform generator and oscilloscope (Chapter 3.1.2).

3.1.5 Cryo Temperature Impedance Setup

To reach lower temperatures below ambient a non-controlled passive cryo setup was built using
two styrofoam containers with dimensions of (48 x 48 x 38)cm?® with a wall thickness of 4cm and
(39.5 x 33.5 x 36.5)cm® and 3.5cm thick. Thereby the smaller container is nested in the bigger
one [Figure 3.11 (a)], which gives a total thermal insulation layer of 7.5cm of styrofoam. Next,
DUTs mounted in holders equipped with a thermo couple at bottom and top were placed in each
corner [Figure 3.11 (a)].

In doing so the thermo couples monitoring the temperature gradient along the DUTs. Between them
two aluminum foil pans were placed and later filled carefully with liquid nitrogen. On top of the inner
styrofoam container, which was cut in height, a metal grid is then placed with further six aluminum foil
pans [Figure 3.11 (b)] and filled with liquid nitrogen too. They act as a cooling curtain because the cooler
dry air is falling down pushing out the warm more humid air. So there is slight excess pressure which
is also keeping moisture out during the measurements. After closing the outer styrofoam container with
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its lid (not completely) it takes about approximately half an hour to cool it down to —190°C. Reaching
this stable temperature point the characterization of the DUTs using again the voltage divider circuit
with waveform generator and oscilloscope (Chapter 3.1.2) is started. Now the entire system is slowly
warming up until the ambient temperature is reached again. During this process several impedance
measurements are conducted. This takes several hours depending on the ambient temperature and
energy which is pumped into the system through the impedance measurements of the DUTs. Especially
measurements at higher excitation voltages can heat up the DUTs.

: ‘;‘\\ Inner styrofoam container
Outer styrofoam container

(@ (b)

Figure 3.11: Cryo temperature measurement setup inner view with four DUTs one in each corner(a)
and covered setup with aluminum foil pans to store the liquid nitrogen (b). Picture take by
Steffen Elgner [35].
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3.2 Surface Velocity and Displacement

Another important characterization method of ultrasonic transducers is the measurement of their surface
velocity and displacement. The electrical impedance gives a quick and first indicator of the characteristic
of an ultrasonic transducer e.g. resonance frequency f, (Chapter 2.3). But it gives no information about
the vibrational modes. To get most sound pressure level (3.3) it is essential to operate ultrasonic trans-
ducers in their fundamental mode. For this reason a Laser Doppler Vibrometer (LDVM) was extended
with three translational linear stages to feature a scanning option in addition to its single point velocity
and displacement measurement. This step was chosen, because a new scanning vibrometer costs starting
at 75,000€ and can cost up to 300,000€. Furthermore the post processing is more versatile such as

generating video sequences of transient events.

3.2.1 Measurement Setup

The Laser Doppler Vibrometer (LDVM) measurement setup is built on a passive damped optic table
(Newport, Irvine, CA, USA) to minimize disturbances (3.12). For example someone is walking by in the
laboratory or heavy vehicles are driving by outside in the streets. The main component is a single point
Polytec LDVM controller OFV 3001 (Table 3.2) with a OFV 534 (Table 3.3) laser unit (Polytec GmbH,
Waldbronn, Baden-Wuerttemberg, Germany). Thereby the sensor head of the OFV 534 is mounted facing
down on a z-axis translational linear stage PI-M403.4 DG (Physik Instrumente (PI) GmbH & Co. KG,
Karlsruhe, Baden-Wuerttemberg, Germany) with a travel of 100 mm [Figure 3.12 (b)] (Table 3.4), which
is mainly used to fine adjust the necessary focal distance of 200 mm (Table 3.3) [77]. The z-axis itself
is mounted on an aluminum T-slot profile (40 mm grid). This is needed to roughly adjust the position
in 40 mm steps or to adjust it freely along the vertical aluminum T-slot profiles [Figure 3.12 (b)]. These
rough adjustments are only needed if the size of the DUT including mounting varies more than the
100 mm travel of the translational linear stage between measurements.

To achieve the scanning option two of these PI-M403.4 DG translational linear stages are mounted on
top of each other at an angle of 90° [Figure 3.12 (a)]. They are then mounted centered below the sensor
head OFV 534 [Figure 3.12 (b)]. In doing so the scannable area is movable £50 mm in both x-direction
and y-direction [Figure 3.12 (a)], resulting in a total scan area of 10cm?. Since, the focal diameter of
the OFV 534 is 25 um at its focal distance of 200 mm, a sensible minimum scanning step size of 50 um is
recommended by the author of this work (Table 3.3) [77]. But if needed, the area could be scanned with
200 nm step size (Table 3.4) [79]. However, bear in mind this will result in 250.001 billion measurement
points.

Since the translational linear stages feature only four M4 threaded holes in a (70 x 72)mm distance
grid, there are only a few possibilities to mount a DUT on the X-Y-axes. To overcome this issue a special
mounting plate was designed (Figure 3.13). This plate features more versatile mounting possibilities
with M3, M5, M6, and M8, which are mostly arranged in a rotational pattern rotated by 22.5°. In
particular M5 threaded holes having the standard distance of a 20 mm grid aluminum T-slot profile.
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Table 3.2: Main specification of the Polytec LDVM controller OFV 3001 [78].

Properties of velocity | Values | Units | Annotations

Range 1—1000 =%/V | Max. 50kHz, max. 20kHz @ 1 =~ range
Full scale output 20— 20,000 = Max. 20V},

Resolution 0.3—2 £ SNRpys = 0dB
Maximum acceleration 150 — 200,000 g g=9.8135

Accuracy +1 % of RMS | T=(25+5)°C
Accuracy +1.2 % of RMS | T =(5—40)°C

Max. linearity error +0.5 % of RMS | One particular vel. range
Max. linearity error = % of RMS | Overall

Flatness min+0.1 dB Please see manual [78]
Flatness max=+0.5 dB Please see manual [78]
Time delay 23.9—-5.2 um

Properties of displacement Values | Units | Annotations

Range 0.5—5,120 um/V

Full scale output 320—81,920 pm Max. 16V,

Resolution 0.08—20 um

Maximum velocity 2.5—10 5 g=9.815

Accuracy +1 % of RMS | +1 increment

Max. linearity error +2 increment | (0.5—8)um/V

Max. linearity error +1 increment | (20—5,120) um/V

Table 3.3: Main specification of Polytec laser unit with sensor head OFV 534 [77].

Properties | Values | Units | Annotations

Laser type Helium Neon (HeNe)

Laser class 2 Eye secure

Laser power <1 mW

Wavelength 633 nm | Visible

Focal length 200 mm | Minimal distance

Maximal distance Depending on surface quality
Coherency maxima | 91+ n204 | mm | n=0;1;2;...

Depth of field +1 mm | @ 200 mm distance

Focal diameter 25 um | @ 200 mm distance
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Table 3.4: Main specification of PI M-403.4 DG translational linear stages [79].

Properties | Values | Units | Annotations
Travel range 100 mm

Design resolution 0.018 | pum

Encoder steps 2000 Rotary decoder
Minimum incremental motion 0.2 um

Backlash 10 pum

Unidirectional repeatability 1 um

Pitch 200 | urad | Typ. over 100 mm
Yaw 200 | urad | Typ. over 100 mm
Maximum load 200 N Centered, linear stage horizontal
Velocity 2.5 = | Maximum
Reference point switch repeatability 1 um

All three axes (x-y-z-axis) are controlled by PI C-863.11 (Physik Instrumente (PI) GmbH & Co. KG,
Karlsruhe, Baden-Wuerttemberg, Germany) controller each and then daisy chained and connected via
USB to a PC. In addition a joystick PI C-819.30 (Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe,
Baden-Wuerttemberg, Germany) is setup. Its is used for an easy an quick alignment of the DUT. In doing
so, start and end points of an automatic movement pattern can be set as well later in software.

To excite the DUT a waveform generator GW Instek AFG-2225 [Good Will Instrument Co., Ltd., New
Taipei City, Republic of China (RoC, Taiwan)] is used [Figure 3.12 (b)]. Its output signal is connected
via BNC cable to drive the DUT and via T-piece adapter directly feed into channel one of a Keysight
DS0-3024 oscilloscope (KEYSIGHT TECHNOLOGIES, Santa Rosa, CA, USA) [Figure 3.12 (b)]. So the
driving signal and its voltage level drop due to the load of the DUT is monitored. If larger excitation
levels beyond 20V,, [80] are needed, the SL2400 amplifier and again a N2862B 10:1 probe can be
used (Chapter 3.1.2). It is stored later in software by the control PC. Furthermore, the phase shift
from the excitation signal to the measured surface velocity at channel two, introduced by the DUT,
is determined. In doing so, frequency or excitation voltage level dependency are later investigated.
Also the measured and calculated displacement, by OFV 3001 vibrometer controller, is measured using
channel three of the oscilloscope.

A standard PC with Windows®10 64 Bit Education (Microsoft Cooperation, Redmond, WA, USA) running
a LabVIEW (32 Bit, 2016 Fall) program performs the automatic measurements . Once this program is
launched the translational linear axes (y-x-z), the waveform generator and the oscilloscope are remotely
controlled through this software. All setting have to be input here. However, the OFV 3001 vibrometer
controller has some issues getting detected by Windows®10. So by the time this work is written the
settings have to be done manually. Switching on the laser and setting both ranges of the velocity and
displacement decoder (Table 3.2).

At the moment the program is capable of conducting single point (OD), linear line (1D), circular area
(2D) and rectangular area (2D) measurements. The movement pattern of the axes x and y is optimized
for speed and it is calculated in equidistant steps by the program. Boundary conditions such as step
size and dimensions are given by the operator guided by the program. For example a circular area is
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described by its center point and its radius, a rectangular area is described by two opposites corner
coordinates.

Oscilloscope DSO-X 3024A

PC with LabVIEW®
control sofware

OFV 534 at Z-axis PI M-403.4 DG

‘‘‘‘‘

DUT

X-Y-axes PI M-403.4 DG

/ y
Joystick PI C-819.30 -

Passive damped optic table

p20mm, Waveform generator Polytec OFV 3001 Controller
GW Instek AFG-2225

(@ (b)

Figure 3.12: DUT holder mounted on x-y translational stages (a). Entire laser doppler vibrometer setup
extended with 100 mm travel x-y-z scanning option (b). Copyright Steffen Elgner [35].

For each measurement point [x:y:z] the A-scans (amplitude over time) of the excitation signal (chan-
nel one), surface velocity (channel two) and displacement (channel three) are being stored in a binary
format of single precision (16Bit floating point) with little endian convention. Storing all the A-scans
allows a post processing in a way that each time step of each spatial measurement point can be syn-
chronized to obtain the transient movement by using burst signal as excitation. In doing so, a video is
generated, using post processing, of the transient behavior looking at the entire measured surface. The
position [x:y:z] and its surface velocity, displacement, and phase measurement is stored in a text file.
For reasons of reproducibility all settings for a measurement set are stored in a special setup.ini file. It

can be used to read in later and repeat this particular measurement with exactly the same settings.

3.2.2 Surface Velocity and Displacement Measurement

Since, the OFV 3001 vibrometer controller is equipped with a velocity decoder OVD-01 and a displace-
ment decoder OVD-20 the operator has to make a choice which to use for a reliable measurement. In
particular when harmonic vibration signals are measured, these provide the same information in both
velocity and displacement. When a given harmonic displacement x(t) with

x(t) = xsin(wt), (3.26)

is measured with X as the amplitude of displacement and angular frequency w then the velocity v(t) is
calculated by

dx(t) _ d[xsin(wt)]

t)=
v(t) dt dt

= xwcos(wt). (3.27)
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Figure 3.13: Special designed versatile mounting plate for DUTs with M3, M5, M6, and M8 threaded
holes, especially M5 threads that feature a standard mounting distance of 20mm of a
aluminum T-slot profiles.

Assuming t = 0 and with w = 2ntf then the amplitude of the velocity 7 is given by [78]

b =2nf%. (3.28)

The signals are shifted by 90° only, because of the derivative of a harmonic sine which is cosine.

Transient movements can be measured more clearly using the displacement information [78] by ex-
perience. Due to the design configuration of the displacement decoder it has a dynamic range of
DR = 66 dB [78], which is in most cases enough, the measurements are not affected by the background
noise, since the resolution is higher [78]. In contrast, the resolution of the velocity decoder OVD-01 is
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limited only by the background noise (0.2 £*/+/Hz) and becomes better the higher the frequency [78].
Using good reflecting films, e.g , leads to 50 times higher dynamic range of DR =100dB [78].

Assuming a surface velocity and displacement are always superimposed by background noise with lower
frequency but therefore higher vibration amplitudes e.g. walking by. Using equation 3.28 for the
same displacement amplitude the measured velocity would larger by factor 27t f. For example a 40 kHz
Murata MA40S4S ultrasonic transducer with a displacement of X = 1 um would have a surface velocity
of ¥ = 251.3 =*. Compared to background noise of typically frequency below f < 100Hz and displace-
ments up to X = 10 um, would result in a 40 times smaller noise velocity of 9, = 6.28 ==. Thus the SNR
of the velocity is higher per definition than the SNR of the displacement. Hence, all measurements in this
work are harmonic excited measurements the velocity decoder OVD-01 will be used and the displace-
ment is calculated with equation 3.28 rearranged after X. So the total measurement uncertainty V.,
including the oscilloscope before scaling with the range (Table 3.2) is calculated with equation 3.21 [35].

3.2.3 Surface Pressure

The acoustic pressure p is also an important parameter and is usually measured with a micro-
phone (Chapter 3.3). However, a rough estimation can be taken also from the surface velocity meas-
urement of a vibrating surface (Chapter 3.2.2). Assuming a surface is infinite in two dimensions e.g. in
y—z and it is vibrating in x direction with a surface velocity 7 then this surface is emitting a plane wave.
Therefore the pressure p and the particle velocity v depend on the direction of propagation x only. So
that any spatial points either of the same pressure or any spatial points with the same particle velocity
lies on the same plane All of these point and so all planes are orthogonal to the direction of propagation.
The dependency on only one variable, the spatial location, for the pressure and for the particle velocity
simplifies Euler’s equation of motion to [81]

=pcy =12, (3.29)

< |

with the acoustical impedance Z,, the density p of the media (air), the speed of sound ¢, and the
amplitude of the pressure p and the amplitude of the particle velocity 0. With the assumption the
particle velocity is smaller than the speed of sound and those particles are smaller than the vibrating
surface, which is measured by the LDVM, then the vibrating surface looks such as an infinite rigid plane
against the small particles in front of it. So the particle velocity 7, near the surface, must be the same as
surface velocity 7, which is measured. Thus, with the acoustical impedance [81] of air Z, ~ 414 STZ the

surface pressure can be estimated with equation 3.29
p=0Z,=10414—. (3.30)

This estimation is also built in the LabVIEW " program which is used to control the LDVM. So the surface
velocity, the displacement and the surface pressure are measured.
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Furthermore, when the sound pressure level is measured using a calibrated microphone (Chapter 3.3)
the surface pressure can then be calculated using the "Diffraction Loss Calculator" written in Mathemat-
ica by René Golinske [9].

3.3 Sound Pressure Level

As mentioned before the sound pressure level (SPL) of an ultrasonic transducer is one of the most
important characteristic property. The sound pressure level and its specific characteristics determine if
an ultrasonic transducer is generally useful for an industrial application or even more for a specific one.
The higher the sound pressure level the better. But this statement comes often with a trade off with one
or more of some additional characteristics of the beam profile such as:

e Beam width of the main lobe;

* Side lobes, their position and width;
e Symmetry;

* Directivity.

Therefore a volumetric measurement setup, based on a goniometer, was built by Axel Jdger and Matthias
Rutsch inside an anechoic chamber [Figure 3.14 (a), (b)] and a volumetric 3D stage was built by Maik
Hoffmann [14]. Both setups are described and compared in most important properties.

3.3.1 Measurement Setup Based on a Goniometer

The entire measurement setup was built in an anechoic chamber with the dimensions of approximately
(7 x 5 x 5)m?> of usable workspace [Figure 3.14 (a)]. Its absorption coefficient is up to 99% of sound
waves above 70 Hz [82]. This anechoic chamber minimizes almost any acoustic reflections if continuous
measurements are required. Furthermore, this anechoic chamber reduces also any influence coming from
the environment, e.g. heavy vehicle driving by or even some noise from inside the building, because it is
positioned on 28 spiral springs. In doing so the chamber is mechanically decoupled from the rest of the
building.

The basic measurement principle of this volumetric measurement setup, the Goniometer, is widely used
in the lighting industry and research. It consists of two rotational axes and one translational linear
axis. The two rotational axes are mounted on top of each other with an aluminum T-slot profile elbow of
90° [Figure 3.14 (b)]. The bottom one PI M-062.2S (Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe,
Baden-Wuerttemberg, Germany) is thereby rotating horizontally (0-axis) and the top one PI M-061.2S
(Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe, Baden-Wuerttemberg, Germany) vertically (¢-
axis). Each axis is controlled by a PI C-663 (Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe, Baden-
Wuerttemberg, Germany) controller. The top axis is holding a special designed mounting rack in which
the DUTs are mounted properly. In such way that the front face of the DUT are perfectly centered to
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Table 3.5: Main specification data of rotational stages M-061.2S and M-062.2S [83]

Properties M-061.2S (¢) | Values | Units | Annotations
Rotation range > 360 °

Design resolution 1.2 urad

Encoder steps 2000 Rotary decoder
Minimum incremental motion 6 urad

Backlash 200 | urad
Unidirectional repeatability 50 urad

Maximum load 550 N

Velocity 9 °/s | Maximum
Maximum torque ©,, ©,, ©, +6 Nm

Properties M-062.2S (60) | Values | Units | Annotations
Rotation range > 360 °

Design resolution 0.96 | urad

Encoder steps 2000 Rotary decoder
Minimum incremental motion 5 urad

Backlash 240 | urad
Unidirectional repeatability 60 urad

Maximum load 650 N

Velocity 7.5 °/s | Maximum
Maximum torque ©y, ©, +7 Nm

Maximum torque ©, +8 Nm

Table 3.6: Main specification of the 4138-A-015 microphone unit [85]

Properties |  Values | Units | Annotations

Pressure filed response 0.0065—140 | kHz | +£2dB

Max. sound pressure level 171 dB peak

Combined sensitivity (2670) —65.8 dB Ref. 1V/Pa

Combined sensitivity (2670) 0.513 mV/Pa

Polarization voltage 200 \Y external through Type 2829

both rotational axes. This guarantees always the same distance the microphone, which is measuring the

sound pressure level, when rotating 180° in the horizontal plane and 360° in the vertical plane.

This microphone is a calibrated 1/8" 4138-A-015 microphone combination (Briiel & Kjer, Naerum,
Denmark) (Table 3.6) with a 1/4" 2670 preamplifier (Briiel & Kjer, Nerum, Denmark). It is moun-
ted on the 6m translational linear axis LEZ 1 L5998 (isel Gemany AG, Eichenzell, Hessia, Ger-
many) [Figure 3.14 (a)] driven by a MS135HT2 stepper motor (isel Gemany AG, Eichenzell, Hessia,
Germany) [84]. This combination has a accuracy of +0.2mm [84]. Thereby it is facing up so the free
field response is measured. Furthermore, the translational linear stage is covered completely in felting
to minimize any reflections. In such way, that the microphone can move freely through an opening such
as a zipper principle. The movement of the translational linear stage is referred to r-axis.
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Table 3.7: Main specification data of NI PXI-5922 24-Bit PXI oscilloscope [88]

Properties | Values | Units | Annotations
Full scale range (2 or 10) +1or+5 \%

Resolution 16—24 bits

Sample rate 15—0.05 MS/s

Channel 2

Input impedance 50Q or 1MQ

DC accuracy (500 ppm of input + 50 uV) 2V range
DC accuracy +(500 ppm of input + 100 V) 10V range
DC drift (20 ppm of input + 5 uV per °C) 2V range
DC drift +(20 ppm of input + 10 uV per°C) 10V range

The DUTs are driven by an Keysight 33522B-OCX waveform generator to provide a stable excitation
signal (Chapter 3.1.2. Again if higher signal level amplitudes are needed then the amplifier SL2400 can
be used to amplify the output signal. For data acquisition a high resolution PXI-5922 24 Bit (National
Instruments, Austin, TX, USA) data acquisition card is used. For most of the measurements this card
is set to 1 MS/s, which gives 22 Bit of resolution (Table 3.7). Therefore, the overall noise floor of the
goniometer inside the anechoic chamber is Noisegys + 10 = (60.7 = 0.6) dB SPL [86, 87].

4138-A-015 microphone unit DUT with rigid baffle

Acoustic absorbing
wedges

Metal plank  Metal net ‘6m translational linear stage

PI M-062.2S rotational stage
(a) (b)

Figure 3.14: Volumetric sound pressure measurement setup built in anechoic chamber with acoustic
absorbing wedges mounted at all walls with 6 m translational linear stage with microphone
unit (a) and DUT fixed in a rigid baffle mounted on rotational stages (b). Annotation,
the felting is not mounted to show the mechanical translational linear stage. Copyright
Matthias Rutsch [87]

The entire measurement setup is again controlled by a standard PC with Windows®10 64 Bit and a
LabVIEW " (32 Bit Fall) Bit program. The measured data including position of the axes, in spherical co-
ordinate form, are stored in a text file for post processing. Also the A-scans of the measured waveforms
stored in a binary file format of 64 Bit real values with little endian convention [87].
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3.3.2 Measurement Setup Based on 3D Linear Stages

The entire setup of the 3D linear stage scanning system was built in a standard laboratory environment
and is controlled via a standard PC using Windows®7 Professional 64-Bit and LabVIEW ~ (32-Bit, 2014
Fall). The system consists of X-Y-Z aluminum T-slot profiles translational linear stages (BAHR Modultech-
nik, Luhden, Lower Saxony, Germany) which are driven by a stepper motor SM 87 218 M6N (Stogra
Antriebstechnik eh. Zebotronics, Bavaria, Munic) and controlled via stepper motor controller PP 92-70
(Phyton-Elektonic GmbH, Grébenzell, Bavaria, Germany) each. They mounted in a way that a volume
of 1m?® can be screened [14]. The axes X-Y-Z move a calibrated microphone - B&K 4138-A-015 (Briiel
& Kjeaer, Nerum, Denmark) (Table 3.6), which is mounted on the Z-axis facing horizontally against
the DUT [Figure 3.15 (a) and inlets]. Hence, the measured sound pressure levels have to be cor-
rected by a free field correction factor [Figure 3.15 (b)], depending on the inclination angle of the
acoustic sound pressure wave hitting the microphone membrane [89]. Furthermore, the microphone
housing is capsuled in a teflon cone, therewith the Z-axis is mostly hidden behind this cone and direct
reflections are minimized by reflecting intentionally to all sides of X and Y through the shape of the
cone [Figure 3.15 (a) and left inlet] Here the DUT is mounted in a fixed position, unlike the goniometer
in a non-moving position, centered relative to X and Y [Figure 3.15 (a)].

The data acquisition is done via a Scopecorder DL750 (YOKOGAWA ~, Musashino, Tokio, Japan). It is a
combination of an oscilloscope and a long term data recorder and can be equipped modular by with up to
eight data acquisition modules [90]. Here a 16-Bit isolated module 701251 (YOKOGAWA ", Musashino,
Tokio, Japan) with a sample rate or 1 MS/s is used. A sufficient bandwidth of 200kHz is given for
measurements of air coupled ultrasonic transducers below 200 kHz. This module delivers in combination
with the microphone unit a noise level of the entire system of 75 uV without any averaging [14]. This
corresponds to a sound pressure level of 73 dB SPL.

Upgrading the system by a high resolution data acquisition card PXI-5922 24 Bit (National Instruments,
Austin, TX, USA) improved the performance even more (Table 3.7). Therefore, the overall noise level
of the 3D linear stage scanning system inside a standard laboratory using expectation time window, to
avoid any interference due to reflections, could be reduced to overall 55 uV, which corresponds to a
sound pressure level of 68 dB SPL.

In a direct comparison both volumetric measurement systems are accurate and precise tools to character-
ize the sound pressure field of air coupled ultrasonic transducers. Where one or another system has some
advantages and also some disadvantages (Table 3.8). The advantage of the 3D linear stage volumetric
measurement system is the simplicity of the cartesian coordinates and therewith the same resolution in
any direction of X-Y-Z. The goniometer volumetric measurement system is able to characterize a bigger
volume with more dynamic range of ~ 110dB SPL, without averaging, due to the overall lower noise
level. It is also faster, cause less mass has to be moved, in a smarter way e.g. by simply rotation, in each
measurement step.
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Figure 3.15: Volumetric sound pressure measurement setup based on 3D linear stages (a) and extra-
polated correction values for the free field response for the B&K 4138-A-015 microphone
combination (b). [14]

3.3.3 Sound Pressure Field

Since it is not so intuitive, the sound pressure field measurements is described using the goniometer.
Loading the LabVIEW " program with a precomputed coordinates matrix using a MATLAB R2017b meas-
ures automatic in a time optimized moving pattern the sound pressure field in front of a DUT. Thereby
the DUT has to be mounted in a rigid baffle [Figure 3.14 (b)] and is then rotating horizontally and ver-
tically. Is one entire rotation set is measured then the microphone is moving one step further away and
the rotation of the DUT starts over. In doing so a half spheres of a half solid angle 2 = 27 is measured.
Next plotting all the half spheres at once is the adding up to a complete volumetric scan of the sound
pressure field of the DUT. Since these measurement consist of several thousand points it takes many
hours to gather the data. Furthermore the gathered information is often redundant in each half sphere.
The sound pressure level decays in the far field with 1/R behavior where R is the distance to the source
also the radius [16]. So it is enough to measure one half sphere and weight the sound pressure level
with 1/R. However, in the near field or if the setup is deliberately built with reflections the entire volume
has to be measured.

Besides half sphere sound pressure level measurements other patterns can be performed as well. So,
measurement along the r-axis only can give a quick overview of the sound pressure level trend of a DUT
within distance. Furthermore, a scan along the 6-axis at a given distance allowing the visualization of
the beam profiles. Same as for the volumetric scans when rotating around the 6-axis only and varying
thereby the distance of the microphone at the r-axis slice of a plane can be measured.
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Table 3.8: Comparsion of volumetric measurement systems 3D stage linear vs. Goniometer.
*Depends on the measurement pattern.
**Depends on the combined sensitivity of the microphone unit and using PXI-5922 data ac-

quisition.
Property | 3D linear stage | Goniometer
Measurement pattern cartesian coordinates spherical coordinates
Measurement time (30000 points) ~ 8h ~ 2.5h*
Maximum measurement volume 1m?3 1447 m3
Free field correction yes [Figure 3.15 (b)] no
Spatial resolution 50 um any direction 200 um in z-direction
(0.05—30) um at (0.01 —6) m O-axis
(0.06 —36) um at (0.01 —6) m -axis
Noise level without averaging** 68 dB SPL (60.7 + 0.6)dB SPL
Maximum sound pressure level ~ 171dB SPL ~ 171dB SPL
Dynamic range** ~ 103dB SPL ~ 110dB SPL

3.4 Schlieren Photography Setup

Especially for industrial application, the knowledge of shape of the ultrasound beam is an advantage
for the design process e.g. ultrasonic flow meters (UFMs). Besides measurements methods which were
used to obtain quantity numbers e.g. electrical impedance, surface velocity, or sound pressure levels,
also methods which can mostly deliver only quality statements can be useful for the characterization of
ultrasonic transducers. The Schlieren photography is one of them.

The Schlieren photography is based on the utilization of the refractive index of light. Usually light
spreads and moves uniformly in a homogeneous media. However, light also gets diffracted at boundary
layers with different refractive indices. Such areas e.g. with different pressure or temperature have a
different refractive index and they are called a Schliere [91]. The pressure or temperature differences
are then visualized as light and dark areas respectively. So a quality statement of the sound pressure
field of DUT, the ultrasonic transducer can be obtained.

3.4.1 Schlieren Setup

The Schlieren setup built by Yannik Bendel [91] consists of a LED light source, a parabolic mirror, a
razor blade as a aperture and a digital single lens reflex camera (DSLR) (Figure 3.16). Hereby the LED
light source is synchronized with the excitation signal of the ultrasonic transducer of which the sound
pressure field is visualized. The parabolic mirror has a diameter of 200 mm (GSO Newton Hauptspiegel
8" f/4) and a focal lenght of f; = 800 mm. Therefore the light source and the aperture made of a razor
blade have a distance of L = 2f; = 1600mm (Figure 3.16). The mirror is mounted on aluminum T-slot
profiles and is facing with its opening towards the camera (Figure 3.16). The camera a Canon 1300D
(Canon Inc., Ota, Tokio, Japan) is equipped with a Canon EF 100/2.8 L IS Marco USM lens (anon Inc.,
Ota, Tokio, Japan). The DUT is placed direct in front of the mirror and the Schliere is then photographed
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Camera with

macro lens : ; ;
Optic aperture with synchronized LED

Figure 3.16: Schlieren setup with a parabolic mirror with a focal length of f; = 800 mm facing towards
the optic aperture and camera. Copyright Yannick Bendel [91].

by the camera but cut of by the razor blade, the aperture or the optic filter. The entire Schlieren setup is
controlled with MATLAB R2018a (The MathWorks®, Natick, MA, USA).

3.4.2 Sound Pressure Field

Using the Schlieren setup several ultrasonic transducers where investigated by Yannik Bendel [91]. So
the ultrasonic wave distribution of a 40kHz Murata ultrasonic transducer with a diameter of 16 mm
MA40B8S (Murata Manufacturing Co. Ltd., Higashikotari, Kyoto, Japan) is visualized [Figure 3.17 (a)].
The directivity pattern of this DUT can be seen more clearly by the light and dark areas after the post
processing [Figure 3.17 (b)] due to the enhanced contrast. The sound pressure maxima and minima
represented by the light and dark areas express the wavelength of 8.575mm as the distance between
them.

A 40kHz parametric array consisting of 222 MA40S4S Murata ultrasonic transducer with a diameter
of 180 mm built by Matthias Rutsch [92] emits an almost planar wave [Figure 3.18 (a)], due to its
large aperture size in comparison to the wavelength of 8.575mm. So it is ideal to be used as a 40kHz
ultrasound source. Therefore a 1D phased array could be investigated in receive mode [5] using a planar
wave generated by this parametric array. In contrast to this parametric array, a focused array [93], where
the ultrasonic transducer are mounted in a parabolic manner to create a focus, and, thus, a higher sound
pressure in there but in a small area only [Figure 3.18 (b)]. Even without enhancing the contrast in a post
process more difference in contrast can already been seen, which indicates a higher sound pressure than
at the parametric array [Figure 3.18 (a)]. Also the resulting sound pressure field due to interferences
and effacements can clearly be captured.
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(a) Homm, )

Figure 3.17: Schlieren photography of a 16 mm MA40B8S ultrasonic transducer (a) [91] and post pro-
cessed to enhance to contrast (b) [91]. The directivity pattern of the ultrasonic wave can
be clearly seen, visualized by the light and dark areas (b) due to the pressure differences.
The DUT is located down below the frame of the captured image.

(a) (b)

Figure 3.18: Schlieren photography of a parametric array (a) [92] with an almost planar ultrasonic
wave distribution and a focused array (b) [93] where the focus effect is visualized [91].
The parametric array (a) was used to characterize the 1D phased array with separation of
the acoustic aperture by a smart packaging layer (Chapter 5) [5]. The DUTs are located
down below the frames of the captured images.
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4 Automatic Parameter Extraction

This Chapter describes several variations and extensions of the Butterworth-van Dyke model, which are
needed to characterize ultrasonic transducers in a more detailed way depending on the type and addi-
tional physical effects. Here the focus lies on a 5-elements, 6-elements, and on a 7-elements model all
based on the standard 4-elements BvD model (Chapter 2.3). A complex curve fit algorithm is introduced,
analyzed and implemented in MATLAB®and a second one using Mathematica. Based on these curve fit
results important parameters (Chapter 2.3) are extracted. It is used to fit these model to the measured
electrical impedance data.

An important method of characterization of ultrasonic transducers is the electrical impedance meas-
urement (Chapter 3.1.1, 3.1.2). This method is quick and can be performed already direct dur-
ing a fabrication process of ultrasonic transducers. For example characterizing piezoelectric layer or
disks (Chapter 2.2.1) before or after assembling as a first functionally test. During a CMUT fabrica-
tion the electrical impedance can already be measured in-situ direct on wafer level with special contact
probes. Before dicing the wafer and bonding each individual element (Chapter 2.2.2) can be tested and
evaluated. In doing so, the fabrication process and parameters can be monitored and therefore yield can
be optimized.

However, after the electrical impedance is measured, these data need to be analyzed. Hence, the
automatic parameter extraction of useful information and parameter is necessary, since there are
many of them such as short and open circuit resonances, quality factors at these resonance frequen-
cies, bandwidths, coupling efficiencies and the equivalent circuit parameters of the BvD model it-
self (Chapter 2.3) [94]. These parameters can directly being used to understand and optimize a
CMUT fabrication process for example, due to the analogies between electrical and mechanical do-
main (Chapter 2.3) [94]. In order to fulfill these tasks of an automatic parameter extraction, is a need

of a good model, an equivalent circuit and a robust algorithm to extract these parameters.

4.1 Extended Butterworth-van Dyke Model

Only a selection of common important extensions of BvD models are introduced and described. The
Butterworth-van Dyke (BvD) model is an equivalent circuit based on 4-elements (Chapter 2.3) [46, 49],
which is used to describe quartz oscillator, piezoelectric, or electrostatic ultrasonic transducer. However,
the BvD model [Figure 4.1 (a)] is not sufficient enough to explain various additional physical effects
and has to be extended [95, 96].

* 5-elements model
So it is common to add a fifth element to the standard BvD model. This fifth element can be seen
as a contact resistance R, [Figure 4.1 (b)]. Such additional contact resistance is often related to
the resistance of the silver epoxy glue to contact the back electrode or it is based on too thin or to
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less bonding wires e.g. CMUTs fabrication. Bad ohmic contacts can also occur due to the lower
conductance of polysilicon [97].

* 6-elements model
It is known when a bulk component such as in high temperature langasite resonators is present [98]
then a parallel resistance R, [Figure 4.1 ()] is added to the BvD model [95]. This parallel resis-
tance is often a temperature dependent component [95] and to minimize the fit effort, of fitting
algorithms, this parameter is often extracted by low impedance spectra data and fed then as a
good start value into the fitting algorithm [95]. This parallel resistance can also being seen as a
non ideal dielectric material of the capacitor C,,.

* 6-elements model
Going back to the 5-elements model [Figure 4.1 (b)], a parasitic contact capacitance has to be
considered as well. In general a bad ohmic contact acts in addition as a capacitance depending
on the frequency. Often this parasitic contact capacitance C. [Figure 4.1 (d)] affects the ultra-
sonic transducer operating at higher frequency usually more than such devices working at lower
frequencies.

* 7-elements model
Finally the 7-elements model [Figure 4.1 (e)], which is the combination of the two 6-elements
models [Figure 4.1 (c)] and [Figure 4.1 (d)]. Here actually all introduced extra parameter are
combined in one. Meaning it represents a BvD model or an ultrasonic transducer which has a bad
ohmic contact and introducing a parasitic capacitance due to its higher frequency of operation and

the electrodes having a bad electrical insulation.

R R
L, =C, 3R, Ly =C, 3R,
—l—CS TCs

(a) (b) © (d (e)

Figure 4.1: Overview of a selection of the different extensions of the original BvD model (a). The 5-
elements model, BvD model extended with a contact resistance R, (b). A 6-elements model,
with R, and an additional parallel resistance R, (). Another 6-elements model, with R, with
an additional contact capacitance C, (d). The 7-elements model, with R, C. and R,,.
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4.2 Extended 7-elements Butterworth-van Dyke Model and the Influence of its Parameters

Before fitting a model to a set of measured data, the model has to be found first. Especially when new
DUTs were measured and their behavior can not be described well with the standard BvD (Chapter 4.3.2)
due to additional physical effects. Here the influence of the seven parameter extended BvD model are
described individually. Thus, this model was investigated using a LabVIEW program written by the
author (Chapter 4.3.2, Figure 4.10). In doing so step by step a good model can be found and the
complex curve fit algorithm has a chance to fit in the first place. Denotation the following seven figures
are all structures as follow:

» All plots are normalized on the abscissa to the short circuit resonance frequencies;
* Every figure consists of four subplots from top to bottom as:
(a) The Magnitude of |Z|;
(b) the phase $yz;
(c) the real part R{Z};
(d) the imaginary part 3{Z}.
* Every subplot consists of seven plots;
* Thereby the scale is always fixed;
» Within the same type of subplot the scale is always the same;
* Subplots (a) and (c) are scaled logarithmic;
e Subplots (b) and (d) are scaled linear;
* Subplots (b) and (d) are scaled symmetric positive and negative;
* Subplots (a), (c), and (d) are scaled in the same order of magnitude;
* Only the indicated parameter was varied at once;
* The parameter was always increased in the direction as the arrow points;
* The indices mark the points where individual significant changes take place;

e Parameter who were not varied were held at their individual center value.

First parameter, the series resistance R, was varied and all other parameters were held fixed (Figure 4.2).
With increasing R, the magnitude of the impedance is flattened, so the magnitude value of the open
circuit resonance is decreased and the short circuit resonance is increased. Furthermore both resonance
frequencies become more separate [Figure 4.2 (a) R,; and Ry, ], which can be explained by equation 2.16
and 2.17. Therewith comes an increased coupling efficiency (Equation 2.27). This behavior is non-

intuitive, because a resistance does not depend on frequency.
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The phase is flattened out too. At the short circuit resonance side the phase is lifted more
[Figure 4.2 (b) R,] than on the open circuit resonance side [Figure 4.2 (b) Ry]. Therewith the
slope becomes flatter on both resonance frequencies, the flatter these slopes the more broadband but
also more damped the ultrasonic transducer. The maximum peak of the phase is decreased and shifted
slightly to higher frequencies [Figure 4.2 (b) R,;]. The overall a separation of the zero crossings of the
phase leads to a more broadband but less efficient ultrasonic transducer.

The real part is flattened overall as well and the change of the shape is similar to the change of
the phase. The short circuit resonance side is again more affected than the open circuit resonance
side [Figure 4.2 (c) Ry; and Rg]. As conclusion, a variation Ry affects the real part in an asymmetric way.
Since on both sides the real part increases so it is indicating more damping. However, whenever operat-
ing in between the resonance frequencies the damping decreases with increased R, [Figure 4.2 (c) Ry 1.

The imaginary part flattened as well but the effect is only in the range of the resonance fre-
quencies. Here the maximum and the minimum and therefore the zero crossings separate
again [Figure 4.2 (c) R,; and R,,] with increased Ry, indicating the increased coupling efficiency.

Second parameter, the series inductance L,, was varied and all other parameters were held
fixed (Figure 4.3). It is well known that an inductance or better its reactance is frequency depend-
ent. Therefore the influence of L, is more significant over the frequency range. With increased
L both resonance frequencies, respectively their minima and maxima of the magnitude of the impe-
dance, getting shifted to lower frequencies [Figure 4.3 (a) Ly;]. Thereby an overall slightly increased
magnitude was observed [Figure 4.3 (a) Lg]. Furthermore the resonance frequencies are less separ-
ated [Figure 4.3 (a) Lg,], so the coupling efficiency is decreased (Equation 2.27).

The phase is shifted overall to lower frequencies [Figure 4.3 (b) L,;] as well with increased L, it becomes
more narrow and its slopes become steeper [Figure 4.3 (b) Ly,]. The maximum peak of the phase is
slightly increased.

The same frequency shift to lower frequencies was observed in the real part [Figure 4.3 (c) Lg;] and as
well in the imaginary part[Figure 4.3 (d) L,;] with increasing L,. Again the overall shapes become less
separated, therewith the zero crossings, [Figure 4.3 (d) Ly,] and the values of minimum and maximum

getting slightly increased [Figure 4.3 (d) Lg].

Third parameter, the series capacitance C,, was varied and all other parameters were held
fixed (Figure 4.4). With increased C; also both resonance frequencies and thus the maximum and min-
imum of the magnitude of the impedance are shifted to lower frequencies [Figure 4.4 (a) C,;] such as
it happens when L was increased. The values of the magnitudes become lower at minimum and higher
at maximum respectively [Figure 4.4 (a) Cy3]. But unlike before here the resonance frequencies are now

separated [Figure 4.4 (a) C,,] which indicates a better coupling efficiency (Equation 2.27).

The phase is shifted also the lower frequency values [Figure 4.4 (a) C,;] and is widened
[Figure 4.4 (b) Cg,]. So the coupling efficiency is slightly increased.
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Again the real part and the imaginary part are shifted to lower frequency values [Figure 4.4 (c) C,
(d) C;;1]. Thereby both values, minimum and maximum of the imaginary part are slightly decreased and
increased respectively, [Figure 4.4 (d) C,,].

Fourth parameter, the parallel capacitance C,, was varied and all other parameters were held
fixed (Figure 4.5). Increasing C,, meaning the electrodes of an ultrasonic transducer are bigger or
have less distance to each other, reduces the magnitude of the impedance [Figure 4.5 (a) Cpsl, whereby
the effect is more significant at higher frequencies [Figure 4.5 (a) Cp,;] (Equation 2.10). Only a small
range around the short resonance frequency becomes slightly larger and the short circuit resonance is get-
ting shifted to lower frequency [Figure 4.5 (a) C,,,] but only a small fraction of the shift of the open circuit
resonance frequency [Figure 4.5 (a) C,;]. Again the coupling efficiency is decreased (Equation 2.27).

Like the magnitude also the phase is affected asymmetrically by increasing C,, and the zero crossing of
the open circuit resonance frequency is more shifted to lower frequencies [Figure 4.5 (b) C,,]. Also the
overall phase becomes lower [Figure 4.5 (b) Cp4l, even below zero [Figure 4.5 (b) Cp1l- When Cp is
further increased then the phase becomes higher again [Figure 4.5 (b) Cpel. The short circuit resonance
side is hardly affected [Figure 4.5 (b) Cps]

The real part becomes smaller [Figure 4.5 (c) C,; and C,] such as the magnitude of the impedance.
Again the affect is asymmetric with more influence at higher frequencies [Figure 4.5 (c) C,,] whereby
the rising slope increases [Figure 4.5 (¢) Cp3].

However, the imaginary part increases overall again asymmetrically [Figure 4.5 (d) C,; and C,3]. At the
same time the imaginary part is flattened out [Figure 4.5 (d) C,4] and the shape, therewith its peaks,
are shifted to lower frequencies [Figure 4.5 (d) Cj;1.

Fifth parameter, the contact resistance R., was varied and all other parameters were held
fixed (Figure 4.6). The influence of an increasing contact resistance is relatively small against the
other parameters. But in combination with a parasitic parallel capacitance interesting phenomenas
can be observed such as the change of directions of the shifts [Figure 4.6 (a) R.+ and R.]. How-
ever, the short circuit resonance frequency is more affected [Figure 4.6 (a) R.«]. The magnitude of the

impedance is overall slightly increased [Figure 4.6 (a) R.;].

The phase is again affected asymmetrically, the short circuit resonance side is shifted to higher frequen-
cies [Figure 4.6 (b) R.,] and the open circuit resonance is hardly affected. Furthermore the phase is
shifted up and with higher contact resistance shifted down again [Figure 4.6 (b) R.] and it is slightly
damped [Figure 4.6 (a) R.; and R;].

The real part shows similar behavior but not in the range of its maximum. First it is shifted up and
then down again [Figure 4.6 (c¢) R.« and R.+]. The influence on the imaginary part is almost negligible
small [Figure 4.6 (d) R.;, Res, and R s].

Sixth parameter, the parallel resistance R, was varied and all other parameters were held
fixed (Figure 4.7). The parasitic parallel resistance shifts mostly the open circuit resonance frequency to
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lower frequencies and thereby the magnitude or the impedance is higher [Figure 4.7 (a) R,,]. However
the short circuit resonance and its magnitude of the impedance is affected less [Figure 4.7 (a) Ryl and
is only slightly increased.

The phase is also affected asymmetric, so the slope of the open circuit resonance is getting
steeper [Figure 4.7 (b) R,;]. The maximum peak of the phase is getting higher [Figure 4.7 (b) R;,]
and is slightly shifted to higher frequencies. The rest of the phase is getting lower [Figure 4.7 (b) R3]

Here again the real part shows similar behavior of the change such as the phase but with higher order
of magnitudes [Figure 4.7 (c) R,; and R,;]. The overall real part is shifted to lower values, only its
maximum is shifted to higher values instead [Figure 4.7 (c) Rysl. Furthermore the maximum peak is
shifted to lower frequencies.

The imaginary part is overall less affected when the parasitic parallel resistance is increased
[Figure 4.7 (d) R,;]. However, the open circuit resonance side is shifted stronger towards lower val-
ues and becomes more dominant [Figure 4.7 (d) Ry 1.

Seventh parameter C, was varied and all other parameters were held fixed (Figure 4.8). Compared to
the other parameters the parasitic contact capacitance has only a smaller influence such as the contact
resistance. So the overall magnitude of the impedance is shifted to lower values [Figure 4.8 (a) C.,] and
the short circuit resonance frequency is getting lower [Figure 4.8 (a) C.;] in values than the open circuit

resonance.

The phase however experiences again a change of its direction of its shift. First it becomes lower, more
capacitive, and than the phase values getting increased again [Figure 4.8 (b) C..]. The slope of the short
circuit resonance is getting steeper [Figure 4.8 (b) C.,] and the peak of the phase is shifted to lower
frequencies with getting higher in its values [Figure 4.8 (b) C.;].

The real part however is only shifted to smaller values besides the range of the resonance frequen-
cies [Figure 4.8 (c) C.;]. Its peak values stay more or less the same. The imaginary part is again less
affected but it is changing the direction of the value shift [Figure 4.8 (d) C.].
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Figure 4.2: Dependency on the series resistance R, of the 7-elements extended BvD model. For the
logarithmic magnitude (a), the linear phase (b), logarithmic real part (c), and linear ima-
ginary part (d) of the complex electrical impedance Z normalized to short circuit resonance
frequency. Only R, is varied, increasing in direction of arrow.
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Figure 4.3: Dependency on the series inductance L, of the 7-elements extended BvD model. For the
logarithmic magnitude (a), the linear phase (b), logarithmic real part (c), and linear ima-
ginary part (d) of the complex electrical impedance Z normalized to short circuit resonance
frequency. Only L is varied, increasing in direction of arrow.
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Figure 4.4: Dependency on the series capacitance C, of the 7-elements extended BvD model. For the

logarithmic magnitude (a), the linear phase (b), logarithmic real part (c), and linear ima-
ginary part (d) of the complex electrical impedance Z normalized to short circuit resonance
frequency. Only C; is varied, increasing in direction of arrow.
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Figure 4.5: Dependency on the parallel capacitance C, of the 7-elements extended BvD model. For the
logarithmic magnitude (a), the linear phase (b), logarithmic real part (c), and linear ima-
ginary part (d) of the complex electrical impedance Z normalized to short circuit resonance
frequency. Only C,, is varied, increasing in direction of arrow.
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Figure 4.6: Dependency on the contact resistance R, of the 7-elements extended BvD model. For the

logarithmic magnitude (a), the linear phase (b), logarithmic real part (c), and linear ima-
ginary part (d) of the complex electrical impedance Z normalized to short circuit resonance
frequency. Only R. is varied, increasing in direction of arrow.
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Figure 4.7: Dependency on the parallel resistance R, of the 7-elements extended BvD model. For the
logarithmic magnitude (a), the linear phase (b), logarithmic real part (c), and linear ima-
ginary part (d) of the complex electrical impedance Z normalized to short circuit resonance
frequency. Only R,, is varied, increasing in direction of arrow.
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Figure 4.8: Dependency on the contact capacitance C, of the 7-elements extended BvD model. For the
logarithmic magnitude (a), the linear phase (b), logarithmic real part (c), and linear ima-
ginary part (d) of the complex electrical impedance Z normalized to short circuit resonance
frequency. Only C. is varied, increasing in direction of arrow.
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4.3 Complex Curve Fit Algorithms

The BvD model is a common model for describing ultrasonic transducers. In its basic version,
the 4-elements equivalent circuit model it consist of Ry, Lg, C, in series and a parallel capacitance
C, (Chapter 2.3 and 4.1). Using these lumped parameter and plotting them over frequency f results in
the complex impedance Z with magnitude |g | and phase ;. When measuring the electrical impedance
with an impedance analyzer, network analyzer with impedance measurements option (Chapter 3.1.1),
or simply with a waveform generator and oscilloscope (Chapter 3.1.2) fitting algorithms can be used to
mathematically fit the BvD model to the measured data [94]. Fitting means in simple words, compare
and minimize the difference between a measured set of impedance data and the BvD model by varying
its parameters and therefore minimizing an objective function [99, 100]. But keeping in mind that the
simplest BvD model needs four parameter to be described completely, namely R, L, C;, C,. This leads
to a four dimensional parameter space already. Thus the complexity increases within the number of
parameters [99] and therefore the overall number of evaluations.

The electrical impedance is a complex function over frequencies Z(w) = R{Z(w)} + j3{Zw)} which
consists of a real #{Z(w)} and an imaginary part §{Zw)}, thus the fit of the BvD model has to be done
complex as well. However, most common fit algorithm, which are being widely used do the fit to the
magnitude only, this results often in a non-optimal results of the phase [94]. In reason of that a fitting
algorithm developed by M. Kupnik is used and optimized. He extended an existing easyfit algorithm,
which is based on Nelder-Mead method [99, 101], to fit data in two dimensions. A complex value can be
split up into its real part and imaginary part. In doing so, the impedance can be plotted as the imaginary
part over the real part. Resulting in a locus done in the complex plane, the Gaussian number plane.

Knowing this fact it becomes clear that any impedance has to be fitted considering a complex fit al-
gorithm, which is either a fit of the magnitude of the impedance and its phase at the same time or the
real part and the imaginary part of the impedance at the same time. In this work MATLAB R2016b (The
MathWorks®, Natick, MA, USA) is used to fit the impedance data and it is always fitted on the real and
imaginary part since their dimensions are in the same order of magnitude. Other fitting algorithms are
available, such as the Levenberg-Marquardt [95], which is based on the Gauf3-Newton algorithm.

A second and completely different approach to fit these data is the differential evolution algorithm im-
plemented in Mathematica 11.0.1.0 (Wolfram Research, Inc., Champaign, IL, USA) by S. Schlemmer
during a student research project. The algorithm starts with a stochastically distribution of the starting
values and uses the results of the objective function by weighting the results such as a population. Is the
population successful so it grows and if the population is weak the population dies. Having many results
of the objective function with similar values, the algorithm let them ’live’ and uses this information to
find new and better starting values near the latter ones. Having only a few results of the objective func-
tion with similar values, the algorithm let them ’die’ and uses this information to avoid these starting
values. Using the differential evolution algorithm to fit the standard BvD model with only 4-elements
at the same time resulted in fitting success. However, using this algorithm to fit seven parameters of an
extended BvD model at the same time the differential evolution algorithm resulted in a non-fitting result
and this interesting approach needs to be further investigated. However the focus in this thesis lies on
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the complex curve fit implemented in MATLAB®.

4.3.1 Finding Start Parameters

Every fit starts with initial values of the parameters. The start values are often denoted as guess values.
In case of an unknown DUT, the parameters often have to be guessed, which is not ideal and results into
a failing fit. Therefore, good sensible start values are a mandatory [95]. However, the more complex the
model the more difficult it is to find them. In case of a 4-elements Butterworth-van Dyke (BvD) model
they are calculated as follow.

First, the parallel capacitance C,: Assuming the electrical impedance measurement is so performed, that
both resonance frequencies, short and open one, are centered in the measured frequency range. Then a
start value for C, 4.5 can be calculated from the imaginary part of the measured impedance by

1 1 1 1
X = - = C = — + (41)
@ = Jac, prgues z(znfls{zl} 2nfend3{zend})

where frequency f; and complex impedance Z, are the first data points measured and f,,q and Z __, are
the last measured data point, X, is the reactance of the complex impedance X, = §{Z} with the angular

frequency w = 27f.

Second, when C,, 4, is calculated it can be used to obtain the next start value of the series capacitance

Cs, guess Dy using equation 2.11, rearranged after L, with

1
Li=—m—. 4.2)
P 4m2f2C,
Next put 4.2 in equation 2.12 through substituting L, and rearranging it after C, to
C fE
fp :fs 1+ C_S = Cs,guess = (f_oz_]-) Cp,guess- (4.3)
p s

Where the short circuit resonance f, can be found by searching for the minimum of the magnitude of the
impedance, starting form the lowest frequency. Afterwards the open circuit resonance f, can be found
searching for the maximum of the magnitude of the impedance but starting from f,. In doing so the
sometimes typical higher values of magnitude of the impedance at lower frequencies, due to the overall
capacitive behavior, will not be detected as open circuit resonance.

Third, after C; is calculated it can then simply be used to get the start value of L, by using equation 4.2.
Again using the short circuit resonance frequency f.

Last, the start value of series resistance R,. Assuming that at short circuit resonance the react-
1
wsCs

ance j (wSLS — ), the imaginary part of Z the series impedance (Equation 2.8), has to be zero

series?
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according the conditions for resonance [53]. Then the magnitude of the impedance is left by R, and can
be obtained by searching the minimum of Z.

Those four start or guess values of the parameters can then be fed into the easyfit algorithm. Along with
criteria of tolerances and some more conditions such as the physical meaning of them, which simply says
that all parameters are positive real numbers, {R;, L, C;, C,} €R > 0.

However, the 4-elements BvD model is often not good enough to describe an ultrasonic transducer and it
has to be extended (Chapter 4.1). Also for those additional elements good start values have to be found.
Due to the varieties of their combination and interference or complementary properties to other existing
parameters no formulas can be generalized yet, which are valid for all. Furthermore a dependence on
the type of ultrasonic transducer and frequency range can be observed. In reason of that, the start values
for the fifth, sixth and seventh element are guesses based on the authors experience. In addition, the
dimension of the problem of the fit task, which has to be solved, raises to power of the dimension. Thus,
the more parameters the less robust is the automatic fit of sets of data. In order to investigate those
issues the values of the parameters were monitored (Chapter 4.3.2). But not only finding good start
parameter is an issue, beforehand a proper extension of the BvD has to be found as well.

4.3.2 Monitoring of the Fit Parameters

Having multiple fit parameter based on the used type of BvD model, the robustness of a fit is in general
reduced the more elements are being used. Here the algorithm can get stuck in a local minimum rather
than finding the global minimum and exiting the fit at the limit of iterations. Thus, increasing the allowed
total iterations does increase the overall time consumption and does not lead to a successful fit result.
Also the standard built in options for further investigation are limited to only a few such as plotting the
value of the objective function or the function itself [100]. Therefore the easyfit algorithm was extended
by the author to gather the values of the parameters at each step of iteration. Since the amount of
parameters is depending on the used BvD model (Chapter 4.1) the model function itself was utilized the
obtain the internal parameter values. Furthermore, at every iteration it is called by the easyfit algorithm.
Hence, the model function itself was modified by storing each individual parameter of the BvD model
in addition to the iteration count in a global defined matrix. In doing so, the individual values of the
parameters can be accessed later after the fit for further post processing and analyzing.

So it was possible to visualize each step of iteration by plotting any of these seven parameters at any
given iteration step. This method opens an opportunity to analyze for example non fitting results or
bad fits. Since the seven parameter ranging from small (e.g. pF) to big (e.g. MQ) over multiple or-
ders of magnitudes the parameter were plotted in a normalized manner. So each parameter value P is
normalized to its maximum and to its minimum at the same time by

P—-p

Pooym = ———20_ 4.4
norm P P ( )

max < min

Therefore the ordinate is limited from O to 1.

4.3 Complex Curve Fit Algorithms 74



During a bad fit, for example, it can be clearly seen that some of the seven parameters running into their
lower limits of zero each, R, L, and C. (Figure 4.9). Because negative values are not allowed due to
the absence of any physical meaning. Whereas parameter Cg, R, C,,, and R, running into bigger values.
Here, after a total of 15,000 iterations, the algorithm was stopped by the criteria of maximum iteration.
Also increasing simply the limit of this criteria or changing the alternation rate of each value did not
helped to solve this issue. This is only one example of a bad fit.

In other cases when the values look good, the algorithm can get stuck in a local minima as well. Here
some of the seven parameters, resulting in sensible values [Figure 4.11 C,, C,, and R,] whereas other
parameters R, and Ly again get stuck at low values [Figure 4.11] and the fit was not aborted by the

maximum iteration criterion.

This often happens with wrong or bad start values i.e., thus, bad guesses. So there start values are either
to big or to small and they obviously are to far off from the real parameter values, which are not known
up front. Also, looking only at the parameters after the fit alone is not enough to find criteria for more
robustness or a good fit. Therefore using a wrong type of model and the complex curve fit algorithm can
fail as well.

For further investigations, a small program in LabVIEW ~ (32-Bit, 2016 Fall) was written. It enables the
input of measurement data for a direct comparison with the selected BvD model. Thereby for example,
the seven parameters Ry, L, C;, C,, R, R, and C, can be manipulate manually simply by using sliders
or by direct input of their values (Figure 4.10). In real time is then the magnitude of |Z|, the phase ¢,
the real part ®{Z}, and the imaginary part 3{Z} calculated and visualized (Figure 4.10). In addition,
for the sake of completeness on the complex plane, #{Z} and 3{Z} are visualized (Figure 4.10) as well.
Here they result in a locus, due to the two resonance frequencies, i.e. short and open circuit resonance.
Literally playing around with this tool, the influence of each parameter was studied.

As mentioned before, a proper model is a key part to a successful fit. Analyzing with this tool therewith
a new or unknown device as a first step, the correct or better model can be obtained. Simply by looking
at the influence of these parameters and how these affect the behavior of those curves. Of course for this
purpose, the program can be extended to the proper need of the different BvD models.

When the model is found, the starting values were obtained (Chapter 4.3.1) and the fit always is started
with a dataset that has the most pronounced magnitude of the impedance and phase which is in a case
of a CMUT the one with the highest DC-bias voltage (Figure 4.12 14V). Due to equation 2.4 its force
is at maximum and therewith its efficiency.

After the fit for the highest DC-bias voltage is done, the result values of the seven parameter are being
used as the new starting values for the next data set with a lower DC-bias voltage. Usually the electrical
impedance is shifted only by a small fraction, so that the complex curve fit algorithm is robust enough to
find the next fit. In doing so the complex fit algorithm and therewith the automatic parameter extraction
can successively run through large sets of data. Although in this example the device suffers from some
distortion the complex curve fit algorithm is robust enough to deliver a proper fit result for the magnitude
of the electrical impedance [Figure 4.12 (a)] and its phase [Figure 4.12 (b)]. Then all parameters can
be visualized in dependence on the bias voltage (Figure 4.13), temperature, or excitation voltage.
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Figure 4.9: Monitoring of all seven fit parameters, the series resistance R, series inductance L, series

capacitance C;, parallel capacitance C,, contact resistance R, parallel resistance R,, and
contact capacitance C, over each iteration of a complete non successful fit of one set of
electrical impedance data. Here the fit was not successful, the algorithm got stuck in a
local minima and therefore a typical trend to their maximum or minimum of each value
can be observed and the fit was terminated by its maximum iteration of 15,000. Values are
normalized to their individual minimum and maximum.
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A LabVIEW program for visualizing the influence of the seven parameters of the extended

BvD model [Figure 4.1 (e)] individually, calculated and plotted in real time.

Figure 4.10
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Figure 4.11: Monitoring of all seven fit parameters, the series resistance R, series inductance L, series
capacitance Cj, parallel capacitance C,, contact resistance R., parallel resistance R,,, and
contact capacitance C, over each iteration of a complete successful fit of one set of electrical
impedance data. Values are normalized to their individual minimum and maximum.
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Figure 4.12: Fit results of a 8.5 MHz CMUT measured at a DC bias voltage range from 6 V¢ to 14V in
magnitude (a) and phase (b) of the complex electrical impedance Z. Although the device

suffers from some distortion the complex curve fit algorithm is able to find a good looking
fit result.
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Figure 4.13: Parameter overview of a 8.5 MHz CMUT fit result measured with a DC bias voltage range
from 6V to 14 V. With fitted values of series resistance R, (a), series inductance L, (b),
series capacitance C; (c), parallel capacitance Gy (d), contact resistance R, (e), parallel re-
sistance R, (f), contact capacitance C, (g), and short and open circuit frequencies obtained
from the 7-elements BvD model (h) after the fit. Although in this run the fitting algorithm

was not able to find valid values for the parallel resistance R, .
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5 Waveguides an Approach of Separation of the Acoustic Aperture

Parts of this chapter have been published already in [5].

In this chapter an approach of the separation of the actual vibrating structure from the acoustic aperture
is introduced. As discussed in chapter 2.4 the separation offers many advantages in several technical
fields and is utilized in nature. So the array features a simple fabrication technique using shrinking tubes
for the intended separation. Measurement in transmit and as well receive mode prove the increase of
performance.

Using ultrasound at a low frequency in air at a range of (20 — 500) kHz is often desirable in many real
world applications. Applications such as gesture sensing, tactile display, haptic hologram, range finding,
acoustic imaging of entire rooms, anemometry, directed ultrasonic communication, acoustic tweezing
in air, and gas flow metering for example. Such low frequencies have the benefit of a low attenuation,
which leads then of course to a bigger range of operation. However, only transmitting or receiving

ultrasound at such low frequencies in air is not sufficient enough for certain sensory applications.

For example, usage in a single path ultrasonic gas flow meter (UFM). Here the entire transducer ports
cavities are often tilted and shifted to an optimum, but fixed and static, position [102]. This increases
the operating range from near zero gas flow to higher velocity flows. However, at higher gas flow
velocities, the ultrasonic beam tends to drift due to the flow velocity of the media and the signal to noise
ratio (SNR) is therefore reduced. For further improvement an adaptive asymmetric double path UFMs is
able to shift the ports during operation. So an optimum SNR depending on the gas flow velocity can be
achieved [103]. However, a simpler solution is desirable and would be more practical for implementation

in many real world applications.

Also in tactile displays, the sensible force is often to weak for the subject to feel it. Especially for
recognizing a constant force input is needed [104]. Even in haptic holograms the spatial resolution
often is not sufficient and undulated patterns, disturbing the hologram, thus, spoiling the overall tactile
experience [105]. Here grating lobes are one of the limiting factors of such acoustic imaging in air [106].
Grating lobes result in a reduced field of view (FOV) and can cause trouble due to ghost objects. They
are created due to the periodical pitch being more than the required half wavelength distance [16, 24,
25].

It is well known that an element pitch of at least half wavelength is needed to build a phased array,
which can steer a beam without any significant grating lobes [16]. A huge drawback of these grating
lobes is that they use a significant amount of the available total energy. Furthermore, they can disturb the
performance and limit the operating range due to possible ambiguities. As far as the author knows the
smallest commercially available ultrasonic transducers at 40kHz in air, which can easily and efficiently
transmit and receive signals in good quality are 10 mm in diameter. However, using those for the needed
pitch of 4.3 mm, which half wavelength at 40 kHz, cannot be achieved.
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Using micromachined ultrasonic transducers (CMUTSs) to fulfill this half wavelength criteria is also not
an easy task. For example, a circular shaped wafer bonded single cell CMUT, with a 40 um-thick silicon
plate, can barely be brought down to smaller than 45kHz [107, 108]. Cause the plate diameter has to
be limited to about 4 mm, which then leaves enough space for a sufficient bonding area at element pitch
of 4.3 mm. Further thinning down the plate thickness does not work either due to non-linear geometry
effects. Stress stiffening, results in an increasing resonance frequency again [108]. In addition, the initial
setup cost associated with a micromachined sensor fabrication is to prohibitive.

However, phased arrays with the ability to beam forming at low ultrasonic frequencies would con-
sequently be the next step to achieve better resolution, accuracy and overall performance. As already
mentioned, performing beam forming without any significant grating lobes would be an ideal solution
and this leads inevitably to the half wavelength pitch requirement. Therefore, ultrasonic channels were
investigated for the use in e.g. robotic industry by [24] (Chapter 2.4). This work offers several basic
approaches for the construction of ultrasonic transducer channels in front of a Helmholtz Resonator with
a specialized aperture. Thereby a focused ultrasonic sensor with a wide range up to 20m and a narrow
acquisition angle can be built. Also, the suppression of side lobes is shown by an array transducer with
acoustic channels [24]. Another approach is to use sound tubes [25] to decrease the pitch in transmit
mode at 40kHz to the half wavelength criteria of 4.3 mm in air.

The author shows one solution by combining these earlier approaches by using sound tubes and ex-
tending them into both transmit and receive mode with the capability of beam forming without any
significant grating lobes.

5.1 Fabrication of the Phased Array utilizing Waveguides

The prototype of a 1D phased array (Figure 5.1) is fabricated with 8 x 12 commercially available 40 kHz
ultrasonic transducers MA40S4S (Murata Manufacturing Co. Ltd., Kyoto, Japan)5.1. On top of them 96
tapered waveguides to achieve the half wavelength pitch. Resulting in an eight channel 1D phased array.
Whereby, each channel features twelve in parallel connected ultrasonic transducers for 502 electrical
impedance matching on the one hand and a bigger acoustic aperture in total of (34.4 x 79.2) mm? on
the other hand. The waveguides were made of shrinking tubes with a diameter of 10 mm. They have a
total length of 67.1 mm each. Those then were shrunk by means of a specially designed mold made out
of aluminum [Figure 5.2 (b)]

With this approach is was possible to reduce the circular shape opening of the Murata MA40S4S ul-
trasonic transducer with a diameter of 10 mm down to a rectangular shaped opening of (3 x 4.8 mm
[Figure 5.2 (a)]. Due to their shrinking behavior of 2:1 it is not possible to get a smaller opening without
any additional processing (cutting or removing material). However, the half wavelength pitch of 4.3mm
in one direction can be achieved. In doing so, intentionally the separation of the active acoustic aperture
from the actual ultrasonic transducers radiating aperture was achieved (Figure 5.3). Furthermore, the
acoustic energy emitted becomes concentrated through the waveguides at the smaller aperture.
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Active acoustic area Rigid baffle 50 mm

6 mm

US transducers

Figure 5.1: Prototype of a versatile 40kHz 1D phased array made of 96 Murata MA40S4S ultra-

sonic transducers featuring separated effective acoustic aperture (insert) by using shrinking
tubes [5].

Table 5.1: Main characteristics of a Murata MA40S4S ultrasonic transducer[29].

Characteristics Values
Part number MA40S4S
Construction Open structure type
Nominal frequency 40kHz
Sensitivity (—63 £ 3)dB
Sound pressure (120 + 3)dB
Max input voltage (square wave) 20V, continuous signal
Directivity 80°
Operating temperature range (—40—+85)°C
Dimension (@x h) (9.9 £ 0.3 x7.1 +0.3)mm

Rectangular shaped front end

Aluminum mold

Circular shape with
diameter of 10 mm

30 mm

(a) (b) e

Figure 5.2: Mold (b) made of aluminum used to shrink the waveguide tubes from 10 mm in diameter
circular shape down to a rectangular (3 x 4.8 mm aperture (a) [5].
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5.2 First Characterization Measurements

All measurements were conducted in a standard laboratory environment using a 3D stage [14], which is
capable of measuring 1 m? in front of the 1D phase array, at ambient temperature and ambient pressure
of one atmosphere. To avoid standing waves and to minimize reflections all measurements are taken

with burst signals only and using expectation time windows to gather the data.

5.2.1 Transmit Mode

To drive the 1D phase array five waveform generators (four slaves and one master) of type Key-
sight 33522B (Keysight Technologies, Santa Clara, CA, USA) were used to control the beam steering
in transmit mode (Figure 5.4). They were all synchronized by the same time base reference clock of
10MHz. The four slave generators using two channels each for eight channels in total. Each of them
was generating a true time delay (TTD). The master wave form generator provides a synchronized trigger
to all four slaves, which were triggered externally. The waveform generators were initialized and then
controlled via LabVIEW "~ (National Instrument, Austin, TX, USA) program. Using this program the time
delay, which required to achieve a given beam angle value, is calculated with the following equation [5]:

+sin(ay,) (n—N—_l) é, (5.1)
2 C

t =

(N—1)d
2c

sin(ay,)

where a, is the destination angle of the beam, c is the speed of sound at ambient temperature, with
d as the pitch, N is the total number of channels and n is index of the actual channel starting with
n=0,1,2,...,N —1. Each of these four slave waveform generators generates then a 40 kHz sinusoidal
burst signal with 80 cycles and 20V,, amplitude to excite the twelve ultrasonic transducers of each
channel, which is shifted by the time delay, calculated by (Equation 5.1).

A calibrated 1/8 inch B&K 4138-A015 microphone combination (B&K, Skodsborgvej, Denmark) meas-
ured the sound pressure level (SPL) in front of the phased array (Figure 5.4) along a half circle with
a radius of 35cm using a 3D stage [14]. Hence, the directivity pattern are measured along this half
circle from —90° to +90° in 0.2° steps. This 3D stage also is used to perform volumetric measurements
covering 1 m®, thus the steered beam characteristics can be visualized in 3D.

5.2.2 Receive mode

In receive mode, two 4 channel oscilloscopes of type Keysight DSO-X 3024A (Keysight Technologies,
Santa Clara, CA, USA) were used to obtain the waveform data, the so called A-scans of each of the eight
channels. Thereby the phased array was rotated & 90° relative to an ultrasonic emitter in front of it using
a rotation stage (8MR190-2-28, Standa Ltd., Vilnius, Lithuania). As an emitter, a parametric array with a
big aperture size of 180 mm [92] in diameter is used, thus the emitted ultrasonic wave is almost a planar
wave [Figure 3.18 (a), Chapter 3.4.2]. The parametric array consists of 222 parallel connected Murata
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MA408S4S ultrasonic transducer of the same type and is mounted 1.5m away facing to the 1D phased
array. Again a 40 kHz sinusoidal burst signal with 80 cycles and 20V}, excitation voltage is applied to this
emitter using an amplifier Dynacord SL1200 (Dynacord GmbH (Bosch), Straubing, Bavaria, Germany).
For post processing of the gathered A-scans MATLAB®R2014b (The MathWorks Inc., Natick, MA, USA)
was used. Here a simple beam forming algorithm (delay—and-sum beam former [109, 110]) was applied
to steer the receive sensitivity.

< 67.1 mm -

< 60 mm
- Shrinking tube o §
< A >

Lead
terminals
New Actual

acoustic radiating
aperture aperture

Figure 5.3: Schematic of a waveguide including a Murata ultrasonic transducer. Where the shrinking
tube acts as a part of the smart packaging layer and thus separates the acoustic aperture
from the actual radiating aperture [5].

Waveform genera L, %lD phased array

7K§}§ight 33522

z

B&K 4138
microphone at
Zero position

Figure 5.4: Experimental setup used for characterizing the performance of th 1D phased array trans-
ducer with a calibrated B&K 4138-A015 microphone combination [5].

5.3 Results and Conclusions

This 1D phased array prototype can be steered over a wide range of 110° in total, +55° in each direction,
without any significant grating lobes. A sound pressure distribution at an exemplary angle of —35° shows
that no significant grating lobes are present (Figure 5.5). In transmit mode, an impressive sound pressure
level of (130 + 1) dB is measured at a distance of 1 m while operating at a frequency of 40kHz in air. The
directivity pattern show the same behavior as theory at half wavelength pitch predicts [Figure 5.6 (a)].
In receive mode, the main lobe gives the highest sensitivity and no significant grating lobes are present
as well [Figure 5.6 (b)]. The prototype 1D phase array is capable of receiving directed ultrasound with
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Figure 5.5: Cross section through volumetric measurement of the sound pressure distribution of a trans-
mitted main lobe, whereby the beam is steered at an angle of —35°, the white line indicates
the target angle. Note that no significant grating or side lobes are observed [5].

a sensitivity of —55.9dB with 0dB is equal to 1V/Pa. Also the opening angle of the 1D phased array in
receive mode is in total approximately 110° as well, due to reciprocity.

OgL/

-06—

—_—

(a) Transmit directivity (b) Receive sensitivity

Figure 5.6: Measured transmit beam directivity patterns (a) of the 1D phased array transducer along a
half circle in front of it, with e.g. beam steering of an angle of 50°, 0°, —30° and measure-
ments results of the sensitivity patterns of our 1D phased array transducer in receive mode
(b) by listening electronically again at 50°, 0°, —30° [5].

In the end it is a successful fabricated versatile 1D air coupled phased array operating at 40 kHz with a
half wavelength pitch of 4.3 mm at the effective acoustic aperture. By adding such a smart packaging
layer fabricated with many tapered waveguides, the intentionally separation of the active acoustic aper-
ture from the actual radiating aperture of the ultrasonic transducers was achieved. In doing so, the
energy of each ultrasonic transducer is concentrated into a smaller aperture, which increases the overall
SNR.

Such waveguide approach opens the door to many industrial applications, for example: First, in ul-
trasonic gas flow meters the ultrasonic beam can be adapted and steered to compensate for any flow
velocity and profile variants easily, as already showed in [1]. Second, haptic feedback systems could
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benefit from focusing capability of these new type of arrays. Third, without grating lobes the acoustic
imaging in air will achieve wider FOV [111]. The smart packaging layer here made of shrinking tube
was in the meantime successfully further developed and is printed with additive manufacturing methods
(3D printing), also the phased array is now already a fully populated 2D phased array with proprietary
electronics, which is a huge step forward for the usage in industrial application [2].
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6 Mechanical Amplification of CMUT

Parts of this chapter have been published already in [15].

This chapter introduces an idea of a mechanically amplified capacitive micromachined ultrasonic trans-
ducer [15]. The mechanical amplification is already used at Muratas MA40S4x piezoelectric ultrasonic
transducers (Chapter 2.2.1). Measurements of a MA40S4S sender with and without the aluminum
horn structure (Figure 6.1) using a calibrated microphone B&K 1/8" 4138-A-015 (Briiel & Kjeer, Neerum,
Denmark) results in 30% higher sound pressure level (SPL) at 30cm distance. Before fabricating and
manipulating a CMUT with a horn, a finite element analysis (FEA) was performed by the author to show
the feasibility. Finally measurements before and after gluing the horn were conducted for a validation of
the FEA.

Looking into the literature several efforts of improvement of CMUT can be found. Main goals are often
to increase the average displacement of the plate. To achieve this a non-uniform plate shape can be
beneficial Although it requires more effort to fabricate such complex structures. A CMUT featuring a
plate with a piston shape was first introduced by [112] and Eccardt2000. In those work, however, for the
piston shape it is needed to open up the top layers, to release the structure, with a standard CMOS-based
fabrication process. The first intentionally designed piston-shaped for micromachined microphones made
of silicon nitride plates using sacrificial release process have been introduced by [113]. Also [114, 115,
116] fabricated using the sacrificial release fabrication method as well. A direct wafer bonding process
was used by [117] to realize CMUTs featuring piston-shaped plates. Where the pistons are facing down
towards the gap. In [118] this fabrication process was further simplification by etching the pistons
out of the front side of the plate. This was achieved by using two buried oxide layer (BOX) with a
double silicon-on-insulator (SOI) wafer. All of these introduced approaches have in common that the
non-uniformity of the plate was fabricated with micro machining techniques.

In this work, the author focus on single-cell air-coupled CMUT [15]. Ranging from 20 kHz to 150 kHz fre-
quency range. The main idea is to add a lightweight hollow conical-shaped structure (a horn, a conical vi-
brator or mechanical amplifier), on top of the plate of a wafer-bonded single cell CMUT [Figure 6.1 (a)].
Whereby the main objective is the improvement of both the transmit and the receive sensitivity by
increasing the average displacement of the plate, which means lowering the center-to-average displace-
ment ratio. Here the horn is hollow and, thus, the modal mass does not increase as much as it would
does for a solid piston-shaped plate. In addition, the structure is beneficial because in receive mode the
force due to the impinging sound pressure wave is concentrated to the center of the plate, resulting in
larger receive signals [15, 26]. Like it is achieved for commercially available piezoelectric-based bending
plate devices [Figures 2.3 and 6.1 (b)]. Here the horn is not fabricated by means of micromachining
techniques, it is probably simply punched out of aluminum sheet. The geometry of an already fabricated
single cell CMUT [120] is our starting point for the author in this work. For a first step such CMUT will
be investigated in transmit mode only.
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Figure 6.1: Schematic of a circular single-cell air-coupled CMUT with an aluminum horn glued on top
of the plate (a) and a sketch of a piezoelectric ultrasonic transducer (b) [29, 26]. At both
devices the horn has an opening angle a = 156°. As an idea a “horn” with an opening angle
of a = 180° could be fabricated with micromachining techniques as showed in[119] inlet
top left (a) [15].

6.1 The Finite Element Model

The author uses an axially symmetric 2D finite element model (ANSYS, v14, Ansys Inc., Canonsburg,
PA, USA) of the single cell CMUT modified with a horn made out of aluminum (Figure 6.2). Between
the horn and the circular shaped single crystal silicon plate a layer of glue was added. From various
gluing tests on glass plates and aluminum plates the author estimates the total area of the glue, which
explains the overlap between the contact area of the horn and the glue layer in the model (Figure 6.2).
The CMUT is assumed in a rigid baffle and Fluid29 elements are used to model the surrounding air.
Those are meshed in a quarter-circle with an absorbing boundary with sufficient distance from the vi-
brating structure and with proper fluid-structure modifications [121]. The lumped transducer elements
Trans126 [121] are used to apply the electrostatic force to the plate. The plate is 55 um thick and has
a diameter of 4mm. Thus, the 300nm thick aluminum electrode on top of the silicon plate can be
neglected for this large device. The gap of this device is 12.58 um, which results in a pull-in voltage
of about 225V. Without the horn the device is operating at around 55kHz. This CMUT has an elec-
trically floating bottom electrode [120], which is marked with the dashed group of Trans126 [121]
elements (Figure 6.2). This group in the center acts as a contact target pair only and is electrically not
active.
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Figure 6.2: Finite element model of the single cell CMUT which is used for the calculation of the static,
modal and harmonic response of the circular single cell air coupled CMUT with an aluminum
horn glued on top of the plate [15].

6.2 Horn Fabrication and Simulations Results

Based on the diameter of the circular CMUT plate (4 mm), the author modified a commercially available
punch pliers by making two different cutting bits for it with 2.5 mm and 3.2 mm in diameter (Figure 6.3).
Furthermore, with the desired opening angle of @ = 156° [Figure 6.1 (b)] for the horn. By using thin
aluminum metal sheets the author succeeded in fabricating several horns with thicknesses ranging from
100 pm to 300 pwm.

During a large number of gluing tests of horns on top of a glass substrate the author identified a proper
glue and activator combination of Loctite 480 with an activator 7455 (Henkel AG, Diisseldorf, North
Rhine-Westphalia, Germany). Due to the black color of this glue, the author determines the glue layer
diameter of about about 1.3 mm below the horn by looking through the glass substrate with a standard
microscope. Then the thickness was measured, using a caliper, of about 150 pum.
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Figure 6.3: A 4mm diameter single cell air coupled CMUT with an aluminum horn glued on top of the
plate. The horn thickness is 100 um and the diameter is 2.5mm. The device is glued and
wire-bonded to a standard IC-package for electrical connection [15].

In a first step the author performs a non linear prestressed modal analysis [121] for all of these various
types of horn geometries in terms of thickness and diameters. This delivers all relevant mode shapes of
the entire structure with the corresponding frequencies and values for the effective modal mass for each
mode. As a result of this first analysis was found out that the horn with a thickness of 100 um and a
diameter 2.5 mm should be used. Such a horn is sufficiently stiff to avoid any higher mode in the horn
itself and for a thicker horn the frequency would drop below 20kHz due its larger mass [15].

In a next subsequent step the author performs a pre-stressed harmonic analysis to estimate the perform-
ance improvement caused by the horn. The FEA predicts that the frequency reduces from 55kHz down
to 27kHz. The center displacement improves by a factor of 5.5 from 360 nm to 1.97 um and the average
displacement improves by a factor of 9 from 110nm to 1 um [15].

6.3 First Measurements for Validation

Before gluing the horn on top of the CMUT plate (Figure 6.3), the author characterizes the CMUT without
horn at two different DC bias voltages, i.e. 150V and 180V. For all measurements the author used a
calibrated microphone in front of the device (Chapter 3.3.2) [14]). As expected, the author observed
that the sound pressure increases when the DC bias voltage is increased. The frequency decreases from
56.4kHz down to 55.5kHz due to the spring softening effect (Figure 6.4) [15].

After gluing the horn, the device was characterized again. The author started with a DC bias voltage of
150V and, surprisingly, instead of a drop in operation frequency, due to the increased modal mass, down
to the predicted 27 kHz, the author observed a higher frequency of 64kHz [15]. Further, the measured
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Figure 6.4: Sound pressure levels (a) measured at a distance of 2.6cm in front of the CMUT with a
calibrated microphone (B&K Type 4138-A-015) and a direct comparison of measured and
calculated frequencies (b). All before and after gluing the horn at various DC bias voltages.
The AC excitation signal was 10V,,, and the pull-in voltage of the CMUT without horn is
225V [15].

sound pressure level was 2.5 dB lower (Figure 6.4). When the DC bias voltage was increased, the author
observed larger sound pressure levels with a slight increase in operation frequency, which indicates that
the device was not operating in conventional operation mode anymore. At a DC bias voltage of 310V
the author unfortunately lost a bonding wire, and, thus, stops the measurement.

The behavior that was observed for this CMUT with a horn can be explained as follows: The glue below
the horn at the center of the plate creates some tensile stress, which increases the static deflection of the
CMUT plate in contrast to the initial expectation that the DC operation point stays unchanged. This is a
similar effect as caused by thermal stress, observed in CMUTs with silicon nitride based half-metalized
plates [122]. Instead of operating in conventional mode, as the author originally expected, the device
operates in a permanent contact mode. Therefore, the horn cannot deploy its full enhancement in terms
of sound pressure. The peak of sound pressure at a DC bias voltage of 290V can be explained by the fact
that the effective aperture size of the silicon plate (vibrating ring) below the horn increases, and, thus,
less energy is coupled into the horn via both the contact point and the air between horn and plate. The
slight increase in operation frequency for every increment of DC bias voltage is typical for a CMUT with
its plate in contact with the bottom of the cavity (permanent contact mode or beyond pull-in) [15].

To test this hypothesis the author extended the FEA to model the influence of the glue on the static DC
operation point of the CMUT plate. It is essential to know that the horn is glued onto the silicon plate
after it is deflected by the ambient pressure but before it is connected to the DC voltage source. Similar
as in the work described in [122] the author uses the element birth and death feature (ekill and ealive
command [121]). Killing an element means that its stiffness matrix will be multiplied by a small multi-
plication factor, eliminating its influence for a particular static solution step. This extended FEA revealed
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that a small tensile stress inside the glue layer below the horn of only 5MPa is sufficient to bring the
plate into permanent contact operation mode. Therefore, the author repeated the non-linear prestressed
modal analysis and obtained good agreement to the measurement results [Figure 6.4 (b)].

6.4 Conclusion of a Mechanically Amplified CMUT

A finite element analysis and first measurement results confirm that for a single cell air coupled CMUT,
operating at frequencies below 150kHz, it is a promising idea to simply glue a lightweight horn on top of
the plate. Further, through experiments demonstrated that the static operation point of the CMUT can be
affected by the glue in the opposite direction as expected. Thus, instead of operating the modified CMUT
in conventional mode, the author only managed to validate the finite element model for the non-intended
permanent contact mode of a CMUT with a glued horn. But even for this non-intended suboptimal
operation mode for a CMUT with horn, the obtained sound pressure levels have been increased by
around (3 + 1)dB [15].
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Conclusion and Future Work

In this work several common characterization methods are described and issues identified, which occur
during the characterization of ultrasonic transducers. The characterization of the electrical impedance
with a small signal analyses using network or impedance analyzer can be quick and precise. However,
network analyzer are often designed for an impedance network of 502, and, thus, a mismatch occurs
when ultrasonic transducers are characterized over their entire frequency range, from below the short
circuit resonance frequency up to above open circuit resonance frequency. The magnitude of the elec-
trical impedance can change several orders of magnitude. In particular those high impedance leads to
a significant higher measurement uncertainty, which has to be considered when analyzing those data.
Further, ultrasonic transducers are often driven with higher excitation voltages, when used in an indus-
trial application. Thus, they should also be characterized at higher excitation voltages. An influence
on the behavior, simply by shifting the resonance frequencies and their electrical impedances, was ob-
served when using the nominal excitation voltages. Depending on the type of ultrasonic transducers
the frequency shift comes along with non-linearities such as bifurcation where the displacement over
the frequency cycles through a hysteresis. Hence, the displacement is increased by tuning the excitation
frequency by lowering the frequency from beyond short circuit resonance frequencies until the displace-
ment reaches its maximum. The non-linearities observed could be used in subsequent steps with the
main goal to increase the performance of application by using smart controllers.

The characterization of the electrical impedance is often conducted at ambient temperatures only. How-
ever in industrial applications, e.g. ultrasonic flow meters, the ultrasonic transducers are exposed a wide
temperature range. Measurements of the electrical impedance of ultrasonic transducers over a wide tem-
perature range of 450 °C from —190 °C up to +250 °C show non negligible effects due to thermal stress,
such as a permanent shift of their nominal resonance frequencies, i.e. both short and open circuit res-
onance. It was observed that a temper process, deliberately cycling through several temperatures, could
stabilize and minimize these effects, which leads to an increased performance of industrial applications.
In future work the temper process has to be evaluated if it could suppress the effects of the temperature
due to self heating which occurs when ultrasonic transducers are driven by their maximum excitation

voltage rated.

The extraction of important parameters out of the electrical impedance is often done based on the
Butterworth-van Dyke (BvD) model. The basic BvD is often not enough to reflect all the properties
and physical effects of the characterized ultrasonic transducer. Therefore, the BvD is extended in several
variations to a more complex model using up to seven parameters. In doing so, the parasitic contact
resistance and the parasitic contact capacitance are represented in a 5-elements and 6-elements model
respectively. The 7-elements model is reflecting these effects too and in addition the parasitic paral-
lel resistance of the electrodes is represented as well. A complex curve fit algorithm implemented in
MATLAB®is used to fit these models to electrical impedance measurements of ultrasonic transducers.
Further, through monitoring these parameters and analyzing them individually, more robust starting val-
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ues are achieved, which lead to better likelihood of successful fit results. For future work, an interesting
approach of using a differential evolution algorithm should be investigated further.

In order to achieve a better performance in any applications, two methods to increase the performance
are described and applied in prototypes. First, the separation of the vibrating aperture from the acoustic
aperture of an ultrasonic transducer, by adding a waveguide, opens the door for many opportunities of
improvements, such as adding several degrees of freedom. Having a separated acoustic aperture, which
is independent of the ultrasonic transducer, allows the manipulation of the acoustic properties by vary-
ing the waveguide in length, thickness and opening. Such a waveguide increases the distance between
the media and the ultrasonic transducer. In harsh environment applications one often finds high tem-
peratures, e.g. flair gas flow meters, in-situ non-contact non-destructive testing, or in-situ non-contact
non-destructive evaluations at molten metal continuous casting, such waveguide approach opens the
door for powerful but temperature sensitive ultrasonic transducers such as piezoelectric bolt-clamped
Langevin transducers. The waveguides, 3D printed (metal or ceramics), can increase the distance and
volume to an ultrasonic transducer. Therefore passive or active cooling, or heating, can bridge with a
temperature gradient to an optimum temperature for operating the ultrasonic transducers. By success-
fully fabricating and characterizing an air-coupled 1D phased array, operating at 40 kHz, with an element
pitch of only half-wavelength using waveguides, the approach of separating the acoustic aperture from
the vibrating aperture is demonstrated in both transmit and receive mode, i.e. reciprocity for this type
of approach to realize an ultrasonic phased array was proven for the first time.

Second, the mechanical amplification of a capacitive micromachined ultrasonic transducer (CMUT) is
achieved, by adding a horn structure, such as is used in monomorph piezoelectric ultrasonic transducers
from Murata, on top of an already exciting single cell 55kHz device. The added horn structure increased
the sound pressure level in transmit mode by (3 £ 1)dB although the used glue induced additional
mechanical stress to the front plate of the CMUT. In future work the performance of the receive mode
should be investigated further. A finite element analysis already indicated in an increased center-to-
average displacement in transmit mode and due to reciprocity and in addition the concentration of the

energy of the impinging ultrasonic wave to the center should lead to an increased receiver performance.
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List of used symbols

Symbol  Numerical value Unit Description

A %  Basic accuracy Keysight E5061B-3L5

B m  Short offset Keysight E5061B-3L5

B S Susceptance

BW Hz  Bandwidth

BW, Hz  Bandwidth at open circuit

BW, Hz  Bandwidth at short circuit

C uS  Open offset Keysight E5061B-3L5

D %  Additional error 16047E

Fy kHz Frequency of SPD

F, MHz Frequency of SPD

f Hz  Frequency

fo1,+3dB Hz  Lower cut off frequency of open circuit
for+3dB Hz  Upper cut off frequency of open circuit
fsi+3d8 Hz  Lower cut off frequency of short circuit
fs243dB Hz  Upper cut off frequency of short circuit
G S Conductance

i A Current (instantaneous value)

{ A Current (amplitude, peak value)

Inums A Current (root mean square value)

j ?=-1 Imaginary unit

Perror ° Phase error

®; ° Phase angle of current

Py ° Phase angle of voltage

Py ° Phase angle of impedance

Vs rad Additional phase accuracy Keysight E5061B-3L5
;. a, fixture rad Additional phase accuracy Keysight 16047E
s 3.14159 Mathematical constant

Q Quality factor

Q, Quality factor at open circuit

Q, Quality factor at short circuit

R Q Resistance

R, Q  Shunt resistor

Aterror S Cursor time error

v \Y Voltage (instantaneous value)

Verror V  Total voltage error

1 V  Voltage (amplitude, peak value)
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:F> <>

VRMS

IN N X[~ = X g

Zy
Z a, fixture

Z

a

N

error

NN N

Velocity amplitude

Velocity noise amplitude

Voltage (root mean square value)

Angular frequency

Reactance

Displacement amplitude

Complex electrical admittance

Open repeatability of admittance

Electrical impedance

Complex electrical impedance

Additional impedance accuracy Keysight E5061B-3L5
Additional impedance accuracy Keysight 16047E
Acoustic impedance

Impedance uncertainty voltage divider
Measured impedance

Short repeatability of impedance

Unknown impedance

List of used symbols
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Acronyms and abbreviation

A e Amplitude (A-scan)
S Alternating Current
BT et e e e Bolt-Clamped Langevin
BN C ittt e Bayonet Neill Concelman
BOX e Burried Oxide Layer
2 372 5 P Butterworth-van Dyke
CMUT .t e e Capacitive Micromachined Ultrasonic Transducer
CUT ettt e e e e e e e Capacitive Ultrasonic Transducer
L AP Continuous Wave
D e e Direct Current
DR o e e e e e e e, Dynamic Range
DS LR ottt e e e Digital Single Lens Reflex
10 Device under Test
1 2 Electromagnetic Acoustic Transducer
2 Finite Element Analysis
BRI Lot e e Finite Element Model
FOV o e Field Of View
G D Lttt e Ground
HT S o e e e e e e High Temperature Setup
PP Current
LBV ot e e e Intermediate Frequency Band With
DN e e Initialization, file format
0 Light Emitting Diode
80 1 Laser Doppler Vibrometer
N DE e Non Destructive Evaluation
N DT e e e Non Destructive Testing
NCNDE ..ot e e e e Non Contact Non Destructive Evaluation
NON DT ottt e et Non Contact Non Destructive Testing
ODE .ottt Ordinary Differential Equation
O 10 (0 P Oven Controlled Crystal Oscillator
PID e Proportional Integral Differential controller
PV o e e e e Polyvinyl Chloride
P e Lead Zirconium Titanate
2 Reflection input (voltage)
R it e e e e e e Radio Frequency
S D e e Surface Mounted Device
SO it e Silicon On Insulator
P C e Supplemental Performance Characteristics
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5 2 Supplemental Performance Data
S Transmission input (current)
0 Thermal Design Power
TH D e e Total Harmonic Distortion
8 ) AP Time Of Flight
TV S D e e Transient Voltage Suppressor Diodes
SN R Lttt e e Signal to noise Ratio
P i e Sound Pressure Level
L8153/ Ultrasonic Flow Meter
L1 Ultrasonic Transducer
L1 = Universal Serial Bus
P Voltage
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