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Problem Description
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technologies for intravascular ultrasound imaging to simplify detection and characterization of
atherosclerotic plaque. The Capacitive Micromachined Ultrasonic Transducer (CMUT) array has
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the needed properties to detect and characterize atherosclerotic plaque.
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of said CMUT. An assessment of the performance of the backing layer, and the effect it has on the
CMUT should be made, in addition to an evaluation of the CMUTs general performance.
The student should also show awareness of the measuring method and equipment, and any effect
or limitation they add to the result.
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Abstract

One of the leading causes of death in the western world today is heart
diseases, and atherosclerotic plaque that ruptures in the coronary arteries
is believed to be one of the main causes of heart attacks. The Capacitive
Micromachined Ultrasonic Transducer has good acoustic matching with
fluids, and is considered a good candidate for improving intravascular
ultrasound diagnostics.

Further evaluation and characterization of a CMUT operating in immer-
sion has been the objective of this thesis, and it is a continuation of the
work started in the project Characterization of Capacitive Ultrasonic Trans-
ducers. The same CMUT have been studied in both, but a backing layer
was added to it for the testing done during the work on this thesis.

Pulse-echo measurements with the CMUT immersed in rapeseed oil have
been performed, and there has also been conducted measurements to find
the attenuation of the oil. The results from the attenuation measurements
have then been employed to simplify the analysis of the pulse-echo mea-
surements.

Any definitive characteristics for the CMUT was not found during these
tests due to disturbances in the frequency responses. This is suspected
to be because of line resistances and parasitic capacitances in the system.
This suspicion is supported by the findings from studying the impedance
response of the system.

The backing layer added to the CMUT have proved to be very effective in
dampening the ringing effect on the pulses emitted by the CMUT. There
have also been signs of unexpected alteration of the CMUTs frequency
characteristics. One possible source of this is that the process of adding
the backing layer have resulted in that the layer exerts force on the CMUT,
and by this changing the tension of the membranes.
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1. Introduction

Cardiovascular diseases are one of the leading causes of death today in
developed countries[1]. The main cause of heart attacks is atherosclerotic
plaque in the coronary arteries[2]. The plaque is a build up of fatty lipids
inside the artery walls, where only a thin part of the wall separates it from
the blood stream. If the artery wall is ruptured, the lipids can be released
into the bloodstream and cause the formation of blood clots big enough
to block the artery. This chokes off the oxygen supply to the heart mus-
cles and can initiate a heart attack(coronary thrombosis), and thus cause
permanent damage to the heart muscle.

Detection of plaque in the coronary arteries can be difficult with today’s
equipment and methods. An angiogram is a detailed picture of a blood
vessel, and this is usually obtained by injecting a dye into the vessel that is
detectable with x-rays[3]. This method has a drawback since it only gives
a view of the areas where the blood flows, and even if it shows where there
is stenosis(narrowing) of the opening in the artery it does not present the
reason and extent of the problem[4][5].

A research project called Smart Microsystems in Diagnostic Imaging in
Medicine (SMiDA) at the Department of Electronics and Telecommunica-
tion at the Norwegian University of Science and Technology(NTNU), has
been developing technologies for intravascular ultrasonic imaging. The
goal of this project is to make detection of atherosclerotic plaque easier[6].
The Capacitive Micromachined Ultrasonic Transducer (CMUT)array, with its
good matching with fluids as measuring media and wide bandwidth, has
the needed properties to detect and characterize atherosclerotic plaque[7].
It was therefore chosen as the transducer technology to use in the SMiDA
project[6].
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Chapter 1

The work done in Characterization of Capacitive Micromachined Ultrasonic
Transducers[8] consisted of construction of a test rig, initial behaviour tests,
and pulse-echo characterization measurements on a CMUT immersed in
rapeseed oil. The result of these measurements were inconclusive. This
was because of an irregular behaviour in the frequency response, believed
to be arising from phase shifts in the CMUT array due to line resistances
and capacitances.

The objective of this thesis is to produce a more thorough evaluation of the
CMUT by continuing and expanding the work started in [8]. To accom-
plish this, a set of pulse-echo immersion measurements will be performed
on the same CMUT, but with an addition of a backing layer on the back-
side of the CMUT chip.
The purpose of this layer is to reduce what is called ringing, which is self
induced resonant waves in the CMUT chip that extends the emitted pulse
duration [9]. By dampening the ringing, a more stable response may be
produced by the CMUT, and this will hopefully be easier to evaluate.

In an effort to reduce the number of variables to account for in the analysis
of the results, the attenuation of the rapeseed oil will be measured so that it
can be compensated for. A separate test system to measure the attenuation
will be set up to achieve this.

Measurements of the system impedance response will also be carried out,
in order to get an impression of the systems electrical properties.
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2. Background

Ultrasound transducers have traditionally used piezoelectric crystals for
exciting and detecting ultrasonic waves. Piezoelectric materials change
dimensions due to applied electric fields [10], and create electric fields
when subjected to external force. This is utilized to emit and receive ultra-
sonic waves. There are however several drawbacks with these transduc-
ers where the measurements are gas or fluid coupled[11], with the most
significant one being impedance mismatch between the piezoelectric ma-
terial and the medium. For air the magnitude of mismatch is in the order
of 106, and 30 for water. This mismatch means that it will not be possi-
ble to achieve good efficiency with this type of transducer in these media
without adding means to increase the matching. This problem is usually
solved by attaching a matching layer between the piezoelectric material
and the medium. This layer has a characteristic impedance to compensate
for the mismatch, but this comes with the price of restrictions in design
and narrower bandwidth [11].

Another approach for generating sound waves in general is to make a
membrane vibrate. The ongoing development of integrated circuit fab-
rication technology to achieve greater downscaling have also contributed
to the development of micromachining technology for fabrication of mi-
croelectromechanical systems (MEMS). This has given the opportunity to
fabricate silicon devices operating at ultrasonic frequencies. The CMUT is
such a device and it is in terms of efficiency and bandwidth comparable
to its piezoelectric counterpart [12], and can be designed to overcome the
drawbacks presented for the piezoelectric transducer. The CMUT also has
an advantage of having access to the tools of IC fabrication making fab-
rication of CMUTs with a wide range of shapes and sizes on both mem-
branes and arrays available. This opens up for precise control of resonance
frequency and bandwidth [13] to make it fit the medium and measuring
task.
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Chapter 2

2.1 Ultrasonic waves

2.1.1 Wave propagation mechanism and properties

By exerting force on a system of mass particles, e.g a fluid, the particles
can be shifted from their equilibrium state causing a disturbance in the
fluid. If this force is applied repeatedly, an oscillatory motion of the par-
ticles will occur, and a wave will propagate in the fluid due to the bonds
between neighboring particles. This wave can be characterized by a set of
properties as follows:

• Wavelength, λ.

• Oscillation period, T .

• Frequency, f .

• Propagation velocity, c.

• Displacement amplitude, A0.

Equations (2.1) and (2.2) state relations between these properties.

f =
1

T
. (2.1)

λ = cT =
c

f
. (2.2)

Waves with frequencies higher than 20kHz, which is the highest frequency
the human ear can detect, are defined as ultrasonic waves[14].

2.1.2 Reflection, transmission and refraction

Ultrasonic wave propagation will be affected by boundary surfaces en-
countered. At these boundaries, reflection will occur and for a slanted
boundary there will be refraction. For large enough boundary surfaces
the laws of reflection and refraction known from geometrical optics can be
applied to the incident ultrasonic beam[15][14][16]. An ultrasonic wave
with perpendicular incidence to a boundary between medium A and B is
shown in Fig 2.1.
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Figure 2.1: Ultrasonic wave with perpendicular incidence on a boundary.

Medium A and B has an acoustic impedance Za and Zb respectively, and
the wave has an initial intensity of Ia1. After hitting the boundary, a re-
flected wave with intensity Ia2 propagates back in medium A, while a
wave of intensity Ib1 have penetrated into medium B.
The ratio between the reflected and incident wave is called the reflection
coefficient (R0), and is in [15] stated and extended in equation (2.3) as

R0 =
Ia2
Ia1

=

(
Zb − Za
Zb + Za

)2

≤ 1. (2.3)

A similar relation exists for the case of a transmission line. This is pre-
sented in Section 2.9. Since the relation between the intensities of the inci-
dent, reflected and transmitted waves are given as

Ib1 = Ia1 − Ia2, (2.4)

the transmission coefficient (D) can be given by R0 as shown in equation
(2.5).
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D =
Ib1
Ia1

=
Ia1 − Ia2
Ia1

= 1−R0 ≤ 1. (2.5)

For situations where the incident wave hits the boundary at an angle,
Snell’s law of refraction can be applied. This law describes the behaviour
of the reflected wave and refraction of the wave transmitted into the sec-
ond medium. Snell’s law is stated as

sin θ

sinφ
=
ca
cb
, (2.6)

where θ is the angle of incidence, and φ is the angle of refraction. The vari-
ables ca and cb are the propagation velocities of sound in medium A and
B respectively, and this relation is therefore independent of the acoustic
impedance of the media. A graphical description of the effects Snell’s law
describes can be seen in Fig 2.2.

2.1.3 Ultrasonic near and far fields

An ultrasound source of comparable dimensions to the emitted wave-
length will emit spherical wavefronts which diverges rapidly. A source
with larger dimensions than the wavelength of the sound produced can be
considered as many individual sound sources, producing their own spher-
ical wavefronts[17]. These wavefronts will in accordance with Huygens’
principle interact with each other and produce intensity variations in the
propagation direction due to constructive and destructive interference.

This results in a complex wave pattern in front of the source in what is
called the near field. A key property of this field is that the ultrasound
beam does not diverge, but maintains its width. After a certain distance
the alternating intensity of the near field ends with a maximum that slowly
decreases, and this is the beginning of the far field[18]. Fig 2.3 shows a
sketch of the variation of the intensity as a function of distance from the
source.

The distinctive properties of the far field are the uniform intensity and
divergence[17]. Divergence is a source of loss as it spreads the energy
continuously over the distance traveled, and the received signal will then
be weaker. The spread also results in a decrease in lateral resolution.
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Figure 2.2: Ultrasonic wave reflection and refraction when incident wave has an
angle α onto the boundary.

Figure 2.3: A sketch of the intensity as a function of distance from the source.

A common formula for the near field depth (NFD) for a circular source
exists, and is given in [17] as
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NFD =
D2f

4c
=
D2

4λ
=
r2

λ
, (2.7)

where D is the diameter, and r is the radius of the source.

This formula is sometimes extended to fit a rectangular area, but according
to [18] it is not sufficiently accurate. The same article presents however a
relation for where the far field starts for a rectangular source. This is

FF >
b2

2.88λ
, (2.8)

where b is the longest side of the rectangular area.

2.2 CMUT structural description

The CMUT is essentially a parallel plate capacitor where one of the elec-
trodes is suspended on a thin membrane over a small gap. The CMUT is
fabricated on a p-doped substrate which will act as the anchored electrode.
The membrane and cavity support structure is formed by an insulating
material where silicon nitride (Si3N4) is the most common choice [12]. A
metal layer is deposited on top of the membrane to form the suspended
electrode. A simple cross sectional schematic of a basic CMUT structure
and signal connections is shown in Fig 2.4.

In order to avoid problems with mechanical loading due to cushioning ef-
fects on the backside of the membrane, the cavity can be evacuated and
sealed. This also serves to keep contaminants out so that the CMUT does
not change its behavior over time, and it is essential for operation in im-
mersion.

2.3 Operating principal of a CMUT

The CMUT can be used both for emitting and receiving ultrasound. This is
done by either driving the membrane vibration by an AC signal for emis-
sion, or receiving by measuring the variation in deflection when pressure
variations is induced on the membrane by the medium. Common for both
modes is that it needs to have a bias voltage in order to work properly.
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Figure 2.4: A cross sectional schematic of a CMUT (Not to scale).

Due to the unipolar nature of electrostatic attraction a qualitatively assess-
ment would suggest that unless the CMUT is biased, the membrane would
vibrate at double frequency compared to the driving signal. This is also
shown through equations (2.9)-(2.16) by looking at the CMUT as a paral-
lel plate capacitor where the suspended electrode can move without being
deformed. Another assumption that will be made for these equations is
that electric fringe fields can be ignored.

From [10] it is given that the value of the capacitanceC between two plates
is defined as

C ≡ Q

V
, (2.9)

where Q is the charge stored, and V is the potential over the plates. The
stored energy U by the capacitor can be expressed as

U =
1

2
CV 2. (2.10)

The electric field E is according to Gauss’ law related to Q by

E =
Q

εA
, (2.11)
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where ε is the permittivity of the media between the electrodes, and A is
the area of the plate. It is also related to V by

V = E · d, (2.12)

where the variable d is the distance between the plates. Using the relations
(2.11) and (2.12) in equation (2.9) we get

C =
Q

E · d
=

Q
Q
εA
· d

=
εA

d
. (2.13)

With the electrostatic force being unipolar, the magnitude of the force be-
tween the plates in the capacitor is equal to the absolute gradient of U with
respect to the variable d. Using the relations (2.10) and (2.12) this results in

Felectric =

∣∣∣∣∂U∂d
∣∣∣∣ =

1

2

∣∣∣∣∂C∂d
∣∣∣∣V 2 =

1

2

εA

d2
V 2 =

1

2
εAE2. (2.14)

The force is shown to be proportional to E2, and by taking into account
that the electric field has two contributors, EDC and EAC , an expression
for E can be written

E = EDC + EAC = EDC + Esig cosωt, (2.15)
E2 = (EDC + Esig cos (ωt))2

= E2
DC + 2EDCEsig cos (ωt) + E2

sig cos2 (ωt). (2.16)

Setting theDC component in (2.16) to zero results in a vibration frequency
twice as high as the driving signal. Biasing is therefore needed, and it also
shows that EDC needs to be larger than Esig for the device to operate in a
linear regime where it can be analyzed without having a complete under-
standing of its behaviour[11].

When the CMUT is used for receiving acoustic waves, the vibrations in the
membrane are detected by measuring the variation in capacitance. A con-
stant bias voltage is needed so that this variation in capacitance induces a
current that the receiving circuitry can read.
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2.4 Pull-in and collapse voltage

2.4.1 Pull-in

An important condition of parallel plate actuators or similar ones like the
CMUT that should be kept in mind is pull-in. Pull-in occurs if the volt-
age over the device is increased to a point where the electrostatic forces
pulling the electrodes together overcome the mechanical restoring force of
the structure that suspends the moving electrode. This voltage is called
the collapse or pull-in voltage. When this condition occurs, the moving elec-
trode or the membrane and the top electrode in the CMUTs case is pulled
down to the bottom of the gap as shown in Fig 2.5. It will stay there un-
til the voltage is reduced to a lower level than the snap-back voltage of the
device, as reported in [11].

Figure 2.5: A cross sectional view of a collapsed CMUT (Not to scale).

While in pull-in the CMUT does not necessarily break down, but can con-
tinue to function as a vibrating ring, since the center of the membrane is
pulled down to the bottom of the gap. Operation in this mode is reported
in [19] to give a high coupling efficiency, and by that emit higher acoustic
power compared to the traditional mode. However, for a CMUT designed
to operate in the traditional mode, pull-in has to be avoided for the device
to work.
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2.4.2 Collapse voltage

For the membrane to be in equilibrium, the magnitude of the electrostatic
force must be equal to the mechanical restoring force exerted by the in-
herent stress in the membrane. By assuming that the mechanical restoring
force exerted by the inherent stress in the membrane is linear, this force
can be expressed as

Fmechanical = kx, (2.17)

where k is the mechanical spring constant and x is the displacement. The
electrostatic force (2.14) can be rewritten as

Felectric =

∣∣∣∣∂U∂d
∣∣∣∣ =

1

2

∣∣∣∣∂C∂d
∣∣∣∣V 2 =

1

2

εA

(d0 − x)2
V 2, (2.18)

where d0 is the initial position of the membrane at zero bias and pressure.

By evaluating these equations graphically one can see from Fig 2.6 that
there are two points of intersection where Felectric equals Fmechanical at a
given bias voltage. The system will be unstable at the one with the greatest
displacement and will seek to settle at the other. The bias voltage that
results in only one intersection is the collapse voltage, as any increase from
this will cause the membrane to get pulled in. This is because there will be
no intersection indicating that the restoring force cannot keep up with the
electrostatic attraction.

An expression for the corresponding bias voltage for a given displacement
can be written as:

Vbias =

√
2kx

Aε
(d0 − x). (2.19)

From [10] it is given that solving this for the case of the single intersection
point gives the expression

x =
d0
3
, (2.20)

for the collapse point, which in turn results in
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Figure 2.6: Magnitude of electrostatic attraction and mechanical restoring force
versus membrane displacement.

Vcollapse =

√
8kd30
27Aε

, (2.21)

for the collapse voltage.

2.5 Electromechanical coupling

The function of an acoustic transducer is to convert energy between the
electrical and the mechanical energy domain. The electromechanical cou-
pling coefficient is a fraction that says how much of the energy that is
converted from one domain to another, and by this gives an impression
of how effective the transducer is. In [12] it is stated that the coupling
coefficient of a CMUT can be related to the displacement as

k2T =
2x

deff − x
, (2.22)

where deff is the effective gap height between the electrodes with the

13
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membrane being an insulator at zero bias and pressure. If the displace-
ment of the membrane is at the collapse point (2.20) (d0 = deff ), the cou-
pling coefficient will approach unity which implies that all of the energy
is converted from one domain to the other. This means that CMUTs oper-
ating in the non collapsed mode should be biased as close to the collapse
voltage as possible to maximize efficiency.

2.6 Frequency and bandwidth

For a resonating structure like the CMUT, its behaviour depends on its
structural dimensions and the medium it is operating in. In general, a
resonant structure will have an increased resonant frequency with de-
creased dimensions, and the development of micromachining technology
has made silicon structures resonating at ultrasonic frequencies possible.

Equation (2.23) is a formula for resonant frequency of a circular membrane
of uniform thickness t, and shows the relation between the resonant fre-
quency and membrane radius r [10].

fres =
kmem
2π

√
( Et3

12(1−γ2))g

wr4
, (2.23)

where kmem is the membrane spring constant, g is the gravitational con-
stant, w is the load, E is Young’s modulus and γ is the shear strain.

The system can be looked at as a spring system where the electrostatic
attraction drives the system, the membrane acts as the spring, and the
surrounding medium will cause dampening. If surrounded by a medium
of low mechanical impedance like air for instance, the impedance of the
membrane itself will dominate, and a frequency response with a narrow
peak around the center frequency is produced [10]. If however the sur-
rounding medium is a fluid, its impedance is much greater and will cause
dampening of the system. This shifts the center frequency to a lower one
and gives a broadbanded frequency response around it.

For the CMUT it is preferred to have a high center frequency since high fre-
quency gives better resolution, and broad bandwidth means a high tem-
poral resolution which makes detection of defects that are close together
possible[7]. One drawback with high frequencies is that ultrasound atten-
uation generally increases for increasing frequencies (See Section 2.7.1).
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This results in reduced penetration depth for the transducer.

2.7 Attenuation and transmission losses

For an ultrasonic wave traveling through a material, the energy of the
wave will bleed off as the wave propagates, i.e its amplitude will decrease.
The main reasons for this are absorption and scattering[20] which adds up
over the distance traveled. Other transmission losses like reflection and
refraction of the wave[15] also occur.

2.7.1 Attenuation in fluids

Absorption in fluids occurs as a result of the viscosity of the fluid, which
is a measure of the fluids resistance to shear and tensile stresses. This
resistance causes a conversion of ultrasonic energy into other forms, and
will eventually dissipate it as heat[14] [20].
The factor denoting the grade of attenuation is called the attenuation
coefficient (α), and it can for fluids, as stated in [15] and [14], be expressed
as

α =

(
8π2η

3ρc3

)
f 2 = α0f

2. (2.24)

In expression (2.24), η denotes dynamic viscosity, ρ is the density, and c is
the speed of sound in the fluid. It should be noted that the expression in
[14] is off by a factor of two, and has been corrected for use in this thesis.

This expression only considers dynamic/shear viscosity. This has how-
ever been shown to give considerably smaller values compared to atten-
uation measurements. An additional viscosity factor called volume or bulk
viscosity need to be added to the expression to make it more accurate, and
the expression becomes

α =
2π2

ρc3

(
4η

3
+ ηv

)
f 2, (2.25)

where ηv is the volume viscosity. The main points to note about these ex-
pressions are the relation α ∝ f 2, which means that attenuation increases
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quadratically for increasing frequencies, and the relation to temperature
due to the temperature dependencies of η and ρ.
The volume viscosity is related to a lag in flow of the fluid when experi-
encing acoustic pressure. This lag causes attenuation because the fluid can
not keep up with the compression/expansion rate demanded at higher
frequencies.

Scattering also contributes to the attenuation, especially in heterogeneous
media where there are many particles that can interact with the wave. The
size and concentration of these particles will affect the degree of attenua-
tion contributed by scattering[15].

Note: Equations (2.24) and (2.25) produce values given in Neper per meter
(Np/m). Neper is an equivalent of dB using the natural number instead
of 10 as the logarithmic base. Converting to dB is done as follows:

1Np =
20

ln 10
dB. (2.26)

2.7.2 Transmission losses

In addition to attenuation, transmission losses due to reflection/ transmis-
sion and refraction can also add to the total loss of energy for a received
wave. When a wave encounters a boundary between two media, a part
of it will be reflected and the rest is transmitted into the second medium
depending on the acoustic impedances of the media (See Section 2.1.2). If
the wave transmitted into the second medium is not reflected back later,
the energy transmitted can be considered lost.

Refraction of the wave also contributes to higher losses in certain cases
because the propagation direction changes (See Section 2.1.2). This is the
case when a receiver picks up only a part of the wave or nothing at all, due
to this change.

2.8 Backing

To improve the performance of the transducer for diagnostic imaging, a
backing material may be applied. During generation of ultrasound, waves
will be emitted into the measuring medium, but also internally in the
CMUT substrate. This internal resonance will add a ringing effect to the
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emitted pulse and increase the duration of the emitted pulse. This leads
to a decrease in resolution and also sensitivity since ringing reduces the
instantaneous intensity of the emitted pulse[17]. With less instantaneous
intensity reflections from poorly reflecting surfaces will not be detectable.
It is therefore desirable to add a backing material to absorb the energy in
the substrate, and by this reduce ringing, i.e. the number of cycles in the
emitted pulse.

For maximum transfer of energy to occur, the acoustic impedance of the
backing should be identical to that of the transducer, which can be seen
from the relations of reflection and transmission (See Section 2.1.2), where
a transmission coefficient at unity would be ideal. The backing material is
usually made of an epoxy resin/composite mixed with tungsten powder
[17]. This compound’s main absorption mechanism is conversion to heat
by scattering of the ultrasonic waves by the tungsten particles, as stated by
Ph.D candidate Kamal Raj Chapagain. Due to the equal impedances of the
transducer and backing material, transmission back into the transducer
can occur if the absorption is not great enough. This can be avoided by
having a slanted rear side of the backing, which will refract (See Section
2.1.2) the ultrasonic waves away from the transducer [15] [17].

2.9 Transmission line reflection coefficient

A transmission line system can also be looked at as a medium as in Sec-
tion 2.1 where the load acts as the boundary for an incoming wave. The
reflection coefficient (Γ) is still the relation between the reflected and inci-
dent wave. These waves can be related to the load (Z) and characteristic
impedance (Z0) of the transmission line by

E+ = Z + Z0, (2.27)
E− = Z − Z0, (2.28)

for the incident and reflected wave respectively. This gives the reflection
coefficient

Γ =
E−

E+
=
Z − Z0

Z + Z0

. (2.29)
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3. CMUT with backing

One of the goals with this thesis is to do further measurements of those
performed in [8] to characterize CMUT behaviour in fluids. Some of the
important properties of the CMUT that the measurements should provide
information on are center frequency, bandwidth and pulse length.
During the project work done in [8], it was decided to do pulse-echo mea-
surements with rapeseed oil as immersion medium to get the impulse
and frequency responses of the system. Rapeseed oil was chosen as the
medium because it does not conduct electricity, and has a behaviour that
resembles blood which is the medium the CMUT ultimately will operate
in. Consequently, values on the properties mentioned above could be cal-
culated, and an evaluation of the CMUT could be done.

An alternative measuring method that could have been used is transmis-
sion measurements. In this kind of system there would be two transduc-
ers, one CMUT and one standard transducer with known specifications,
that would be aligned against each other and immersed in a fluid. One
would then act as the transmitter and one as the receiver, and by com-
paring the emitted and received signals one could have done an evalu-
ation of the CMUT. There are however several difficulties with this type
of measurement, with the main ones being alignment, lack of bandwidth
in available standard transducers, and possible information loss due to
attenuation of the signal through the fluid. Analysis of the data is also
more complex since the characteristics of the extra transducer has to be ac-
counted for. Especially ringing in the CMUT could potentially be difficult
to evaluate. These problems are less significant in the pulse-echo system
since there is only one active element which both simplifies alignment and
evaluation of the results. The CMUT also covers its own bandwidth obvi-
ously, so the problem with bandwidth coverage is eliminated.

For this thesis, measurements are going to be repeated on the same CMUT,
but with the addition of a backing layer on the back side of the CMUT.
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This is done to see how a backing layer influences the performance of
the CMUT, and hopefully it will produce more unambiguous results than
those obtained in [8].

3.1 Method

The pulse-echo measuring system consists mainly of a transducer, a trans-
mission medium, and a reflector. A pulse is emitted by the transducer into
the transmission medium, and sent back by the reflector to be received by
the transducer. A schematic view of this is shown in Fig 3.1.

The wave will as mentioned in Section 2.7 bleed off energy as it propagates
through the transmission medium and at the reflector, and thus will the
received wave have less energy compared to the emitted one. This is one
of the concerns that have to be accounted for in the analysis of the results.

In order to have a more diverse range of measurements that can be con-
ducted, the system has been set up to be able to precisely adjust the dis-
tance between transducer and reflector.

Figure 3.1: Schematic view of the pulse-echo system.

3.2 Devices and equipment

3.2.1 CMUT array with backing

The CMUT array to be characterized by the measurements done in this
thesis is a product of the SMiDA project. It is, as stated in Section 3, the
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same CMUT array as the one measured on in [8], but with the added back-
ing layer on the back side of the array.

This series of CMUT arrays are built up of 57 lines, each consisting of
85 CMUT cells, where the elements have symmetrical interconnections to
avoid erratic behaviour of the membrane. All the lines have been con-
nected together in this sample so that it is basically one large element
where the active area is 1.275mm×0.855mm, and it has one 100µm×100µm
connection pad in each corner of the array.

A top down view of the CMUT array and connection pads can be seen
in Fig 3.2a, and a zoomed in image of the array showing the symmetri-
cal interconnects is shown in Fig 3.2b. Fig 3.2b also shows the circular
membranes, which are placed 15µm apart center to center, and their top
electrodes.

(a) Top down view of the
CMUT showing array
and connection pads.

(b) Zoomed in view of array show-
ing single CMUT elements and
interconnections.

Figure 3.2: Top down views of the CMUT.

The backing material will be added to the backside of the CMUT array. A
cross sectional view with dimensions of a single element and backing is
presented in Fig 3.3.

For this series of CMUTs it is stated that the collapse voltage will be just
above/under ±50V, the resonance frequency in air is about 36-37 MHz,
and the center frequency in immersion is expected to be around 10-12
MHz. All values on dimensions and properties stated in this section were
verified by Ph.D. candidate Sigrid Berg and Ph.D candidate Kjersti Midtbø.

The backing layer is made of a two component epoxy compound mixed
with tungsten powder to a concentration of about 30%. The epoxy used
is EPO-TEK 301 from Epoxy Technologies, and the tungsten powder con-
sists mainly of particles of 1 and 5 µm in size. The thickness of the layer
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Figure 3.3: A cross sectional schematic of a single CMUT element and backing,
with dimensions (Not to scale).

is about 1.8mm at its center, and it has a curved backside which ends at
1.4mm at the sides where it meets the PCB. This curved backside formed
during curing, probably due to surface tension and expansion of the epoxy
mixture.

3.2.2 Bias-T PCB, and connections

The primary functions of the bias-T printed circuit board (PCB) are to have
a mounting surface for the CMUT, and to add the AC and DC components
that drive the CMUT. It also protects the measuring equipment and signal
generator from harmful DC currents.

The bias-T used for these measurements uses only a resistor and a ca-
pacitor to provide this capability. A schematic drawing of the bias-T is
shown in Fig 3.4. The values of the resistor R and capacitor C are 1MΩ
and 1nF (100V ) respectively, which are the same values used in an earlier
experiment on similar CMUTs reported in [21].

The bias-T PCB was made as part of the work in [8], and an image of it
with the resistor and capacitor soldered on is shown in Fig 3.5. The PCB
was fabricated with two holes, where the center hole provided the option
of adding a backing layer for the measurements in this thesis. The resistor
and capacitor used are from the 1206 surface mounted component (SMC)
package, which are small enough so that they would not be a hindrance to
the range of distances the CMUT could be placed from the reflector.
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Figure 3.4: Schematic drawing of a bias-T.

Figure 3.5: The PCB with resistor and capacitor mounted.

Fig 3.6 shows the fully assembled PCB with signal cables, and Fig 3.7
shows the back side with the center hole filled with the backing layer. The
CMUT was mounted to the board using silver glue to make a good con-
nection to ground, and the pads were connected to the signal line by gold
wire bonding. This bonding proved to be difficult on the copper lines, so
silver glue had to be used to strengthen the connection.

The signal cables chosen were of the type RG 174 due to their size and
flexibility in addition to shielding, and they were terminated with BNC
connectors to fit the equipment in the laboratory.

Adding the backing layer was fairly easy as the tape covering the center
hole of the PCB had kept the oil out during the initial measurements with-
out backing. As the hole and backside of the CMUT were clean, the epoxy
tungsten compound was filled directly into the hole onto the back of the
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Figure 3.6: Fully assembled PCB with signal cables.

CMUT, and then left to cure over night.

Figure 3.7: Back side of the PCB showing the center hole filled with the backing
layer.

3.2.3 Pulse-Echo Rig

The pulse-echo rig consists of a mounting plate for the PCB, a 10mm thick
steel base that seconds as the reflector of the system, and a mechanism
for adjusting the distance between the mounting plate and the reflector
surface. Images of the rig is shown in Fig 3.8.
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(a) Pulse-Echo Rig without PCB. (b) Immersed Pulse-Echo Rig with PCB.

Figure 3.8: Pulse-Echo Rig.

The aluminium mounting plate has a window that the PCB is placed in
so that the CMUT faces the reflector, and the PCB is kept in place by two
spring loaded beams that are screwed to the plate. The PCB also rest on a
set of springs and can therefore be angled somewhat to adjust alignment
with the the reflector.

Precision adjustment of the distance between CMUT and reflector is needed.
The mechanism used on the rig was originally intended for use in opti-
cal measurements, and can adjust the distance with a precision of about
10− 20µm.

In order for the steel base to function as a reflector it has to have a surface
that does not influence and cause distortions of the measurements. Pro-
fessor Arne Rønnekleiv stated in a SMiDA group meeting that a tolerance
comparable to ∆ given in (3.1) should be sufficient. This is a dimension
commonly used for optical experiments that also holds for ultrasonics.

∆ =
1

10
λ, (3.1)

∆ =
1

10
λ =

1

10
· 1445m/s

30 · 106Hz
= 4.81µm ≈ 5µm. (3.2)
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Calculating for 30MHz and assuming that the speed of sound in the oil
is 1445m/s, a tolerance of 5µm was obtained as shown in equation (3.2).
Measuring results from [8] indicate that the actual speed of sound in the
medium is closer to 1460m/s. This confirms that the tolerance holds since
the difference between the assumed and actual value is small.

Another crucial property of the reflector is that its transmission coefficient
should be as low as possible in order to avoid unnecessary signal loss. The
formula for calculating the acoustic impedance of a medium is

Zacoustic = ρ · c, (3.3)

where ρ is the density of the medium and c is the acoustic propagation
velocity. Using equation (3.3), with the density of rapeseed oil given in
[22] and the velocity found from measurements in [8], gives an acoustic
impedance of

ZOil = 910
kg

m3
· 1460

m

s
≈ 133 · 104Pa · s

m
. (3.4)

The acoustic impedance of steel is in [15] given as: 46.3 · 106Pa · s/m. By
using these values in equation (2.5) the result is

D = 1−
(
ZSteel − ZOil
ZSteel + ZOil

)2

= 0.1, (3.5)

which means that it should work as a good reflector with a reflected wave
intensity of 90% compared to the incident wave. A secondary reflection
from the bottom surface of a reflector can occur. However, with the trans-
mission coefficient for these media, its intensity will be 100 times smaller
from reflection and transmission losses alone, and can for all practical pur-
poses be neglected.

3.2.4 Network analyzer

A network analyzer was used to both drive and measure the signal from
the CMUT. It can do single channel pulse-echo testing with sweeps over
large frequency spans, and is therefore an effective tool for testing CMUTs.

The majority of the testing was done on the Rohde & Schwarts (Vector
Network Analyzer 10Hz/9kHz-...4GHz), because of its ability to switch
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between frequency and time domain, and its time gating capability. This
reduces the data processing required during analysis, since it can for ex-
ample set a time gate around a single echo and produce its corresponding
frequency response directly.

Some inconsistencies were encountered in measurements done with the
Rohde & Schwarts, and therefore a HP8753E network analyzer was used
to check and correct these abnormalities.

3.2.5 Test setup

The complete setup ready for immersion testing is shown in Fig 3.9. The
bias voltage from the DC source was controlled by a multimeter to insure
that it had the correct value.

Figure 3.9: Complete setup for immersion testing with the Rohde & Schwarts net-
work analyzer. Bias voltage source is not visible.

3.3 Pulse-echo testing

For this pulse-echo test, the rig was placed in a plastic box as shown in Fig
3.9, and rapeseed oil were added so that the CMUT and PCB was com-

27



Chapter 3

pletely immersed.
Care had to be taken to ensure that the surface of the CMUT were devoid
of any air bubbles that could distort the measurements. The rig was there-
fore placed at an angle in the box so that trapped air could drift of the
CMUT, and escape through the wire hole in the PCB or at the board edge.
Due to the viscosity of the rapeseed oil, the setup was left like this for some
time to allow the air to escape and the oil to settle.

The PCB was mounted in the holder and checked with a slide caliper to
make sure that it was properly aligned with the reflector, and to make
sure it was placed in the same position as in [8]. This was because it was
believed to give the best response, and to simplify comparison during the
analysis of the results.
Due to the process of gluing the CMUT to the PCB, some misalignment
is expected even if the PCB is aligned with the reflector. A sample used
for gluing practice were checked to see how skewed the CMUT can be
expected to be. The measurement showed the deviation to be at most
2.5µm over 1mm, and this suggested that manual alignment to get a better
response would not be feasible.

With the holder all the way down on the reflector, the distance up to the
CMUT was found to be 0.9mm. This was based on the dimensions of the
rig, the measured height of the CMUT and the glue on the sample used
for gluing practice, and is therefore subject to some uncertainty.

The testing started of by varying the bias voltage between -0V and -45V,
to check for irregularities compared to its behaviour from the tests in [8] .
The main test series were done with a frequency sweep from 1MHz to
50MHz and a signal power of -25dBm. A bias close to the collapse voltage
of the CMUT gives, according to (2.20) and (2.22), the greatest signal inten-
sity, and thereby the clearest response. For these measurements however,
collapse have to be avoided and the bias is therefore set to -45V. The series
were performed at distances of 1.4mm and 1.9mm between the reflector
and the CMUT.
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4. Rapeseed oil attenuation

When performing characterization measurements, whether it is pulse-echo,
transmission measurements or others, the initial results one will obtain is
characteristic for the system as a whole, and not for the tested device itself.
In order to get a better impression of the performance of the tested device,
variables in the system will have to be accounted and compensated for.

Attenuation in the measuring medium is one of the main variables that
affect the initial result, especially since it varies as a function of frequency
(See Section 2.7.1). Finding the attenuation of the medium that the mea-
surements are performed in, in this case rapeseed oil, is therefore needed
to produce a normalized response curve for the CMUT.

From equation (2.25) a fairly precise theoretical value for the attenuation
can be calculated. In the data on the rapeseed oil provided by the De-
partment of Biotechnology at NTNU, a value for the volume viscosity is
not stated. This means that equation (2.24) has to be used, and this is
suspected to give smaller values than the actual ones as stated in Section
2.7.1. A measurement of the attenuation is therefore needed to produce
a correction curve, and not only for validating and adjusting a theoretical
one.

4.1 Method

For measuring the attenuation, pulse-echo measurements similar to those
presented in Section 3 have been performed. This meant having a trans-
ducer emitting and receiving a wave that is reflected by a steel block, while
propagating through rapeseed oil. The reason for choosing pulse-echo
measuring was mainly equipment availability and familiarity, but the ad-
vantages presented in Section 3 also applies here. The main difference
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in the system is that instead of using the CMUT, a set of commercial ul-
trasound transducers were used to transmit and receive the ultrasound
waves. This was because these transducers have a known characteristic,
and this excludes uncertainties like electrical mismatches and other un-
known factors that may be present in the CMUT. A drawback with these
transducers is the relatively narrow bandwidth that they operate with.
This meant that several transducers had to be used in order to cover a
wide enough range of frequencies.

4.2 Devices, equipment and execution

4.2.1 Olympus Panametrics-NDT ultrasound tranducers

The transducers used are from the Olympus Panametrics-NDT V300 se-
ries, which are made for immersion use. These transducers come with a
variety of different center frequencies, have a 1/4 wavelength element of
0.25” in diameter, and a 6 dB bandwidth between approximately 50% and
100%. A selection of transducers with center frequencies ranging from
5MHz up to 30Mhz have been chosen to cover the frequency range of the
CMUT measurements.
The 30 MHz transducer has a delay line of fused silica at its front to pro-
tect its piezoelectric element. Fused silica has an acoustic impedance that
poorly matches water, as stated in [23], and it is therefore expected to give
reflections at the transducer/oil interface. The specific characteristics of
the individual transducers are presented in Appendix A.

4.2.2 Reflector

Since these measurements are done in the same frequency range as the
CMUT, the steel base of the pulse-echo rig was chosen as the reflector.
A problem with this was that the available plastic box to place the rig in
did not give it a flat surface to rest on, and thereby making it difficult to
level out the rig which would have been preferable for alignment with the
transducer. It was however considered to be a manageable difficulty, since
the setup in any case required manual alignment of the transducer relative
to the reflector.
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4.2.3 Network analyzer

The Rohde & Schwarts (Vector Network Analyzer 10Hz/9kHz-...4GHz)
was used to drive and perform the measurements.

As pointed out in Section 3.2.4, this network analyzer can switch between
frequency and time domain. This is very useful for these kind of measure-
ments since it presents both responses during testing, and thereby making
transducer alignment and data gathering easier. This results in more ef-
fective testing due to reduced data processing and that problems can be
identified and avoided.

One drawback with this network analyzer is that its only functioning port
delivers maximally 0dBm of power to its load. The v300 series tranducers
however are rated for a maximum of 125mW(≈21dBm) [23], and the low
output of the network analyzer might therefore produce pulses of limited
intensity. This could result in a poor signal to noise ratio in the measure-
ments.

4.2.4 Test setup and procedure

The complete setup for the attenuation testing is shown is Fig 4.1. A stan-
dard laboratory holder is used for transducer fixation, and manual align-
ment is therefore required. Beyond that, it is basically the same as the
setup for testing the CMUT, with the exception that these transducers op-
erate on an AC source alone.

Two methods have been used for measuring the attenuation in the oil. The
principle of the first method was to measure the magnitude of the first
received echo at a given frequency, and for two different distances from
the reflector.

A transducer with frequency band covering the frequency of interest was
placed in the holder and lowered into the oil. It was then checked visually
for air bubbles on the front of the transducer, and measures were taken to
remove these if present.

Before connecting the network analyzer to the transducer, its frequency
sweep range and power had to be set, and a calibration for these settings
had to be performed. An appropriate frequency sweep corresponding to
the center frequency of the chosen transducer was set, and power delivery
of the network analyzer was set to its maximum of 0dBm. A calibration
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Figure 4.1: Complete setup for rapeseed oil attenuation testing.

was then performed to remove the influence the connection cable had on
the response with these settings.
As part of the last preparations before measuring could be carried out, the
position of the holder arm and through this, the position of the transducer
was measured with a slide caliper. This gave a reference position with a
precision of ±50µm.

Alignment of the transducer relative to the reflector was done by sweep-
ing it around one axis at a time and checking the response on the network
analyzer. Both frequency and time domain modes were monitored in or-
der to obtain the most precise alignment, and to identify and correct any
irregularities in one mode if present. After sweeping both axes the trans-
ducer was fixated in the position where the greatest response magnitude
was obtained.

The measurements themselves were done by using the network analyzer’s
time gating feature to single out the first echo in the time domain, and then
display its frequency response. The magnitude of the response at the fre-
quency in question could then be acquired.
After the first measurement was completed, the holder was set to a new
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position, and measured again with the slide caliper to get the new refer-
ence position.

The procedure was then repeated for the remaining transducers to cover
the whole frequency range.

Calculating the attenuation (αfreq) for a given frequency was done using
equation (4.1).

αfreq =
M1 −M2

2(P1 − P2)
, (4.1)

where M1 and M2 are the magnitudes at positions P1 and P2 respectively.
The factor 2 in the denominator is present because the sound travels the
distance measured twice going to and from the reflector.

For the second method the preparations before measuring were the same
as for the first one. The difference between the two is that instead of mov-
ing the holder to a new position as in the first one, the second echo is used
in this one. By time gating and measuring both the first and second echo
at a given frequency, the attenuation can be found using equation (4.2).

αfreq =
M2 −M1

c(T2 − T1)
, (4.2)

where M1 and M2 are the magnitudes, and T1 and T2 are the placements
in time of echo 1 and 2 respectively. The factor c denotes the propagation
velocity of the oil.

4.3 Theoretical and measured attenuation

4.3.1 Theoretical rapeseed attenuation

A theoretical value of α0 was calculated using (2.24), multiplied with the
conversion factor for dB (2.26), and the following values:

• Dynamic viscosity, η = 72.1mPa · s.

• Density, ρ = 910kg/m3.

• Propagation velocity, c = 1460m/s.
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This results in

α0 = 5.811 · 10−12dB · s2

m
, (4.3)

and hence equation (2.24) produces the relation between attenuation and
frequency presented in Fig 4.2.

Figure 4.2: Theoretical attenuation versus frequency.

4.3.2 Measured rapeseed attenuation

Each of the methods have their weaknesses that can be a source of uncer-
tainty in the measurements.
The source of greatest uncertainty in the first method is when the trans-
ducer is moved to a new position. This might lead to a skewed alignment
of the transducer, and the measurement of the two positions are also sub-
ject to some uncertainty.
The propagation speed c is the source of greatest uncertainty in the second
method. It was found by measuring the placement of the first echo in time
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at two different positions, and is thus subject to uncertainty as mentioned
above.

The measurement series were performed six times for each method to have
a set of values to average over. This was done to even out the uncertain-
ties of the measurements. The averaging was also weighted, meaning that
the largest deviations were essentially excluded. The system is inherently
lossy, and the measurements with the lowest losses can therefore be con-
sidered to be closer to the real value than those with higher values. This
does not mean that picking out the lowest value for each frequency will
be acceptable, since for example a value for c that is too high gives at-
tenuation values that are too low. Both methods gave values in the same
range of attenuation values for each frequency, and they were therefore
processed together in the calculation of data points.

Fig 4.3 shows the plotted data points representing the averaged values for
specific frequencies, and the adapted curve for the attenuation as a func-
tion of frequency. More weight have also been put to the lower frequencies
since the attenuation is lower here, and measuring errors will have less ef-
fect compared to the higher frequencies. The significance of this can be
seen in Fig 4.3 where the curve follows the lower frequency values closer
compared to the values at higher frequencies.

This corresponds to α = α0f
2 with

α0 = 7.5 · 10−12dB · s2

m
, (4.4)

which is about 1.3 times greater than the theoretical value of α0.

During the measurements with the 10MHz transducer, the received mag-
nitude was initially recorded at its peak frequency of 11.92MHz. During
one of the series however, the magnitudes were recorded at 10MHz by
mistake. Instead of rejecting this series, this was repeated 5 times to be
used as the extra data point seen in Fig 4.3.

Measuring with the 30Mhz transducer proved to be to difficult to produce
any valid results. The reason was the fused silica piece, mentioned in Sec-
tion 4.2.1, combined with the low output power from the network ana-
lyzer (See Section 4.2.3). This combination produced a result where the
echoes from the reflector drowned almost entirely in the reflections from
the transducer/oil interface, making the response too noisy to be used.

The actual attenuation turned out to be higher than the theoretical value,
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Figure 4.3: Averaged data points and adapted curve for the measured attenuation
versus frequency.

as expected from the theory presented in Section 2.7.1. The result is also
a comparable value with the results presented in [22] and [24], on similar
vegetable oils.
The main source of the increased attenuation, compared to the theoretical
one, is probably the effects added by the volume viscosity, assuming the
oil is homogeneous. It is however unlikely that the oil is completely free
from some undissolved cells or other impurities, so scattering may be a
contributor too.
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5. Results and discussion

This section contains key plots of the results, and discussion of these, from
the measurements described in Section 3.
This section is divided into three parts where Section 5.1 contains the anal-
ysis of the performance of the added backing layer, and Section 5.2 covers
the general behaviour and key features of the CMUT. Section 5.3 discusses
an adapted impedance network for the system.

All of the data presented in this section is a product of processing in MAT-
LAB, and any stated values have also been found through this process. It
should be noted that the plots taken from [8] presents the data in Hz and
seconds, while the rest are in MHz and µs.
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5.1 Backing layer performance

The CMUTs manner of operation in relation to the applied bias voltage
were observed qualitatively before conducting these measurements. Equa-
tion (2.22) suggests a greater output for an increasing bias voltage, and it
was found in [8] that the CMUT followed this pattern. As this was al-
ready established for the CMUT, the observation served to confirm that
the CMUT functioned properly, and still followed this pattern after the
addition of the backing layer.

The purpose of the backing layer is to reduce the ringing effect in the
CMUT. This has been reported to be effective in [9], and comparison with
measurements from before the layer was added will show how it performs
in this case.

Figure 5.1: CMUT frequency response in immersion without the backing layer, at
-45V bias voltage and a distance of 1.4mm to the reflector (from [8]).

The initial frequency responses for the CMUT, without and with the back-
ing layer added, are shown in Fig 5.1 and Fig 5.2 respectively. The ripple
in the response is expected in both cases, and corresponds to the distance
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Figure 5.2: CMUT frequency response in immersion with the backing layer, at
-45V bias voltage and a distance of 1.4mm to the reflector.

from the reflector and the speed of sound in the rapeseed oil. The property
of interest in these plots is a dip in the magnitude of the ripple, as the one
seen at about 10MHz, and less notable at about 20MHz in Fig 5.1. These
are believed to be appearing due to ringing, as similar behaviour were re-
ported in [9] and [25].
In the response with the backing layer added these dips are much less
prominent, which indicates that the layer dampens the ringing. The max-
imum magnitude of the ripple is also lower as would be expected with
the dampening, but there is a greater response from 20MHz up to about
30MHz. This is unexpected as the backing layer is a passive component,
which means that other alterations to the CMUT may have occurred.

Fig 5.3 shows the impulse response of the system with the backing layer.
The first echo is clearly visible at 2.05µs, which means that the distance
(D) between the CMUT and reflector is quite accurate as the calculation in
equation (5.1) shows.
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Figure 5.3: Trimmed impulse response with first echo at 1.4mm from the reflector.

D = 1460
m

s
· 2.05µs = 2.9mm, (5.1)

which gives a deviation of 0.1mm without taking time losses in the mea-
suring system into account.

A zoomed in section of the first echo for the CMUT, with and without the
backing layer, is showed in Fig 5.5 and Fig 5.4 respectively.
A ringing motion after the echo can be observed in Fig 5.4. This ringing
has a period of 0.065µs which is comparable to

T = 2t/cSi =
2 · 250µs

8400m/s
= 0.06µs, (5.2)

where t is the thickness of the CMUT chip, and cSi is a general propagation
velocity of sound in silicon. This confirms that the ringing is resonance
internally in the CMUT chip as suspected in relation to [9] and [25].
Comparing with Fig 5.5 shows that the backing layer has a considerable
dampening effect, resulting in as good as total diminishing of the ringing.
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Figure 5.4: Zoomed in impulse response of the first echo, without backing layer
(from [8]).

Even though the ringing has been removed, other disturbances can appear
in effect of the added backing layer as described in Section 2.8. Examples
are disturbances due to reflections from the CMUT/backing layer inter-
face because of poor acoustic impedance matching(See Section 2.1.2), or
reflections from the end of the backing layer returning to the CMUT.
The first case can be considered unlikely in this case, since reflections in
the CMUT/backing layer interface would cause a persisting ringing.
Reflections from the end of the backing layer is not unlikely as this in-
terface was with air, and therefore a great acoustic impedance mismatch.
This will however only occur in the case where the acoustic dampening of
the layer is too small to absorb all of the energy transferred to the layer.
The sound propagation velocity in the EPO-TEK epoxy is stated in [26] to
be 2650m/s, and the thickness of the backing layer is varying from 1.4mm
at the edges to 1.8mm at the center. This gives

T = 2t/cEPO−TEK = 1.06µs⇔ 1.36µs. (5.3)
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Figure 5.5: Zoomed in impulse response of the first echo, with the added backing
layer.

In this time interval after the echo, only the same rather random noise
seen in Fig 5.3 and Fig 5.5 is present. It can therefore be concluded that
the backing layer absorbs all the energy transferred from the CMUT. For
a transducer to be used for imaging, this grade of absorption may be too
much as this degrades the transducer sensitivity according to [27] and [17].
On this type of transducer with the backing layer added to its back side,
this degradation is of less concern as it would take a very high grade of
dampening to have much effect, as stated by Professor Rønnekleiv. For
this case it works well regardless of any degradation, and also serves as a
proof of concept.

5.2 General performance

The evaluation of the CMUTs general performance were, as mentioned in
the introduction (Section 1), inconclusive in [8]. The irregular behaviour
observed in the results was believed to be due to increased line resistances
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and capacitances, as a result of poor bonding connections. This increase
might have caused phase shifts over the array leading to an uneven output
that produced the poor results.

In an effort to get a better impression of the CMUT performance, and to try
to verify the source and severity of the problem, normalization of the re-
sults has been done. A measure of the rapeseed oil attenuation was found
in Section 4, and can thus be compensated for in the results.
Another factor that should be accounted for in these types of measure-
ments is divergence of the ultrasound beam. For this particular case how-
ever, this is a factor of less concern because the distance the sound trav-
els does not extend beyond the near field depth (NFD) for most of the
emitted frequencies. A quality of the near field is a constant beam width,
but it does exhibit a varying intensity due to interference. For this case
however, the intensity should be stable since the CMUT is a broadbanded
transducer, and therefore have a lot of different frequencies that interfere.
Using equation (2.8) with b = 1.275mm, and the wavelength for the oil at
10MHz yields

FF >
1.275mm2

2.88 · 0.29mm
≈ 3.9mm. (5.4)

This is about the same as the distance the sound has traveled with the
CMUT placed 1.9mm from the reflector. The significance of this is that only
frequency components lower than 10MHz will be subjected to divergence,
and it is therefore expected to be of little effect to this analysis.

As Fig 5.6 shows, the attenuation being related to the square of the fre-
quency means that it affects the measured response quite a lot. The com-
bined plots of the compensated responses of the first echo from positions
1.4mm and 1.9mm are shown in Fig 5.7. These plots indicates that the
value found for the attenuation is fairly accurate since the curves are placed
almost on top of each other, at least for the fairly stable area from 10MHz
to about 25MHz.

The air testing performed in [8] showed a peak frequency of 36MHz. When
the CMUT is immersed this is expected to shift to a much lower value. It
has been stated by Professor Rønnekleiv that the peak frequency should
be in the area of 10 to 12MHz for this CMUT design when immersed. The
results presented in Fig 5.6 and Fig 5.7 does, with this in mind, seem to be
quite far off from this expectation.
The addition of the backing layer was hoped to give a more stable response
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Figure 5.6: Compensated and uncompensated frequency response for echo 1 at a
distance of 1.4mm.

from the CMUT, but it is quite evident seeing the results that this is unfor-
tunately not the case. Finding characterization properties like center fre-
quency and bandwidth are therefore not possible through these plots.
These responses have a good resemblance with those procured in [8], but
there are some differences. Comparing the responses of the first echo at
1.4mm in Fig 5.6 and Fig 5.8, shows that the response when the backing
layers are added actually has more distortions than the one without back-
ing. It also shows that the response with backing does not drop off as
much as the one without, as the frequency increases. This supports the
suspicion of an unknown alteration to the CMUT, together with the ob-
servation of the increased response from 20MHz to about 30MHz in Fig
5.2.

The observations mentioned above indicates a shift in resonance frequency
of the CMUT to a higher one. Looking at equation (2.23) the most likely
parameters to be affected by an external addition to the CMUT are, an
effective increase in the thickness (t) of the membrane, or an increased
membrane spring constant (kmem) by an increase in membrane tension.
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Figure 5.7: Combined plot of compensated frequency response for the fist echo at
both 1.4mm and 1.9mm.

The only substance the CMUT have been subjected to that can affect the
membrane thickness is the rapeseed oil. After the completion of the au-
tumn project [8], the CMUT was left out in air to dry off. It could not
be cleaned due to its fragile exterior and the bonding leads connected to
it. This allowed a layer of oil to remain on the surface of the CMUT, and
eventually set on it. This could perhaps increase the effective thickness of
the membrane, the CMUT was however mounted in the rig and immersed
and left like this for about half a day. The probability that the dry layer of
oil did not dissolve during this period is small, as it dissolved on all of the
surfaces of the pulse-echo rig that were treated in the same way.

This leaves the increase in spring constant (kmem). The membrane is fixated
in a span between the support structure fabricated in the silicon substrate,
and is thus subject to tension in this structure.
The CMUT chip is glued to the PCB. When the backing epoxy mixture
was added, this was poured into the hole in the PCB, and left to cure.
During the curing process, expansion or shrinking of the epoxy volume
is not uncommon. This type of change can affect the CMUT, resulting in
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Figure 5.8: Combined plot of frequency response for the first echo at both 1.4mm
and 1.9mm. CMUT without backing layer (from [8])

force applied to the CMUT since it did not have any room to move, being
glued to the PCB, during the curing process.
This is the most likely scenario to affect the CMUT as observed, as this
applied force can cause an increase in tension on the membrane. Increased
membrane tension means increased spring constant, which leads to a shift
in frequency to a higher level according to equation (2.23).

5.3 Impedance network

By finding the impedance response of the system, characteristic electri-
cal properties can be identified. The network analyzer can not find the
impedance response directly, but it can measure the real and imaginary
parts of the reflection coefficient for the system. The impedance can be
found by using the reflection coefficient, and a derivative of equation (2.29)
which gives
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Z = Z0
1 + Γ

1− Γ
. (5.5)

The resulting impedance response for the system is shown in Fig 5.9 and
Fig 5.10. To find this response the HP8753E network analyzer had to be
used. This was because the Rhode & Schwarts for unknown reasons gave
different number of datapoints for the real and imaginary parts of the re-
flection coefficient. This resulted in trouble with the impedance calcula-
tions giving negative values of the real part, which can only be true for
active components.

Figure 5.9: Real part of the impedance response of the system, with adapted
curve.

By finding an impedance network with components comparable to the
system, and with behaviour as close to the measured response as possible,
a measure of the electrical properties of the system can be obtained. The
network chosen for this case is shown in Fig 5.11.

The network analyzer is represented as a voltage source and 50Ω source
impedance (R0). The capacitance C1 represents parasitic capacitance in
the system, R1 represents line resistances, and C2 represents the CMUT.
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Figure 5.10: Imaginary part of the impedance response of the system, with
adapted curve.

Figure 5.11: Impedance network for matching with the impedance response of
the system.

The curves shown in Fig 5.9 and Fig 5.10 were considered to be the best
adaption to the impedance responses. These were obtained with the fol-
lowing values
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C1 = −j1500Ω, (5.6)
C2 = −j3100Ω, (5.7)

R1 = 85Ω. (5.8)

The adapted curve for the real part of the impedance response does not
follow the measured values at lower frequencies. A better fit is however
not possible with this impedance network. It is however considered to be
good enough because parasitic disturbances from line capacitance, con-
nections etc. at these lower frequencies can become quite dominant.

The impedance network shows quite high values of line resistance, and
parasitic capacitances. This supports the theory from [8], that line resis-
tance and parasitic capacitances causes disturbances in the CMUTs opera-
tion. The network also shows that there is a mismatch between the source
and the load impedance. This could also be a contributor to the flat and
unexpected frequency response the CMUT shows.
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6. Conclusion and further work

The objective of this thesis was to continue the work to characterize a
CMUT, started in [8]. The work in [8] was inconclusive, so a more thor-
ough evaluation was desired. For this evaluation a backing layer was
added to the CMUT. The hope was that this layer would have an effect on
the CMUT that would give more stable responses to analyze. This effort
proved however to be futile in terms of a more stable response, as appar-
ently more instability arise in the responses. Gathering of precise values of
center frequency and bandwidth of the CMUT has therefore been unsuc-
cessful. The shape of the frequency response does however suggest that
it has a wide bandwidth, and this is also supported by the short impulse
responses.

A value for the attenuation of the rapeseed oil was found from measure-
ments. It matched good with results presented in other articles, and the
combined plot of echoes from 1.4mm and 1.9mm validated it with good
matching of the responses.

Although characterization of the CMUT was partly unsuccessful, the mea-
surements did provide insight on the performance of the backing material
as an acoustic dampener, and effects the addition of a backing layer might
have on a CMUT.
Comparing the impulse responses, with and without the backing layer,
shows that the ringing is removed by the backing layer. The dimps that
were present in the frequency response, has also been removed with the
added backing. This confirms that the epoxy tungsten mixture has an
acoustic impedance very similar to that of silicon, or reflections would oc-
cur in the silicon/backing layer interface which would allow the ringing to
continue. The absorption factor of the backing layer seems to be good too,
as there were no reflections from the free side of the layer. The thickness of
the layer was however quite large, so commenting on its effectiveness for
applications where a comparable layer cannot be achieved is not possible.
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Another observation in the frequency response was that there was a signif-
icant increase in the response from about 20MHz ut to about 30MHz. This
tendency was also present in the time gated frequency responses of the
echoes. This increase is possibly due to a shift in the resonance frequency
of the device, which means that there would have been alterations to the
CMUT membrane. The most likely source of this is that the added backing
layer changed in volume during curing, and by this putting a force on the
CMUT. This may have caused an increase in the tension in the membrane,
and thereby increasing its resonance frequency.

Lastly an impedance network adapted to the behaviour of the system,
shows a presence of line resistance and parasitic capacitance that supports
the theory from [8], that these deviations causes the device to function
poorly and appear due to poor bonding and narrow lines on the CMUT.
It also shows a mismatch with the source, which means that the power
delivery to the CMUT might be quite poor for a range of frequencies.

Two rounds of testing without reaching the objective of characterizing the
CMUT speaks in favor of finding a different CMUT to work on in future
pulse-echo tests.
The shift in frequency that may be because of the backing layer exerting
force on the CMUT, might be a topic for further study. It could at least be
an idea to keep it in mind when adding backing in a confined space, as the
hole in the PCB was in this case.
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