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Abstract

In recent years, many therapeutic applications for medical ultrasound have arisen, such as ablation of
tumors, breaking up kidney stones, and neuromodulation. To localize the target area, often ultrasound
imaging methods are used. Conventionally, a different transducer array is used for imaging and ther-
apeutic applications because of their conflicting requirements of transducer damping. If this damping
would be done electronically, it can be switched on or off on demand, allowing a single transducer
array to be used for both therapeutic and imaging ultrasound. This would allow medical ultrasound
devices to be smaller and therapeutic treatments to have reduced overall system complexity. This
thesis develops a PCB to compare a combination of existing and novel methods of electronic damping
on a single transducer, also called electronic Q-factor control. A maximum damping of 23% is achieved
relative to the undamped transducer mounted on the PCB. This is achieved by a novel method based
on a feedback loop around a second ’dummy’ transducer. Methods of electronic Q-factor control
should eventually be extended to be applied in an Integrated Circuit for damping of entire ultrasound
transducer arrays.
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Chapter 1

Introduction

Ultrasound is a form of sound wave that exists beyond the range of human hearing, typically above
20,000 Hz. Interestingly, many animals, like dogs, cats, dolphins and bats, possess the ability to hear
outside of this range. The latter two are known to utilize this capacity for echolocation to gather in-
formation about their surroundings. They produce short ultrasound clicks and listen to the reflections
caused by their environment. Based on this information they can reconstruct a mental 3D image map
of their surroundings. This is the natural occurrence of a process called ultrasound imaging.
Ultrasound imaging is used by humans mostly in the medical field; Most famously for getting an ul-
trasound scan during pregnancy [1], but also to assess heart function, localize internal injuries, or to
guide as a visual aid during surgery.
Besides imaging, ultrasound knows another application called therapeutic focused ultrasound (FUS).
This technique uses a multitude of ultrasound transducers to send long high intensity waves to focus
their combined energy into a single point. FUS is used in varying applications, such as ablation of
tumors, breaking up kidney stones, and modulation of neural activity [2, 3]. Therapeutic ultrasound
can be combined with ultrasound imaging to determine the desired focal spot. Current conventional
methods use a different device for imaging and therapeutic applications [4], or use an imaging array
for both, resulting in very inefficient performance during therapeutic use [5]. Especially for wearable
neuromodulation applications and research it is desirable to have a single device capable of delivering
optimal performance in both cases. Firstly, using the same ultrasound array for both imaging and
modulation would greatly help reduce the total product size, making it less cumbersome and much
easier to mount on any test subject. Furthermore having a single device would allow stimulating and
imaging from the exact same location, reducing complexity and inaccuracy as compared to separated
devices. Currently, imaging and therapeutic modes are not interchangeable because of their fundamen-
tally different properties: In order to achieve very short ultrasound pulses, ultrasound imaging arrays
use mechanical damping layers situated directly behind the transducer, while therapeutic arrays use
air-backing for minimal damping and minimal energy loss. For this reason it is desirable to design
an electronic damping circuit towards achieving control of the quality factor (Q-factor): For a de-
vice capable of both imaging and therapeutic ultrasound, the air-backed transmitter transducers (TX)
will be connected to an electronic Q-factor control circuit allowing switching between high Q-factor
(therapeutic, low damping) and low Q-factor (imaging, high damping). The receive transducers (RX),
only required for imaging mode, will sparsely populate the transducer array, and can be damped with
conventional mechanical layers. With these features, the electronic damping can be switched on or off
on demand, and thus allow for the fast switching between imaging and therapeutic operation using
just a single transducer array. This thesis will answer the question whether it is feasible to apply
electronic Q-factor control circuits to air-backed transmitters in an ultrasound transducer array, as to
allow for both imaging and therapeutic applications in a single device. To answer this question, this
this work analyzed several different Q-factor control circuits proposed in prior work, and proposed a
novel technique that might enable its use, for the first time, in high-density 2D arrays of ultrasound
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transducers.
This thesis is organized as follows. In chapter 2 a literature review is given for the fields of ultrasound
applications and piezoelectric transducers. Chapter 3 optimizes and extends existing methods for
Q-factor control to allow for implementation in ultrasound transducer arrays based on an equivalent
electrical transducer model. Q-factor control systems are simulated in Matlab and LTSpice. In chapter
4 a full PCB system is developed which is able to apply several damping techniques on a real transducer
placed in a small water tank. Chapter 5 presents hydrophone measurements of the PCB and discusses
the results. Chapter 6 will provide the final conclusion for this thesis and provide recommendations
for future work.
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Chapter 2

Background

2.1 Medical Ultrasound

Ultrasound transducers allow for the conversion of electrical energy to acoustical ultrasound vibrations.
Upon actuation a sound wave will travel in all directions from the transducer, however typical medical
ultrasound applications require the ability to precisely focus the acoustic energy in a single point. The
focusing of ultrasound is done using arrays of multiple transducers. By actuating each transducer
element at a slight offset in time, a phase delay, their acoustical waves can be made to arrive at a
single point simultaneously, the focal point. This is called constructive interference, shown in figure
2.1. Using different phase delays, the location of the focal spot can be changed.

Figure 2.1: Visualization of a linear phased array. The same shape ultrasound wavelet (A.) is emitted
by the transducers (B.) at different times, which is called a phase delay (D.). Based on the phase
delay, the acoustic energy is focused on a single spot, called the focal spot (C.).

Focused ultrasound (FUS) is used both for imaging and stimulation purposes. Where imaging
methods require very short acoustic waves to maximize axial resolution, stimulation purposes need
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minimally damped, long duration waves to maximize energy delivery. This can also be referred to by
means of the quality factor, or Q-factor. In ultrasound applications, it is mathematically defined as
the ratio of the center frequency to the signal bandwidth:

Q =
fc
B

(2.1)

The Q-factor is a measure of the level of damping of an ultrasound transducer, and it corresponds
approximately to the amount of oscillations in a vibration before it dies out. For an input step voltage,
a high-factor transducer will resonate for a longer time, while a low Q-factor transducer will resonate
for a shorter time. A stimulation array requires high Q-factor transducers, while an imaging array
needs a low Q-factor. Both are visualised in figure 2.2. It can be seen that lower damping results in
a narrower peak in the frequency domain, while a shorter wave gives a wide frequency band. In this
discrepancy between imaging and stimulation mode lies the challenge of this thesis, where the goal is
to design, build and verify electronic methods to allow ultrasound transducers to switch between both
operating modes.

Figure 2.2: Highly damped signal (low Q, blue) and less damped signal (high Q, red) in the time
domain (left) and frequency domain (right).

2.1.1 Ultrasound imaging
Ultrasound imaging is commonly used for recording 3D images of biological tissue. A multitude of
methods exist to reconstruct images and gather data from ultrasonic reflections. Common modes
are B-mode (Brightness mode) for black and white 2-D and 3-D images, CEUS (contrast enhanced
ultrasound) for visualizing blood flow and lesions with the aid of a contrast enhancing agent injected
into the bloodstream, and Doppler mode for measuring blood flow velocity. All modes can be executed
using the same type of transducer array shown in figure 2.3, but the type of wave transmitted may
vary. To produce high resolution static or low framerate images, a focused beam is transmitted by
the transducer array to produce an image line-by-line as shown in figure 2.4. In contrast to focused
imaging, for applications such as CEUS or Doppler mode very high framerates can be achieved with the
use of plane wave imaging. Instead of creating a focal spot by means of phase delay as shown in figure
2.1, the transmitted wave will be unfocused, for example by setting all phase delays to zero. Focusing
is then done in the signal processing stage, after reception of the reflected waves. The resolution in
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Figure 2.3: Basic elements of a conventional ultrasound imaging array. The piezoelectric elements
(A.) will be driven by an electrical circuit to start oscillating. This vibration is damped by the
backing material (B.). The acoustic matching layer (C.) facilitates maximal power transfer from the
piezoelectric elements into the tissue to be imaged. The acoustic lens (D.) helps with focusing the
ultrasound pulses of the individual transducer elements. Image adapted from [6]

each point of the image is based on different parameters. The lateral resolution is determined by focal
distance F , aperture size D and the wavelength λ in the medium.

Rlateral = λ
F

D
(2.2)

Where the aperture size is the length of the transducer array used for either transmission in focused
ultrasound or reception in unfocused ultrasound. The transducer elements will have a natural focal
spot in the elevational plane determined by their width helement:

F ≈ 0.34h2
element

λ
(2.3)

At this distance, the slice thickness is equal to

Relevational ≈ 0.6helement (2.4)

The axial resolution follows from the properties of the transmitted wave as

Raxial =
w

2
=

cτ

2
(2.5)

where w is the physical width of the ultrasound wave, c is the speed of sound through the medium and
τ is the duration of the wavelet. In the axial plane, two points can be identified as separate objects
when their reflected waves do not overlap at the moment of reception, as shown in figure 2.5. Because
the wave must travel to the point and back again, the time delay between the reception of a reflection
of two points separated by distance ∆z is twice this distance divided by the sound velocity. The points
can only be distinguished when this time delay is greater than the temporal length of the reflected
wave in the medium. This is mathematically expressed as

∆t = 2∆z/c > τ (2.6)

The axial resolution is then the lowest acceptable ∆z, which leads to equation 2.5. It is clear that the
shorter the wave, the higher the axial resolution. This is why it is important to achieve high damping
for ultrasound imaging applications. A trade-off is however that for a shorter wave duration, the wave
will contain less energy. In imaging this means the reflections will be of lower energy as well and thus
the signal to noise ratio (SNR) is reduced.
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Figure 2.4: A linear transducer array is able to sweep over an arc to sample three dimensional voxels.
The voxel size is determined by the lateral resolution (LR), elevational resolution i.e. slice thickness
(ST) and axial resolution (AR). Resolution is highest at the focal point (FP). Image taken from [7]

2.1.2 Therapeutic ultrasound
Where ultrasound imaging is an observation method, therapeutic ultrasound is used in the medical
field to actively provide treatment to patients in many different ways. The fundamental principle of
energy focusing is the same as shown in figure 2.1, however in therapeutic applications it is generally not
desirable to produce very short duration pulses. Waves for therapeutic ultrasound are much longer and
of higher intensity in comparison, with the purpose of delivering as much energy as possible to the focal
point with minimum losses. Herein also lies a fundamental difference with imaging modes: Whereas
imaging arrays make use of the mechanical backing layer as shown in figure 2.3, transducers used for
stimulation often make use of air-backing in order to minimize damping and maximize reflection [9].
Focused ultrasound encompasses two main subgroups: High Intensity Focused Ultrasound (HIFU) and
Low Intensity Focused Ultrasound (LIFU). HIFU is specifically meant to damage or destroy biological
tissue with intensities ranging from 100 to 10,000W/cm2 [2]. It is used among others for the ablation of
tumors and breaking up kidney stones[2][10]. LIFU, on the contrary, uses intensities from 100W/cm2

down to the mW/cm2 range to stimulate tissue repair [11] or to elicit neurological activity [12]. To
determine the desired focal spot, ultrasound imaging methods can be used. Current methods either
use two separate arrays optimized for either stimulation or imaging mode [4], or use a single imaging
array to do both, resulting in very inefficient performance during stimulation [5]. To solve this issue it
is desirable to be able to use a single array which can switch between one mode optimized for imaging,
and one mode optimized for stimulation.

2.2 Ultrasound transducers

Ultrasound transducers are the elements used to generate ultrasound. They can convert electrical
energy to mechanical ultrasonic vibrations, or vice-versa. As such they are both used as sensors as
well as actuators. A multitude of materials can be used to generate ultrasound, such as capacitive and
piezoelectric micromachined ultrasound transducers (CMUT and PMUT), and piezo-electric ceramic.
A common material used for ultrasound transduction in medical devices is lead zirconate titanate, also
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Figure 2.5: left Two points are identifiable as different objects because their reflected waves do not
overlap. right The two points are closer together than half the wavelet width (∆z < cτ/2) and therefore
they cannot be distinguished from each other.Images from [8]

called PZT [13], a piezo-electric ceramic with a crystalline structure. Piezo-electric crystals owe their
piezo-electric effect to their repeating structures containing positively and negatively charged atoms.
When the material is under no stress, the charge distribution of the individual atoms is balanced,
and no voltage can be measured over the crystal as a whole. However when the crystal is stretched
or compressed, the charge distribution changes resulting in a net voltage over the crystal faces. The
reverse relationship also applies: by applying a voltage over its faces, the shape of a piezo-electric
crystal can be deformed. The piezo-electric effect is demonstrated in figure 2.6 for a simple crystalline
structure. A real crystal will be comprised of a lattice of many repetitions of this structure in 3D space.
The deformation of such crystals used for ultrasound transduction is underdamped, i.e. when applying

Figure 2.6: A visualization of the piezo-electric effect. The images show a crystal comprised of positively
and negatively charged atoms. With no applied forces, the charge distribution is exactly balanced
and there is no net voltage over the crystal. However when the crystal is deformed by tension or
compression, indicated by the arrows, this causes the displacement of atoms in the crystal, and a net
voltage will arise over the crystal faces. Image adapted from [14]

a step voltage they will vibrate at a natural frequency before settling. This is exactly the vibration
that is exploited for creating ultrasound waves: the deformation of the crystal causes pressure waves
in its contact medium and sound is created. The natural frequency -also called resonant frequency-
depends on the material used, but also on its shape and the direction in which the voltage is applied.
We can refer to the combination of the latter two as the vibrational mode. A piezo-electric material
can expand and compress in many directions, however for ultrasound transducers mainly two modes
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are of interest: thickness mode and longitudal mode, as visualized in figure 2.7. In longitudal mode,
the resonant frequency decreases with increasing transducer length [15], while in thickness mode the
resonant frequency decreases with increasing surface area [16]. It is clear that the behaviour of a

Figure 2.7: Illustration of the two main vibrational modes for ultrasound piezo-electric transducers.
In longitudal mode the transducer deforms along its length, while in thickness mode it deforms along
its shortest dimension.

piezo-electric crystal depends on many factors. To simplify the analysis of these transducers, the next
section will cover how to encompass their behaviour in an equivalent electrical model.

2.3 Equivalent electrical model

To design a good system it is necessary to have accurate simulations. Models are used to simulate these
systems before they are built, however, models will never be able to perfectly represent the reality.
Depending on the application, a model may require increased precision, or take into account different
parameters. For piezo-electric transducers it is just the same. In order to design an electrical damping
method for piezo-electric transducers, it is essential to firstly have a way to model the transducer in
the electrical domain. This section will evaluate several models from simple to complex, each with
their advantages and disadvantages.

The piezo-electric transducer is most simply modeled as a single capacitor C0, the physical capac-
itance of the piezo-electric material. The value of C0 can be derived from the material properties
according to

C0 = ϵ0ϵr
A

d
(2.7)

Where ϵ0 is the electric constant, ϵr the dielectric constant, A is the surface area of the transducer
top/bottom face and d is traditionally the distance between the capacitor plates, or in this case
the thickness of the transducer. A single capacitor however is not a sufficient model to represent a
transducer’s natural resonant behaviour.
Exact electrically equivalent circuits for piezo-electric transducers were published by Mason et al. in
1948 [15]. From the mechanical properties of piezo-electric materials, a set of equations is derived which
can be represented in a non-linear electrical model shown in figure 2.8. In this model, the resonant
behaviour of a transducer is represented by the non-linear impedances over the entire frequency range,
showing that resonant peaks occur at all uneven harmonics of the primary resonant frequency ω0.
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Figure 2.8: Mason’s equivalent model displays that the transducer can exert force both at its front and
at its back side, represented by F1 and F2. Non-linear impedances are dependant on the frequency
ω, as well as the mechanical constants Z0, l, and V ′. l being the crystal longitudal dimension, Z0

the mechanical impedance and V ′ the wave velocity through the crystal. The transformer is an ideal
transformer with ratio 1 to N defining the force to voltage ratio. C0 is the physical capacitance of the
transducer material. For thickness mode vibration the negative capacitance (in light blue) is added
to model a change in resonant frequency with respect to longitudal mode, for transverse longitudal
vibration it is a short circuit [17]. The input voltage is represented by E.

A. B.

Figure 2.9: A. Equivalent circuit for a transducer clamped on one side. B. Approximation in the
vicinity of the primary resonance frequency.

A. B.

Figure 2.10: A. Equivalent circuit for a transducer resonating in free space. B. Approximation in
vicinity of the primary resonant frequency. Resistor Rm is added to represent internal mechanical
losses. imech is the current through the RLC branch, proportional to the transducer velocity. The
resonant frequency will be differ between transverse longitudal and thickness vibration mode.

One problem with this representation is that non-linear behaviour can be difficult to simulate. The
model can be simplified for cases where one side is clamped (no vibration possible), or one or both
sides are unloaded (no force transfer). For the first case, the clamped side force can be set to infinity,
i.e. an open circuit, resulting in figure 2.9A. The result can be approximated in a linear representation
with only one resonant frequency, see figure 2.9B. In the case where both sides of the transducer are
moving in free space, this means both F1 and F2 of figure 2.8 should be set to zero, as there is no
force transfer possible. This equals to short-circuiting both force ports resulting in circuit A of figure
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2.10. Note that the resonant frequency is twice as high with respect to the clamped representation
in figure 2.9. The non-linear impedance can be approximated around the primary resonant frequency
by a lumped element model seen in figure 2.10B. This one-port representation is also known as the
Butterworth-van Dyke model, or BVD model. When the transducer is excited by a voltage, it expands
and contracts. This means the free (unclamped) end of the transducer will start to experience an
oscillating displacement in space, causing a pressure difference in the surrounding medium. In the
BVD model, the velocity of this free end’s movement is proportional to the current imech running
through the RLC branch [18]. The transducer impedance is equal to

Zeq =
s2CmLm + sCmRm + 1

s3CoCmLm + s2CoCmRm + s(Co + Cm)
[Ω] (2.8)

and the current through the RLC branch follows the equation

imech = E
sCm

s2LmCm + sCmRm + 1
[A] (2.9)

where E is the voltage over the transducer. From the circuit it follows that there is minimum impedance
where ZLm + ZCm = 0. So jω0Lm + 1

jω0Cm
= 0 and thus

ω0 =
1√

LmCm

(2.10)

Note that equation 2.9 resembles the form of a second order band-pass filter:

H(s) =
sω0/Q

s2 + sω0/Q+ ω2
0

(2.11)

where Q is the quality factor. imech can now be written as

imech =
E

Rm

sω0/Q

s2 + sω0/Q+ ω2
0

=
E

Rm

sRm

Lm

s2 + sRm

Lm
+ 1

LmCm

[A] (2.12)

From which it follows that

Q = ω0
Lm

Rm
=

1

Rm

√
Lm

Cm
(2.13)

The BVD model shows that the resonant behaviour of a piezo-electric transducer can be analyzed using
a set of simple equations, however under the assumption that the transducer is unloaded. Furthermore
it does not model higher harmonic frequencies.
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Figure 2.11: Redwood’s transmission line model for a piezo-electric transducer with added mechanical
coupling. The transducer’s resonant behaviour is modelled by transmission line T0. Mechanical layers
and transmission media are modelled by a transmission line for finite media (T2) or a resistor for
infinite media (R1 and R2).

As an alternative, the Mason model was adapted by Redwood et al. by modelling the resonant
part of the circuit as a transmission line [19], as shown in figure 2.11. This modification facilitates the
addition of external mechanical loads (transmission media), and is able to encapsulate the transducer
behaviour over a wide frequency range in a linear model. A finite transmission medium, such as
a matching layer, is modelled as a lossy transmission line, while a virtually infinite medium can
be modelled by a single resistor [20]. To model the acoustic impedance of a medium as electrical
components, the same conversion system is used as used by Mason: Force is represented by voltage
and velocity is represented by current. This gives the following convergence from acoustic impedance
Za to electric impedance Zel [20]:

Zel ≡ ZaA (2.14)

Where A is the cross-sectional area of the sound wave. Following the same system, the lossy trans-
mission line model for a finite medium consists of the following values for R, L and C per unit length
[20]:

L ≡ ρA [H/m] (2.15)

C ≡ 1

c2ρA
[F/m] (2.16)

R ≡ 2cρAα [Ω/m] (2.17)

with A the contact area with the medium, ρ the medium density, c the velocity of sound through
the medium and α the attenuation coefficient of the medium. For an infinite medium, the equivalent
electrical resistance can be modelled by the characteristic impedance of an infinite transmission line
Z0 =

√
L/C [21]. Filling in the equations for L 2.15 and C 2.16 of the lossy transmission line this

results in the resistance for an infinite medium of:

R ≡ cρA [Ω] (2.18)

In order to apply the redwood model in circuit simulators such as LTSpice, the negative capacitance and
ideal transformer can be emulated by means of controlled voltage and current sources [22, 23, 20, 24].
Using the nominal T model of a transmission line [25, 26], the mechanical interface can be applied to
the BVD model the same way as for the Redwood transmission line model. This results in the circuit
of figure 2.12. This is the simplest transducer model that is able to simulate the resonant response of
a transducer while taking into account the mechanical influence of surrounding media.
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Figure 2.12: Expanded BVD-model to include front and back mechanical interface represented by
Zfront and Zback. The transducer velocities at both ends are represented by currents imech,b and
imech,f . Lm and Rm of the classical BVD-model are split between the two branches, following the
nominal T model of a transmission line.

2.3.1 Summary
The Mason equivalent model is a complete model describing the relationship between the electrical
and mechanical behaviour of ultrasound transducers, but its non-linear impedances make it difficult
to simulate. The Redwood model is a linear derivation which is more easily applicable to simulation
softwares. For analysis around the primary resonant frequency only, the BVD model, which follows
from the Mason model under the assumption the transducer is in free space, is sufficient. The BVD
and Redwood models can furthermore be expanded to include the mechanical influence of surrounding
transmission media. The expanded BVD model can be used if mainly the primary resonant frequency
is of importance, otherwise the Redwood model is more complete as it able to include all other resonant
frequencies of the crystal.

.

2.4 Damping techniques

The conventional way of generating short acoustic pulses with an ultrasound imaging array is by using
mechanical backing layers [27, 28]. A backing layer is placed behind the piezoelectric transducers to
absorb their vibrational energy, see figure 2.3. An ultrasound array for therapeutic purposes does not
need such a backing layer, as it needs to transfer as much energy as possible. If one wants to use
the same transducer array for both purposes it is therefore necessary to have a damping method that
can be switched on or off, which is why an electrical damping method will be more practical than
conventional mechanical damping. This section will discuss already existing damping techniques in
the electrical domain for ultrasound transducers.

2.4.1 Shunt damping
Shunt damping is a method commonly used in structural vibration damping to dissipate energy at
selected frequencies [29, 30, 31, 32]. Shunt damping uses an impedance (shunt) connected to the
piezoelectric transducer in order to absorb its energy. When the transducer starts vibrating because
of electrical or mechanical excitation, the shunt will electronically dissipate the vibrational energy and
thereby dampen the mechanical oscillation. For one transducer, an optimum value for the shunt exists
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where it produces maximal damping at the transducer resonant frequency [18]. figure 2.13 shows a
simple implementation of a transducer connected to a passive shunt.

Figure 2.13: Simple implementation of a shunt damping circuit. The shunt impedance Zshunt can be
tuned in such a way that it maximally reduces the Q-factor of the transducer X1.

2.4.2 Damping by modified driving waveform
The transducer vibration can be countered as well by applying a driving voltage with a specific shape.
Because it is known the transducer will respond a certain way, a signal is applied that will immediately
counter its movement after excitation. Previous studies have shown modified waveforms can indeed
significantly increase vibrational damping [33, 34, 35]. A complex driving signal such as in [33],
produced by an external signal generator, may be difficult to imitate in a real circuit implementation.
The simplest driving waveform which can produce a damped response is a square pulse with a duration
equal to exactly one period of the resonant frequency of the transducer [35]. A strong point of this
method is that peak signal amplitude can be maintained whereas a shunt would reduce this.

2.4.3 Feedback
Studies have shown it is possible to use a piezo-electric transducer in a negative feedback loop to quickly
dampen its vibration [36, 37]. A simple feedback circuit could look like figure 2.14, where a voltage
proportional to the transducer movement is subtracted from the input voltage. The first step here is to

Figure 2.14: Example of a transducer in a simple feedback circuit. The transducer is set in motion
by an input signal Vin. The vibration is sensed by the vibration sensor, which is then amplified by a
factor A and subsequently subtracted from the voltage over the transducer.

acquire the vibration sensor. In [36], an off-the-shelf displacement sensor is placed on the transducer to
measure its vibration. Relative to typical medical ultrasound transducers, with dimensions in the order
of centimeters the displacement sensor is very large [38] and would not be feasible to implement in a
medical ultrasound transducer array. Wu et al. on the other hand use an electronic sensing circuit to
get a voltage proportional to the transducer velocity [37]. Such a sensor, shown in figure 2.15, has the
potential to be implemented in an IC in future devices. Furthermore not only the primary resonant
frequency, but also higher resonant frequencies will be represented in the sensor voltage, providing
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Figure 2.15: Transducer vibration sensor from [37]. The sensor voltage is proportional to the transducer
velocity when C approximates C0 of the transducer.

damping over a broad frequency range. A problem is that this implementation requires a capacitor C
which must match very accurately to the transducer capacitance Co for the sensor to work properly.

2.5 Summary

The most practical form of Q-factor control for an ultrasound transducer is by placement of a shunt,
which in its most basic form is a single resistor. A method will have to be devised to determine
the optimal shunt value, as well as determining whether additional shunt components can reduce
damping further. Because there is an optimum shunt value, an issue with shunt damping is that there
is a theoretical limit to the maximum damping it can achieve. Another way of damping transducer
oscillation is by modifying the driving waveform, however it seems likely that small inaccuracies in
either the driver or the transducer can reduce efficacy greatly. Furthermore current research on this is
only empirical and doesn’t bear much theoretical foundation. Damping via negative feedback may be
able to overcome the issues in other damping methods. Firstly unlike shunt damping it does not have
a theoretical damping limit, as feedback factor A in figure 2.14 does not have a theoretical upper limit.
Furthermore it may prove more manageable and stable than modified driving waveform damping. An
issue with its current implementations is that they require significantly more space per transducer as
compared to the other two presented damping techniques. A system should be designed implementing
the vibration sensor from figure 2.15 in a feedback driver, and a way should be found to limit the
amount of components necessary per transducer.
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Chapter 3

Damping method design

This chapter will aim to optimize damping methods discussed in section 2.4 for implementation in a
real circuit. As discussed in section 2.3, in order to properly design the damping circuits it is first
necessary to model the used piezo-electric transducer. Thus this chapter will begin in section 3.1
with the derivation of equivalent model parameters for a selected piezo-electric transducer, based on
impedance analysis over a wide frequency range. Then section 3.2 will use this model to design and
optimize circuits for a selection of damping techniques.

3.1 Equivalent model parametrization

Equivalent model parameters can be calculated based on material properties and transducer geometry
only, without requiring any type of measurement [15]. However to be sure of an accurate representa-
tion it was decided to measure the transducer impedance over a wide frequency range, and base the
equivalent model parameters on the measurement results. Measurements will be done for two sizes of
PZT-5A ultrasound thickness mode transducers: 2x2mm and 4x4mm, both 1mm in thickness. These
flat, thickness mode transducers were chosen because of ease of fabrication and handleability. The
main interest is the damping of the primary resonant frequency, so it is justified to use the extended
BVD model of figure 2.12. Furthermore the measurements will be done on a transducer in air, not
mounted on any type of material. The equivalent electrical resistor for an infinite medium of air
can be calculated following equation 2.18. For a speed of sound in air c = 343m/s, an air density
ρ = 1.3kg/m3 and a contact area of A = 4mm ∗ 4mm = 16 ∗ 10−6m2 this yields a resistor value of

Rair = c ∗ ρ ∗A = 343 ∗ 1.3 ∗ 0.0042 = 7mΩ (3.1)

Because of the low surface area of the transducer, the air resistance is very low and the behaviour
around the primary resonant frequency can be approximated by the behaviour in free space, which is
simulated by the standard BVD model shown in figure 2.10B.
Based on equation 2.8 the transducer impedance takes the shape of the graph shown in figure 3.1.
The standard BVD model has a single resonant frequency fr and anti-resonant frequency far. Based
on the value of fr and far, as well as the impedance Zr and Zar at these frequencies, the component
values of the BVD-model can be derived.

3.1.1 Method
In order to calculate the BVD-model component values of a transducer of interest, first its impedance
and phase response must be measured using an impedance analyzer. Then, component values can be
approximated using the following set of formulas [39]:
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Figure 3.1: Transducer impedance curve based on the BVD-model. The resonant and anti-resonant
frequencies are assumed to be at the local minimum and maximum respectively.

Co =
−Im(Zr)

2πfr|Zr|2
(3.2)

Rm =
|Zr|2

Re(Zr)
(3.3)

Cm = Co

[(
far
fr

)2

− 1

]
(3.4)

Lm =
1

(2πfr)2Cm
(3.5)

Here Re(Z) and Im(Z) are the real and imaginary parts of the impedance following

Re(Z) = cos(ϕ)|Z| (3.6)

and
Im(Z) = sin(ϕ)|Z| (3.7)

where ϕ is the phase response at a certain frequency. After making the initial component approxi-
mations, the resulting impedance curve can be curve fitted to the measurement to improve accuracy.
Because the capacitor values will be small in a numerical sense, it is difficult curve fit to their absolute
value. For this reason coefficients ko and km are used for Co and Cm respectively, as suggested by [40].
Based on equation 2.8, this results in the following model

s2kmCmLm + skmCmRm + 1

s3koCokmCmLm + s2koCokmCmRm + s(koCo + kmCm)
(3.8)

with Cm and Co as constant values set by equation 3.4 and equation 3.2, and ko, km, Lm, Rm as
parameters. The initial parameter values will be 1 for ko and km, and the results of equation 3.3
and equation 3.5 for Rm and Lm. For the curve fitting algorithm, the Matlab trust-region-reflective
algorithm will be used. The developed Matlab code can be found on Github [41].
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3.1.2 Measurement setup and preparation
For the impedance measurements a Keysight Impedance Analyzer E4990A 20Hz-120MHz is used. A
tungsten wire will be attached to either side of the transducer, in order to be able to connect it to the
impedance analyzer. The wires must be kept short as to minimize parasitic resistance and inductance.
The tungsten wires were attached to the transducer one by one using ThermoScientific silver conductive
adhesive paste. First, the transducer is placed upon a heating plate. Then, the tungsten wire is placed
on top of the transducer and a small drop of conductive silver paste is added on top, connecting the
wire and transducer. Finally, the heating plate is set to a temperature of 93°C and the silver paste is
cured for 15 minutes. Once one side is cured, the transducer is flipped and the process is repeated for
the other side.
In conjunction with the impedance analyzer, a Keysight 16047E test fixture was used to clamp the
transducer wires. Before starting the impedance measurements, the impedance analyzer was calibrated
for the test fixture. After calibration, the wires can be clamped. A frequency sweep was done from
200kHz to 3MHz.

3.1.3 Results
Measurements were done for the two sizes of PZT-5A ultrasound transducers: 2x2mm and 4x4mm.
For each size, four different transducers were measured independently. The measurement results are
shown in figure 3.2. A big discrepancy in primary resonant frequency is observed between the two sizes

Figure 3.2: Impedance magnitude plots of four 4x4mm (top) and 2x2mm (bottom) PZT transducers.

of PZT, 420kHz for the 4x4mm and 785kHz for the 2x2mm transducer. This is in accordance with
previous studies showing that the center frequency increases with reducing surface area for thickness
mode transducers [16]. As this thesis does not necessarily require very high frequency ultrasound, the
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4x4mm transducer was chosen to be used in the rest of this thesis because it is easier to handle by
hand.
Calculation and curve fitting was done as described in section 3.1.1. Curve fits for the primary
and a secondary resonant frequency of a 4x4mm sample are shown in figure 3.3. The corresponding
component values can be found in table 3.1. Note that as should be expected, the values of Co are
very similar.

Figure 3.3: Measurement of a 4x4mm PZT transducer accompanied by curve fits of two resonant
frequencies.

primary fr

Component Value
Co 209pF
Cm 79.3pF
Lm 1.76mH
Rm 42Ω

secondary fr2

Component Value
Co 201pF
Cm 18.1pF
Lm 1.33mH
Rm 125Ω

Table 3.1: BVD model component values of a 4x4mm PZT transducer
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3.2 Damping optimization

Equipped with the proper knowledge on ultrasound transducers, previously proposed damping methods
and how to model them, it is now possible to create new optimized designs for electronic Q-factor
control. First transducer driving by modified waveform will be analyzed using one of the simplest
most effective excitation waves demonstrated by Persson et al. [35], which can be referred to as a
’counterpulse’. Then, shunt damping will be analyzed and optimized in terms of efficacy and used
area. Finally, a novel feedback Q-factor control method is proposed based on the vibration sensor
of figure 2.15, which is able to overcome the challenge of used area per transducer when applied to
transducer arrays.

3.2.1 Counterpulse system
The simplest and one of the most effective excitation waves demonstrated by [35] is a square pulse
with a duration equal to a full period of the transducer resonant frequency. This will be referred to as
a counterpulse, as it counters the continued vibration of the transducer. In this case first a voltage is
applied to kick-start the transducer oscillation at its natural frequency. Then, the signal will return the
input to ground after one full oscillation. This way, after one cycle, the step response will be summed
with the negative step response, optimally cancelling out any vibration in the transducer. In figure
3.4A, the response of a transducer in free space is shown without a counterpulse. Then in figure 3.4B
an example of the counterpulse is shown. A drawback of this method is the complete reliance upon
the exact duration of the pulse in relation to the response of the transducer. As seen in figure 3.4C a
small inaccuracy can cause a significantly reduced efficacy. Another drawback is that this method will

A. B. C.

Figure 3.4: A.: Applying a step function voltage to a transducer in free space causes a high Q-factor
oscillation. B.: Further oscillations in imech are highly attenuated by driving the transducer with a
pulse with a duration of exactly T0. Some oscillation still remains because of the transducer’s intrinsic
Q-factor: the oscillatory energy has already decreased by the end of the pulse and therefore the anti-
phase oscillation is larger than the original oscillation. C.: A small shift in the transducer resonant
frequency causes increased residual amplitude.

work less well on a transducer with an already low Q-factor, as the counterpulse will then cause an
over-correction. For perfect execution two things are necessary: first of all to know the exact resonant
frequency of the transducer, and secondly, precise timing of the switch. Piezo-electric transducer
elements are fabricated to resonate at a specific frequency, so this frequency is known beforehand. One
problem is that environmental influences can impact the resonant frequency. Changes in temperature
can cause the resonant frequency to shift by a few percent [42]. Figure 3.4B shows that a shift in
resonant frequency of only a few percent can significantly impact the performance. To get rid of
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this problem an adaptive system is needed which allows for variable pulse width depending on either
temperature sensor readings or direct measurements of the resonant frequency. This will however
highly increase system complexity. Another solution is to combine the counterpulse method with
other damping methods, such as shunt damping.

3.2.2 Shunt damping
Section 2.4.1 shows that shunt damping can reduce the Q-factor of a transducer. Shunt damping is a
good candidate for Q-factor control as it is a simple method that doesn’t take up much space; A single
resistor per transducer can suffice. This section will investigate how to optimize the value of the shunt
and how to implement it in a circuit.
When setting the shunt Zshunt in figure 2.13 to a single resistor Ra, the voltage over transducer X1 is
defined as

VX1 =
ZX1

Ra + ZX1
Vin (3.9)

Using the BVD-model definition of mechanical current imech in equation 2.9, when substituting E with
equation 3.9 it follows that

imech =
sCm

s3RaCoCmLm + s2Cm(Lm +RaRmCo)

+ s(RmCm +Ra(Co + Cm)) + 1

Vin (3.10)

Varying the value of Ra will influence the properties of imech, thus also the Q-factor. However,
determining the Q-factor from the transfer function is no longer as mathematically straightforward as
it was for the undamped transducer, as the mechanical current is now a third order system. Making Ra

very low or very high will yield high peak in the current at the resonant or anti-resonant frequency of
the transducer respectively.The approximate optimal value of Ra is where the center frequency of imech

is shifted right in between the resonance and anti-resonance frequency of the piezo-electric transducer
[18]. The optimal value for Ra is thereby approximated by equation 3.11 [18].

Ra ≈ 2

√
LmCm

Co(4Co + Cm)
(3.11)

Inserting the component values from table 3.1 into equation 3.11 the resulting theoretical optimum is
at Ra = 1.7kΩ. To verify this, the transfer function for imech equation 3.10 was simulated in Matlab
for varying Ra in a range around the theoretical optimal value. For every value of Ra the Q-factor
was calculated according to Q = fc/B, where center frequency fc is where the frequency response
peaks, and B is the bandwidth in Hz. Figure 3.5 plots the Q-factor of imech against Ra. It can be
seen that the optimal Ra is about 1.4kΩ for this transducer. The Q-factor quickly rises as Ra becomes
too low, while taking Ra too high still results in a good quality factor. In conclusion equation 3.11
gives a good indication of the optimal value for Ra. Then, the Q-factor can be plotted against Ra in
the neighbourhood of the initial result to find the true optimum. The same paper shows that adding
an inductor in series with the shunt resistor can improve the damping even further, with an optimum
value approximated by equation 3.13 [18]. This yields a value of 639µH. With Zshunt = Ra + sLa,
the mechanical current is defined as

imech =
sCm

s4CoCmLaLm + s3RaCoCmLm

+ s2(CmLm + La[Co + Cm])

+ sRa(Co + Cm) + 1

Vin (3.12)

and
La ≈ Ra

√
LmCm =

Ra

ω0
(3.13)
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Figure 3.5: Mechanical quality factor vs. shunt resistor Ra. Ra = 1.4kΩ yields the lowest Q-factor.

To verify this, the Q-factor was plotted against a varying La, for different values of Ra as seen in figure
3.6. It can be seen that lower values of Ra yield strange results. This is because as shunt values stray
too far from the optimum, two resonant peaks are introduced - as can be seen in figure 3.7 -, which
renders the Q-factor a dubious figure of merit. It must be noted as well that the optimal value for La

Figure 3.6: Value of inductor La vs resulting Q-factor for different values of resistor Ra. The optimal
La can be seen to be independent of Ra.

does not depend on Ra nearly as much as equation 3.13 suggests. In fact for all plotted curves the
optimal La is 396µH. Now that an inductor is added, the optimal value of Ra may have changed as
compared to R-damping, and should therefore be optimized again. Taking La = 396µH, the frequency
response of the system can now be plotted for different values of Ra , see figure 3.7A. Note that for
Ra too high the damping is reduced, while for Ra too low imech contains two resonant peaks. The
optimum can be found systematically by observing that the resonant frequency is constant for Ra too
high. The point of best damping is thus found by finding the value where the peak gain frequency dips
below the resonant frequency found in R-damping. This also corresponds with the point where the
peak gain begins to rapidly increase as is shown in figure 3.7B. The optimum is around 1.1kΩ. The
Matlab script developed to automate the process of finding the optimal values for Ra and La for both
R-damping and RL-damping is found on Github [41].
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A. B.

Figure 3.7: A.: Frequency response for different Ra in RL-damping circuit. B.: Peak gain for different
Ra. The optimum is found at Ra = 1.1kΩ.

Figure 3.8 summarizes the transducer response in an undamped situation versus optimized R- and
RL-damping. It can be seen clearly how the bandwidth is increased significantly with both shunt
variations.

Figure 3.8: Comparison of undamped, R-damped, and RL-damped transducer frequency response

Replacing the inductor

Inductors are large components with many undesirable traits and thus it is desirable to replace them
with components such as resistors, capacitors and op-amps for easier implementation in integrated
circuits. A simple inductor simulating circuit can be built using a single opamp, shown in figure 3.9.
First, the input impedance will be analyzed by assuming an ideal opamp. From the assumption of the
ideal opamp it follows that iin = iRa + iRb

. Furthermore iRa =
Vin−VRb

Ra
and iRb

=
VRb

Rb
. Now inserting

VRb
= Vin

Rb

Rb+ZCb
= Vin

sRbCb

1+sRbCb
into the equations for iRa and iRb

yields the following expression for
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A. B.

Figure 3.9: A.: Simple inductor simulator circuit using a single opamp. B.: Inductor simulator with
added non-idealities Cdm and Ccm.

iin:

iin = Vin(
1

Ra + sRaRbCb
+

sCb

1 + sRbCb
) (3.14)

= Vin
1 + sRaCb

Ra + sRaRbCb
(3.15)

Thus Zin is given by equation 3.16:

Zin =
Ra + sRaRbCb

1 + sRaCb
[Ω] (3.16)

As long as the product of Ra and Cb is negligible, Zin can be approximated by

Zin ≈ Ra + sRaRbCb (3.17)

This represents a resistor Ra in series with an inductor

La ≈ RaRbCb[H] (3.18)

The values of Ra and La can be determined by the matlab script described before. By setting a
constraint on the significance of sRaCb the value of Cb can be determined. This can be stated more
generally by saying

Cb <<
1

ω0Ra
(3.19)

The optimal value for La then determines the value of Rb.
When considering a real opamp implementation, it must be considered what happens when Cb gets
very low. Non-ideal opamps have a differential and common mode capacitance, Cdm and Ccm, which
can interfere with the circuit functionality. These are shown in figure 3.9B. When Cb starts to approach
the range of the opamp input capacitances, they will start to have a significant impact on Zin. Any
deviation from the optimal Zin means the damping efficacy is reduced. Therefore another constraint
can be denoted for Cb as:

Cb >> Cin (3.20)

Where Cin refers to both Cdm and Ccm. And so

Cin << Cb <<
1

ω0Ra
(3.21)

Thus follows a working range for Cb. Filling in the values for ω0 and Ra this gives

Cb <<
1

2π ∗ 426kHz ∗ 1126Ω
= 332pF (3.22)
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Furthermore an opamp must also be chosen so that its input capacitance is low enough, as limited by
this same equation 3.21.

3.2.3 Proposed feedback Q-control method
As discussed in section 2.4.3, it has been shown that feedback circuits can be used to lower the Q-
factor of piezo-electric transducers. A problem not mentioned is the fact that building a separate
feedback circuit around every element in a transducer array will take up way too much circuit area
to be practically applicable. This section proposes a novel solution that uses only a single feedback
circuit around one "dummy" transducer to drive multiple transducers in an array. It applies the
vibration sensor figure 2.15 in an amplifier and negative feedback loop. Then, the idea is exploited
that the voltage over impedance bridge can simply be buffered onto other transducers to provide the
same damping. Basically this way a self regulating modified waveform driver is created. Proving its
efficacy would mean an electronic damping design is created which can be plugged into many different
ultrasound transducer array designs and easily extendable to a large amount of transducers.

Figure 3.10: Feedback damping circuit using an impedance bridge sensor. A. Transducer velocity
sensor. Vsensor represents the velocity of transducer X2. B. U4 combines input voltage Vin and the
sensor voltage Vsensor to provide negative feedback into the impedance bridge. C. Buffer U5 aims to
set a voltage over transducer X1 as that over transducer X2. The buffer can be connected to several
resistor-transducer pairs, as long as it can provide enough current. Furthermore the entire block C can
be repeated to facilitate driving many transducers.

Figure 3.10A shows an implementation of the sensor from figure 2.15 which already has an amplification
factor built in. Buffers U1 and U2 are used to isolate the impedance bridge from the subtractor U3.
The output of U3 follows the equation

Vsensor =
Rc

Rb
(VX2 − VC) (3.23)
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Figure 3.11: Results of LTSpice simulation of the feedback circuit in figure 3.10. The circuit is driven by
a single pulse at resonant frequency (Vin). imech,X2 and imech,X1 show the mechanical current through
the BVD-model RLC-branch of transducers X2 and X1 respectively. By increasing Rc, damping is
improved at the cost of signal amplitude.

Assuming a BVD transducer electrical model where capacitance C0 is in parallel with the mechanical
branch Zmech and its mechanical current imech, representing the transducer velocity, after some algebra
the sensor voltage is defined as:

Vsensor = −RaRc

Rb

1

1 + sRaC
imech (3.24)

The feedback amplification factor can thus be controlled by varying the ratio of resistors Rc and Ra

to Rb. It should be noted as well that resistor Ra forms a lowpass filter with capacitor C. Ra should
be chosen such that

Ra <
1

ω0C0
(3.25)

to make sure that the resonant frequency is not attenuated by the filter. Figure 3.10B provides the
feedback part of figure 2.14. The amplification factor is in this case integrated in the sensor, while
U4 only provides a simple subtraction. Figure 3.10C shows how multiple buffers can be used to
drive a multitude of transducers based on one feedback loop. In this schematic, phase delay between
transducers cannot be controlled and therefore such a transducer array could only send plane waves.
To allow focused ultrasound, phase delay subcircuits should be implemented in block C.
The feedback driver was simulated in LTSpice using the BVD-model for transducers X2 and X1, using
the values of table 3.1. Capacitor C is set equal to C0 of the transducers. To obey equation 3.25, Ra

was chosen as 100Ω so that with C = 209pF , the cutoff frequency of the lowpass filter formed by Ra

and C is equal to

fc =
1

2π ∗ 100Ω ∗ 209pF
= 7.7MHz (3.26)

which is much higher than the resonant frequency of the transducer. Other resistors are defined as
Rb = 1kΩ, and Rd = 10kΩ. Results are compared for Rc = 10kΩ, 25kΩ and 50kΩ. For the opamps an
ideal opamp was used. The simulation result is shown in figure 3.11. It can be seen that the vibration
in both transducers is identical, and that it dies out rapidly for both. However for increased damping
performance, the signal amplitude is reduced.
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3.3 Summary

In summary, transducer driving by counterpulse can in theory produce great damping but it shows
that a small inaccuracy can greatly reduce efficacy. Implementation in practice should show whether
or not it can be effective. A way for systematic determination of the optimal shunt values was devised
and executed for the measured transducer equivalent model component values. These shunts including
the RL-simulator will be built on the PCB for verification. A drawback of shunt damping is that it can
not provide any more damping beyond the optimum point, so there is a limit to the minimum Q-factor
it can achieve for a given transducer. The proposed Q-factor control circuit does not have this issue as
the gain factor in figure 3.10A does not have a theoretical limit. Furthermore as can be seen in figure
3.10C the feedback circuit actually requires less components per transducer than the RL-simulator of
figure 3.9A when applied to an array of transducers. Lastly it can be said the proposed feedback circuit
is more easily adaptable to various transducer arrays, as the only component that has to be taylored
specifically to the used transducer is capacitor C which should be equal to C0 of the transducer. This
may in future applications even be done with a switched capacitor bank, allowing for precise control of
the C value. The proposed feedback Q-factor control circuit will be tested for one dummy transducer
X2, and provide damping to a single output transducer X1, which will be the same transducer as used
for the other damping methods.
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Chapter 4

System development

4.1 System design

In section 3.2 damping techniques for piezo-electric transducers were identified and optimized. This
section will cover the design and implementation of a PCB supporting these proposed methods for
electronic Q-factor control. By combining them on a single PCB, the damping techniques can be
verified and compared against each other and infer the benefits of the proposed Feedback Q-control
method, providing a solid foundation to make recommendations for future work.
To perform measurements on the PZT, the system shown in figure 4.1 will be used. The PZT is
placed within a small water container on the board, as to simulate its behaviour on human tissue. The
vibrations produced by the transducer will be measured by a hydrophone submerged in water. This
data is visualized on an oscilloscope and can be saved on a computer or USB. The PZT will be driven
using the damping techniques described in the previous chapter, which will be built on the PCB. The
circuit will be controlled by an FPGA and is powered by an external power supply.

Figure 4.1: An overview of all major system components. An FPGA is programmed and powered by a
PC. The FPGA sends control signals to the circuitry on the PCB which is powered by a single ended
power supply. The PCB circuitry provides a driving signal for the PZT transducer in the water tank.
The signal produced by the PZT is picked up by the hydrophone and visualized on an oscilloscope.
The recording can then be transferred to the PC through a USB-stick.
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The used damping techniques are:

• Shunt damping (R/RL/RL-simulator)

• Proposed Feedback Q-control method

• Counterpulse (solo/with shunt/with feedback method)

The board must be able to:

• Drive a single PZT element mounted on the PCB with arbitrary digital waveforms provided by
the FPGA near the resonant frequency of 420kHz.

• Switch freely between the different damping methods through control signals provided by the
FPGA.

• Be powered by one single-ended power supply source. The FPGA can be powered seperately via
USB.

From above requirements a preliminary overview of the circuit’s subsystems can be made:

• Power supply unit

• Shunt selector (selects one of the different shunts)

• Feedback driver

• Transducer Driver

• Source selector (controls which damping method is used)

Figure 4.2: Block diagram of the electronic circuit for Q-factor control. The transducer on the right
can be connected to different blocks via the source selector (blue). The driver (red) and feedback
driver (orange) are controlled by a binary input signal. The driver outputs a binary signal to drive the
transducer. The feedback driver will output a complex voltage waveform based on a negative feedback
circuit around a dummy transducer, to dampen the vibration of the main transducer. The shunt
selector (yellow) should be able to select up to four different shunts to be connected to the transducer
based on a 2-bit input signal. As a fourth input to the source selector, the transducer can also be
short-circuited to ground (GND). The power block (pink) will convert an external input voltage to
voltage levels needed for the other blocks (connections not shown). The FPGA (green) provides all
controll signals to the different blocks.

The subsystems are combined in a block diagram shown in figure 4.2. Three functional blocks can
be connected to the transducer by the source selector: The driver for modified waveform driving, the
feedback driver for applying the proposed feedback Q-control circuit, and the shunt selector for passive
transducer damping. The shunt selector is able to select the different shunts R/RL/RL-simulator. All
logic is driven by the FPGA. The circuit is powered by an external power supply.
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4.2 System implementation

4.2.1 Circuit implementation
This section will explain how the final PCB for this project was developed. The final result can be seen
in figure 4.3. The individual functional blocks of the circuit will be described in the sections below,
with the letter between brackets referring to the corresponding letter in figure 4.3. Circuit design was
done in Altium Designer. The PCB was printed by Eurocircuits. The Altium circuit designs can be
found in Appendix A.

Figure 4.3: Final PCB design in Altium. A. Slots for headers to mount the FPGA on. B. Source
selector. C. Driver. D. Feedback driver. E. Shunt selector. F. Power supply unit. G. Assigned
area for primary transducer and water tank mounting. H. Binding posts for external +5V supply and
Ground connection.

Shunt selector and shunts (E)

From the opamp constraint in equation 3.22 it is apparent that the used opamps require low input
capacitance. The LTC6268 was selected for this particular reason, as it is specifically designed to
have ultra-low common mode (450fF) and differential mode (100fF) input capacitance. With a Gain
Bandwith Product (GBW) of 500MHz it is able to provide sufficient gain at the operating frequency
of fr = 420kHz. The LTC6268 has a supply range limit of 3.1V minimum to 5.25V maximum. Thus
a dual supply of about ±2.6V is needed for maximum voltage swing.
Based on equations 3.21 and 3.22, capacitor Cb of the inductor simulator circuit in figure 3.9 must now
be chosen according to:

450fF << Cb << 332pF (4.1)

Honoring this limitation, with an Ra of 1.1kΩ as calculated in section 3.2.2, Cb was chosen as 3.6pF ,
such that with an Rb of 100kΩ the resulting simulated inductance is equal to

La = RaRbCb = 1.1kΩ ∗ 100kΩ ∗ 3.6pF = 396µH (4.2)

which is exactly equal to the optimal La calculated in section 3.2.2.
Only one shunt should be used at a time and this requires a multiplexer with enough inputs to support
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all different shunts. Because an earlier system design was based on more shunts than the three presented
here, the DG408DQ-T1 was chosen as it supports eight inputs. It has a reasonably fast transition time
of 160ns (order ten faster than the operating frequency). It supports a dual supply of maximum ±20V .

Source selector (B)

The purpose of the source selector is to allow connecting the transducer in the water tank to one of the
following four: Driver, Feedback driver, Shunt selector or Ground. For simplicity, the same multiplexer
as for the shunt selector was chosen here.

Driver (C)

For the driver circuit the MD1210K6-G High-Speed Dual MOSFET Driver was used in combination
with the TC6320 MOSFET pair as recommended by its datasheet [43]. The output voltage must not
exceed the supply voltage of the source selector, therefore the driver circuit will use the same dual
supply as the source selector and shunt selector.

Feedback driver (D)

For the same reasons as for the shunts, the opamp of choice for the feedback driver is the LTC6268.
This means the driving voltage of the feedback driver is limited by the supply range of the LTC6268,
which is at maximum a dual supply of ±2.625V .
The capacitor in the impedance bridge of figure 3.10 should be equal to the measured C0 of the
transducer, which is 209pF . However when testing it was found that the capacitance had to be
reduced to a value of 110pF for optimal performance. Most likely this is because of the influence of
parasitic capacitances in the circuit. Resistor Ra was kept relatively low at a value of 100Ω, based
on equation 3.26. The ratio of Rc to Rb in the feedback circuit further determines the feedback
amplification factor. A large ratio will increase the feedback amplification and therefore improve the
damping effect. However for an amplification factor too large it was found the feedback circuit will
start clipping. This means the sensor voltage Vsensor should not reach the supply voltage level. After
testing resistor values of Rc = 4.75kΩ and Rb = 715Ω, for a voltage gain of 4750

715 = 6.64, were found
to achieve the highest level of feedback without clipping. In combination with Ra, this provides a
imech to Vsensor amplification factor of approximately 100 ∗ 4750

715 = 664[V/A]. Resistors Rd provide no
amplification but are only used in a subtractor configuration. For this application resistors of 10kΩ
were used.

Power (F, H)

For the opamps and the driver two seperate differential voltages are needed, based on the component
datasheets:

• ±1.55-2.625V

• ±5-20V

The differential voltages will be created from a single 5V supply. A MAX864EEE+T integrated
circuit (IC) was used to create a dual ±10V supply for the driver and multiplexers. For the opamps
a LM27762DSSR IC was used to get a dual ±2.4V supply from a 5V input.
When testing the circuit, it was found that the 10V differential supply circuitry was not meant for
such a driving application and the ±10V could not be reached when the driver was in use. Therefore
this part of the circuit was removed and replaced with an external ±10V differential supply.
For the 2.4V supply another problem arose. It turned out the positive and negative supply voltages
in the used LTC6268 footprint were swapped around, therefore the 2.4V differential supply chip could
not be used in this configuration. Luckily, the only other component using this supply voltage was the
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switch at the input of the feedback driver. The switch was removed and piece of tungsten wire was
soldered directly from the FPGA driver signal to the feedback circuit input in order to bypass it. The
2.4V supply circuitry was also removed and replaced by an external supply. The positive and negative
2.4V voltage indicators were swapped on the board.

4.2.2 Transducer mounting (D, G)
The 4x4mm PZT transducers were mounted onto the PCB using conductive silver paste, similar to the
method described in section 3.1.2. Three connections need to be made for each transducer: transducer
onto signal pad, ground wire onto transducer, and ground wire to ground pad.
First, the ground wire was connected to the transducer the same way as in section 3.1.2. After the
silver paste was cured, the remaining two connections can be made simultaneously. The PCB is placed
upon the heating plate, and a tiny drop of silver paste is placed upon the signal pad. Then, making
sure the ground wire is aligned with the ground pad, the transducer is pressed onto the signal pad so
the silver paste spreads equally over the transducer face. Finally silver paste is placed onto the ground
wire and the ground pad, and the silver paste can be cured. This process is then repeated for the other
transducer.

4.2.3 Watertight coating (G)
The transducer, the ground wire and the pads in the tank will be submerged in water. To prevent any
short circuits here it is necessary to apply a watertight coating to this part of the circuit. To facilitate
this a parylene coating was applied to the watertank area. Parylene coating is applied by introducing
it to the board in gaseous form, it then slowly deposits onto the board as a thin, watertight coating.
Preferably the coating is only applied where it is needed. Therefore, before applying the coating, the
entire PCB with exception of the water tank section was securely sealed, see figure 4.4.

A. B.

Figure 4.4: A.: Circuitry outside of the watertank is sealed off using a plastic bag and duct-tape.
B.: Parylene coating result. A thin layer of coating is visible in and around the water tank area. A
small breach can be observed within the water tank area. This will be resolved later by placement and
sealing of the water tank.
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4.2.4 Water tank (G)
The water tank was made from Ultimaker PLA with a 3D printer using Fused Deposition Modeling.
Its walls are 5.5cm long, 5cm tall and 0.5cm thick. The water tank was glued onto the PCB using
superglue. After the glue dried, all edges were sealed with Bison Super Silicone to prevent any water
leakage, as shown in figure 4.5.

A. B.

Figure 4.5: Mounting the water tank onto the PCB. A.: water tank is glued to the board. B.: seams
are filled with silicone to prevent water leakage.
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4.2.5 FPGA programming (A)
The FPGA used is the CMOD SPARTAN S7. It contains two buttons for simple user control. The
FPGA was programmed in such a way that to allow cycling through all desired modes of operation
using these two buttons. In this section the VHDL code is explained and visualised using flowcharts.
The code itself can be found on Github [41].

Button debouncer

First of all, it has to be made sure the buttons can be used properly. When a button is not pressed,
the FPGA will see a steady ’0’, but when a button is pressed the signal seen by the FPGA will
generally not be a steady ’1’. Instead it will jitter between both digital values. To prevent registering
many button presses a common solution is what is called a button debouncer. An internal "button
state" is decoupled from the actual button input signal. When a first ’1’ is seen on the input, the
button state will go to ’1’ as well. However the button state will only return to ’0’ once the button
input has been ’0’ for long enough. This is a simple way of filtering out any high frequency jittering.
The process is visualised in figure 4.6. The FPGA has two buttons that we will call Button_1 and
Button_2. Button_1 will be used for the damping mode controller and Button_2 for the shunt
selector. These systems take the corresponding Button_1_TRIG and Button_2_TRIG produced by
the button debouncers as input, indicating the moment either button is pressed.

Figure 4.6: Button debouncer flowchart. When a button is ’off’ (button_STATE = 0), it will turn
on immediately after button press is detected. However when the button is ’on’ (button_STATE =
1) it can only return to the ’off’ state after detecting no button press for an extended period of time.
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Damping mode controller

The design of the PCB allows us to drive the transducer with arbitrary binary 10V signals, connect
different electrical shunts or drive the transducer using the feedback circuit. Firstly, two driving
waveforms were selected:

• Single pulse

• Counterpulse

The feedback circuit will use the same waveforms as the driver. Directly after applying one of the
waveforms it must be possible to connect the transducer to any of the shunts. With two possible
driving waveforms for both the driver and the feedback driver, and including a passive state where
no signal is sent, this gives five main control states as depicted in the Finite State Machine (FSM)
in figure 4.7. In the Standby phase the transducer will be connected to ground. in the single pulse
and counterpulse states, the transducer will be driven by the Driver subcircuit. After excitation, the
transducer will be connected to a shunt if one is selected, as will be described in the next figure. The
feedback single pulse and feedback counterpulse states make use of the Feedback Driver subcircuit
only. Cycling through the states is possible by pressing Button_1 (Button_1_TRIG).

Figure 4.7: Flowchart of the transducer driving states. The right side shows the Single Pulse and
Counterpulse states, where the transducer is driven by the 10V driver. There is a short delay before
connecting the shunt to let the transducer discharge. The left shows how the same pulses are input
for the feedback driver. A standby state is added where the transducer is shorted to ground. In any
of the driving states, the pulse is repeated at a frequency of 1kHz.
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Shunt selector

The shunt is selected using a separate control scheme, see figure 4.8. Shunt cycling is done with
Button_2 (Button_2_TRIG), changing the registered shunt number, shunt_reg. Shunt_reg values 3
to 8 can be used for selecting a shunt. The numbering is due to circuit layout and port numbering in
the multiplexer’s datasheet. For the final implementation only shunt_reg values 7, 5 and 4 were used
for R, RL and RL-simulator respectively.

Figure 4.8: Flowchart for the shunt selector. At START, the initial value for shunt_reg is 1. This acts
as a flag value for the rest of the VHDL code to signify no shunt should be connected. There is room
for selection of six shunts on the board, for this shunt_reg values 3 to 8 are used. Pressing button_2
allows cycling through the shunt_reg values 1 and 3 till 8.
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Chapter 5

Results

5.1 Test setup

The test setup was built according to the design in figure 4.1, with the exception of two added differen-
tial power supplies for ±10V and ±2.4V in conjunction with a single sided 5V supply. Also, a second
probe was added to the transducer voltage VX1, acting as a trigger for the hydrophone measurement.
A USB-stick is used to collect the measurement data from the oscilloscope. The oscilloscope was set
to average 1024 times and has a sample rate of 2GHz.The water tank was filled with demineralised
water. The hydrophone was placed in the water tank as close as possible to the natural focal spot of
the transducer. Following equation 2.3, with a resonant frequency f of 420kHz, an element width h of
4mm and speed of sound c in water of 1500m/s, the natural focal spot is at

N =
0.34 ∗ h2 ∗ f

c
=

0.34 ∗ 0.0042 ∗ 426000
1500

= 1.4mm (5.1)

Given the fact that the focal spot is this close to the transducer, the hydrophone was placed a few
millimeters from the transducer to avoid risking any contact between them. The hydrophone was
moved to hover over different spots along the 4x4mm transducer surface to find the location with the
highest signal and the lowest noise. Significant very high frequency oscillations were observed over
regions with a lot of silver conductive paste. The hydrophone was placed to try to minimize this effect
as well, while maintaining high amplitude in the frequency region of interest. The entire setup is shown
in figure 5.1.

5.2 Test results

A single averaged measurement was done for every damping method for every driving waveform. To
better be able to analyse the damping of the signal at the primary resonance frequency, the measure-
ments were band-pass filtered from 200kHz to 600kHz in Matlab. The resulting frequency spectrum
can now be analysed to determine the Q-factor. Q-factor is generally calculated according to the
formula Q = fc

B Where fc is the frequency where the amplitude is maximal, and B the bandwidth.
However, due to the flat peaks observed in the frequency spectra, the exact value of fc was deemed
unreliable. Therefore it was decided to use fmid instead of fc, where fmid is the frequency exactly in
the center of the bandwidth. This defines the Q-factor as

Q =
fmid

B
(5.2)

The raw and band-pass filtered recordings for the single pulse and counterpulse driving waveform can
be seen in figure 5.2 and figure 5.3 respectively and are discussed below.
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Figure 5.1: Hydrophone measurement setup. A.: Power supplies for 5V, ±10V, ±2.4V and ground
connection. B.: PCB circuit and mounted FPGA. C.: Ultrasound transducer in water tank filled
with demineralized water. Hydrophone is placed inside water tank to hover over the transducer. D.:
Precision Acoustics fibre-optic hydrophone system recieves measurement data from the hydrophone
via fibre-optic cable. It outputs measurement data via coax to the oscilloscope. E.: PC starts the
fibre-optic hydrophone system measurement via USB connection. F.: The oscilloscope recieves and
displays hydrophone data on channel 1. Channel 2 is connected to a probe over the transducer voltage
to use as a trigger. G.: A USB-stick is used to collect the data from the oscilloscope and transfer it
to the user laptop for further processing.
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A.

B.

C.

D.

E.

Figure 5.2: Hydrophone recordings for a single pulse driving waveform. Left: amplitude spectrum.
Right: time domain recording. The bandwidth is indicated by the two circle markers. Frequency fmid

is indicated by the triangle marker. X-axis is the same within every column. A.: no damping, B.:
R-damping, C.: inductor simulator, D.: RL-damping, E.: Proposed Feedback Q-control.
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A.

B.

C.

D.

E.

Figure 5.3: Hydrophone recordings for a counterpulse driving waveform. Left: amplitude spectrum.
Right: time domain recording. The bandwidth is indicated by the two circle markers. Frequency fmid

is indicated by the triangle marker. X-axis is the same within every column. A.: no damping, B.:
R-damping, C.: inductor simulator, D.: RL-damping, E.: Proposed Feedback Q-control.
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The lower amplitude for the measurements on the proposed feedback Q-control circuit is caused
by the fact that the Feedback driver is driven by a lower voltage, limited by the FPGA output swing,
than the Driver subcircuit which has a ±10V swing. This is why the observed SNR is lower, not
due to increased noise but due to decreased signal amplitude. The Q-factor of a transducer is not
dependant on its vibrational amplitude so the comparison between damping modes is still valid. For
the counterpulse results in figure 5.3 it appears that the driving waveform causes an overshoot, and the
resulting output waves are actually longer than for the single pulse. Other than that, the differences
for each damping method are not immediately obvious. To analyze the results, for each damping mode
the Q-factor was calculated based on equation 2.13. The used Matlab code can be found on Github
[41]. The results are collected in the bar chart of figure 5.4. Both the feedback driver and all shunts

Figure 5.4: Summary of the processed hydrophone measurements. The corresponding Q-factor is
shown for each driving waveform (single pulse/counterpulse) and possible additional damping method.
’no damping’ is the waveform directly applied to the transducer by the driver subcircuit. R, RL and
’inductor simulator’ are the variations of shunts connected to the transducer after transducer excitation
by the driver. ’feedback’ is the transducer driven by the proposed feedback driver subcircuit which
receives either of the driving waveforms as input, and provides the best damping in both cases.

are able to successfuly reduce the transducer’s Q-factor. The worst performing method is the coun-
terpulse with no added damping. The highest damping is achieved by the proposed feedback Q-factor
control circuit for a single pulse, which yields a Q-factor of 1.73 as compared to 2.25 for single pulse
with no damping. This is means an improved axial resolution of approximately 2.25−1.73

2.25 = 23%. The
improvement would most likely be more significant when applying the electronic damping to trans-
ducers in a real therapeutic ultrasound array for several reasons. Most importantly, the Q-factor of
the mounted transducer was already very low to begin with, much lower than desired for a transducer
meant for stimulation purposes. This is because both the water and the PCB already provided a lot
of damping. Usually such a transducer would have air-backing, in contrast to being directly mounted
on a PCB. Furthermore there would be one or multiple matching layers to improve the transfer from
the transducer to the tissue or in this case the water. Another reason is the fact that the damping
methods were based on the BVD-model, which is not an entirely complete representation of a piezo-
electric transducer. Therefore simulations will also show better results than the real measurements.
The counterpulse did not work as expected for this same reason. The used transducer model did
not include any mechanism that causes the ’ramp-up’ of the oscillation clearly observed in figure 5.2,
where the oscillation first grows to a maximum before diminishing again. This behaviour makes the
counterpulse actually counterproductive. It only prolongs the oscillation further.
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5.3 Discussion

Shunt damping can be improved further by using more accurate shunt values. Even though the calcu-
lated shunt values are optimal for the unloaded transducer, mechanical influences were not accounted
for. Therefore shunt values were not optimal and there is some room for improvement. RL-damping
does slightly outperform R-damping as was expected. The inductor simulator performs slightly worse
compared to RL-damping, which makes sense as it can not perfectly replicate the behaviour of the
inductor.The feedback driver has much higher damping potential. As displayed by equation 3.24, the
feedback factor can be controlled by resistors Ra, Rb and Rc. This factor had to be limited due to
the limited range of the opamps. Too high of an amplification factor would cause clipping due to brief
voltage peaks, which would saturate the feedback loop. Allowing more headroom for the opamps, and
reducing the peak amplitudes at the input of the difference amplifier would both allow for a greater
amplification factor. A greater amplification factor leads to increased feedback which leads to im-
proved damping performance. The feedback circuit can be improved further by placing a switch in
the feedback path from U3 to U4 in figure 3.10. The simulations in figure 3.11 show that the peak
amplitude reduces significantly with increased damping. By only closing the switch after one input
cycle, the maximum signal amplitude will be maintained while still maintaining a low Q-factor.
A problem in comparing the feedback driver with the other damping methods is that because of the
choice of components, the operating voltage of the feedback driver is four times lower than that of
the ±10V driver. Even though the Q-factor is not mathematically related to the driving amplitude,
it can still be argued that the feedback driver is operating under different conditions and therefore
the comparison with other methods is not completely fair. The operating range of the feedback driver
was limited by the choice of opamps. The LTC6268 was chosen because of its ultra-low input capac-
itance. However based on equation 3.21 and 3.22, a higher valued Cb could have been used, allowing
for a higher opamp input capacitance than O(100fF). This would have allowed for a wider selection of
opamps, possibly with a wider supply range.
In terms of power supply, both voltage converters failed for different reasons. 2.4V plus and minus
terminals were swapped in the opamp footprint. The ±2.4V converter had to be removed. The 10V
converter was removed because it was not designed for such high current draw. The issue was resolved
by applying the voltages with the use of external power supplies.
Future research should focus on application of the feedback driver on an air-backed transducer array.
Furthermore, as the counterpulse did not prove successful in this thesis, further research can be done
on modified waveforms for ultrasound transducer damping. Driving waveforms from Persson et al. [35]
should be formalized based on accurate transducer models. Lastly, this thesis has shown implementa-
tion on a PCB, but not yet on an Integrated Circuit. Upcoming work should aim to apply electronic
damping circuits on an IC.
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Chapter 6

Conclusion

A PCB was designed, developed and tested for damping the response of a mounted 4x4x1mm PZT
ultrasound transducer. The vibration was measured by means of a hydrophone after submerging the
transducer in water. With respect to transducer driving without electronic Q-factor control enabled,
a maximum relative damping of 23% was achieved by the proposed Feedback Q-factor control system,
improving the theoretical axial resolution by the same amount. This method shows a novel way
of damping ultrasonic transducers and has the potential to be extended into applications for entire
ultrasonic transducer arrays. Furthermore it was shown that by increasing the gain in the feedback
loop, damping can be increased even further if necessary. Lastly, the feedback circuit can be improved
with the addition of a switch, preventing reduction of the maximum signal amplitude. A reduction of
the Q-factor was also achieved for shunt damping with a resistor, resistor-inductor combination and
a resistor-inductor-simulator circuit. Damping by modifying the driving waveform was not successful
despite previous studies on this subject. In conclusion this thesis has shown that feasible solutions
exist for the electronic Q-factor control of ultrasound transducers, with the potential to be applied on
entire transducer arrays. Future work should aim to:

• apply the feedback driver to an air-backed transducer array
This contains two parts. Firstly the efficacy needs to be shown for air-backed transducers,
which is what the damping circuit is ultimately designed for. In this situation the damping
performance should become much more apparent as compared to this thesis due to the air-
backing in contrast to direct mounting on a PCB. Secondly in application on a transducer array
it must be demonstrated that the proposed feedack Q-factor control circuit is indeed extendable
to many transducers with consistent and good results.

• expand on the feasibility of modified driving waveforms for transducer damping
Where this thesis was unsuccessful in achieving good damping with modified waveforms, previous
research does show it can be effective. A challenge in developing this is making it adaptive to
different transducers, something which the proposed feedback Q-factor control circuit is more
capable of. Each array may require a different shape of driving waveform, so solutions should be
based on a more fundamental understanding than current research is. If this can be done it may
eventually still prove a better method than the feedback Q-control circuit that was proposed.

• implement the damping system on an IC
For eventual use in medical devices and research, miniturization by implementation in an Inte-
grated Circuit is essential. Here it may become possible to optimize the implementation of the
opamps in the proposed feedback Q-factor control circuit to allow for a higher gain and thus
even higher damping. Successful miniturization will enable accelerated research in the field of
ultrasound neuromodulation and other therapeutic ultrasound techniques and is another step in
the direction of wearable therapeutic ultrasound devices in humans.
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Appendix A

Altium circuit designs

Figure A.1: Top level circuit



Figure A.2: Power supply unit

Figure A.3: Transducer driver circuit



Figure A.4: Feedback driver circuit



Figure A.5: Shunt selector

Figure A.6: Source selector
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