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Abstract 
 

In therapeutic ultrasound, an array of transducers can be used to focus and steer an 

ultrasound beam, allowing several localised regions in the body to be treated. An electronic 

driving system coordinates the emission from each of the array's transducers to achieve 

steering and constructive interference at the target location. However, imaging or thermal 

ablation-focused design of commercially available multi-channel arrays and their drivers 

renders them unsuitable (higher frequency range >1MHz) or prohibitively expensive (costs> 

$100000) for other therapeutic applications, such as microbubble-based methods. This 

project aimed to design a cost-effective ultrasound system for low-intensity microbubble-

based therapeutic ultrasound applications.  

First a low-complex, affordable single-channel driver that could be used in driving arrays with 

high element counts was designed. Two digital signals from a microcontroller (0–3.3V) were 

used to control the amplitude and frequency of the single-channel driver. The results of the 

single-channel driver showed that the driving circuit was tuneable in the frequency range of 

0.1–1 MHz and producing short pulses with amplitudes between 0-150 V. Then our system 

was scaled into an 8-channel driver and then a 16-channel driver to drive dome-shaped 

multi-channel arrays. Coupled with the custom arrays, electronic beam steering and focusing 

were demonstrated. The system is effective and affordable for therapeutic ultrasound arrays 

with higher element counts. The overall cost of a 128-channel driver circuit was estimated 

to less than $1600, excluding the power supply and the control unit. 

Finally, a dynamic matching network was designed to improve the effectiveness of 

therapeutic ultrasound systems while offering a cost-efficient option for matching networks 

implemented with multiple frequencies. Experimental results demonstrate the effectiveness 

of the dynamic matching network in improving peak-negative pressure (PNP) from 66.6 % to 

422.52 % for different transducers and frequencies. 
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S SARUS  Synthetic Aperture Real Time Ultrasound System 

 SNR  Signal to Noise Ratio 
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T T/R  Transmit/Receive 

U UARP  Ultrasound Array Research Platform 

V VDS  Voltage Drop Across the Drain-Source 

 VNA  Vector Network Analysers 

X X  Reactance 

Y |Y|  Admittance Magnitude 

Z |Z|  Magnitude 

 Z  Acoustic Impedance 

* λ  Wavelength 

 φ  Phase Component 

 𝜌  Density 

 θ  Phase 
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demonstrated the existence of possible microhaemorrhages, which are visible as 

hypointense spots on T2 MRI images, by utilizing millisecond-long pulses in human subjects 

[38]. 

Additionally, it typically takes between 4 to 48 hours for the blood-brain barrier to regain its 

normal permeability, as indicated by previous studies [39], [40]. Recent studies have shown 

that using rapid short pulses can disrupt the BBB temporarily (for less than 10 minutes) while 

maintaining a uniform and safe delivery [41]. Since the previous studies for the microbubble 

excitation were based on using long pulses, the hardware used in these studies were also 

based on long pulses. There are no publicly-available microbubble driving system for short-

pulse ultrasound therapy. 

 

Figure 1.3. A visual representation of disrupting the BBB using focused ultrasound and 

microbubbles. This technique involves the direct injection of microbubbles into the 

bloodstream, followed by their exposure to focused ultrasound waves. This causes the 

microbubbles to oscillate radially and apply mechanical pressure on the walls of the blood 

vessels, leading to an increase in permeability. 
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The large variety of frequencies present in short imaging pulses is a result of the time-

bandwidth product. Consequently, the centre frequency (fc) is often used as the primary 

parameter, as opposed to f. In imaging applications, the centre frequency is >2MHz.  

Likewise, the wavelength can be defined as the distance between consecutive peaks of a 

wave. Differentiating between period and wavelength (λ) is essential as the former refers to 

length of time  while the latter refers to distance. Wavelength  can be represented as: 

λ=𝑐

𝑓
 

( 1.2) 

The velocity of sound (c) in a given medium relies on both the density and elasticity of the 

material. In particular, an increase in stiffness or density results in an increase in the speed 

of sound. The speed of sound in soft tissue ranges from roughly 1430 m/s in breast tissue to 

1647 m/s in muscle [44], and in water, 1480–1490 m/s at room temperature (20–22 °C) [45]. 

 

Figure 1.4. Longitudinal wave. Sound is a wave that propagates longitudinally, characterised 

by alternating compressions and rarefactions. The compression phase of a sound wave is 

characterised by high pressure, while the rarefaction phase is associated with low pressure. 
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Ultrasound waves contain a phase component (φ) that indicates the position of the wave 

during its cycle. The emission of these waves occurs in a pulsed manner, characterised by a 

pulse length (PL). The pulse length is determined by multiplying the wavelength of the wave 

by its total number of cycles. 

 

𝑃𝐿 =  𝜆. 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠 

( 1.3) 

The pulse repetition frequency (PRF) refers to the frequency at which pulses are emitted, 

and the duty cycle represents the percentage of time during which ultrasound is being 

generated [46]. 

The mechanical index (MI), a commonly employed statistic in medical ultrasound, is a metric 

that incorporates both pressure and frequency. The definition of the MI is the ratio between 

the peak rarefactional excitation pressure, measured in megapascals (MPa), and the square 

root of the excitation centre frequency, measured in megahertz (MHz). 

 

𝑀𝐼 =
𝑃𝑁𝑃

√𝑓𝑐
 

( 1.4) 

The mechanical index is a measure used to assess the probability of non-thermal bioeffects 

resulting from ultrasonic exposure. It is particularly useful as a predictor of cavitation events 

in tissue, which may result in biological damage [47]. 

Sound reflects when it reaches a boundary between materials that have different acoustic 

impedances. The acoustic impedance (Z) can be mathematically expressed as the product of 

the density (𝜌) and the speed of sound (c).  

 

𝑍 = 𝜌𝑐 

( 1.5) 
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Figure 1.5. The given diagram illustrates the time-domain ultrasound pressure across the 

given waveform.  1) Peak negative pressure refers to the maximum magnitude of negative 

acoustic pressure generated throughout a single cycle of ultrasound. 2) Pulse length refers 

to the time duration of an ultrasonic pulse train. 3) Frequency refers to the number of 

acoustic pressure cycles occurring per unit of time during the execution of ultrasound. 4) The 

time between pulses refers to the duration between pulses which is also inversely 

proportional to the pulse repetition frequency (PRF). 

Ultrasound is reflected as it passes through different materials because of the mismatch in 

acoustic impedance.  

R = 
(𝒁𝟏−𝒁𝟐)𝟐

(𝒁𝟏+𝒁𝟐)𝟐 

( 1.6) 

The sound propagation is symmetrical regardless of whether it is going from medium 1 to 

medium  2 or vice versa. The fraction R reflected increases in proportion to the difference in 

acoustic impedance. The fraction of transmitted sound waves increases as the difference in 

acoustic impedance decreases [48]. 

As ultrasonic waves propagate through the human body, their amplitude diminishes as 

energy dissipates. This phenomenon, referred to as attenuation, occurs as a result of various 

physical processes, namely scattering, absorption, refraction, reflection, and diffraction 

taking place within the medium. Refraction and reflection phenomena occur at the 

boundaries of tissues, whereas absorption and scattering phenomena occur within the tissue 
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The oscillation of microbubbles is mostly induced by ultrasonic pressure when exposed to 

low pressures. This allows microbubbles to fluctuate around an average radius, a process 

known as non-inertial cavitation [65]. The amplitude of the radial oscillations of the 

microbubble increases with the magnitude of the external force applied until the inertia of 

the surrounding fluid becomes the predominant driving force over other factors. [66]. When 

this occurs, the microbubbles undergo inertial cavitation[67]. This mechanism's oscillatory 

behaviour is defined by a large increase in radius, followed by a rapid and powerful collapse, 

facilitated by the liquid's inertia. The gas core's rapid compression can generate shock waves 

and raise temperatures [65], [68]. Stable cavitation refers to oscillations that are recurrent 

over several ultrasound cycles, which can occur for both non-inertial and inertial cavitation. 

Transient cavitation refers to short-lived activity [69]. Several aspects determine the 

threshold for inertial cavitation, including the initial size of the microbubble, its gas 

composition, the qualities of the surrounding medium, surface tension, and the centre 

frequency of the produced ultrasound. Surface tension acts as a restoring force that resists 

deformation of the microbubble. When a microbubble undergoes volumetric oscillations, its 

surface area changes. Surface tension strives to minimize this surface area, creating a force 

that opposes the expansion or contraction of the bubble. This restoring force is central to 

the oscillatory behaviour of the bubble. 

However, not all phenomena observed in microbubbles can be attributed only to volumetric 

oscillations. Acoustic radiation forces, also known as translational forces, are experienced by 

microbubbles during ultrasound exposure [70]. When sound waves interact with a material, 

they exert a translational force on the substance in the same direction as the wave's 

propagation. The cause of this phenomenon is the steady decrease in the strength of sound 

as it propagates, resulting in energy dissipation. In the context of radiation force or elasticity 

imaging, the force described below is the principal mechanism responsible for creating tissue 

displacements. 

𝑭 =  −𝑉(𝑡)∇𝑃 

( 1.7) 

represents the force exerted on a particle within a pressure wave. The variable V(t) denotes 

the dynamic volume of the bubble as it changes with respect to time. When bubbles are 
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of ultrasound at high intensity. These waves are precisely focused on a specific spot within 

the body, resulting in the thermal ablation of unwanted tissue. This process leads to the 

formation of thermal lesions [84]. The use of this particular methodology involves the 

potential for inadvertent negative biological effects resulting from the inaccurate alignment 

of the ablative beam. Nevertheless, using the technique of non-invasive tissue ablation has 

proven advantageous, prompting its initial application in neurosurgery to ablate abnormal 

tissue, and subsequently in tumour ablation [85]. During the 1960s, researchers in the field 

of acoustics initiated an exploration into the mechanical effects of ultrasound, specifically 

focusing on shock wave lithotripsy. The utilisation of short bursts of exceptionally high peak-

negative pressures has become a widely accepted practice in the medical field for treating 

cases of kidney and bladder stones. This approach offers a non-invasive method for 

removing the unwanted material, hence contributing to its development as a regular 

treatment option [86]. The safety of mechanical and thermal ultrasound therapies 

experienced significant enhancements in the 1980s due to advancements in imaging and 

guidance systems. Specifically, the introduction of MRI-guided focused ultrasound machines 

expanded the application of high intensity focused ultrasound to a broader range of cancer 

ablation scenarios [87]. Ultrasound therapy presently integrates the thermal and mechanical 

components of ultrasound and is widely employed in clinics for non-invasive tissue ablation 

procedures. This technique is particularly valuable in cases where surgery is difficult or not 

possible, such as various tumour treatments Ongoing research efforts involve a wide array 

of applications, ranging from the breakup of blood clots [88] to the facilitation of medication 

administration into tissue or across the blood-brain barrier [89]. One of the primary obstacles 

in the domain of ultrasound as a method for tumour ablation, similar to what has been 

discussed before for other cancer treatments, lies in obtaining adequate target specificity to 

minimise the potential for off-target ablation.  

To obtain the desired outcomes, the ultrasound parameters used in ultrasound therapy must 

be properly modified. In therapies that employ thermal ablation through the use of high 

intensity focused ultrasound, longer pulses characterised by large amplitudes and high 

frequencies are employed. This increases the deposition of thermal energy into the tissue 

[90]. In the field of histotripsy, the major mechanism of tissue destruction is cavitation. This 

process involves the use of pulses with high amplitude (>20 MPa) and short duration (μs). 
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delivery. The first clinical trial was published that the use of ultrasound and microbubbles to 

enhance the permeability of the blood-brain barrier in patients with glioblastoma 

multiforme, a particular kind of brain tumour. Various methodologies for conducting the 

treatment have been examined [97]. The initial documented clinical experiment employed 

the use of an implantable ultrasound device system known as SonoCloud to administer plane 

wave ultrasound onto the brain tumours developed by Carthera [97]. The implantation of 

the device initially took place within the cranial bone situated above the region affected by 

the tumour, utilising a surgical intervention [97]–[99]. Subsequently, an ultrasonic wave was 

generated using extended pulses (burst length: 25,000 cycles, duration: 23.8 ms) and 

elevated pressure (0.8 MPa) at a frequency of 1.05 MHz. The effectiveness of this 

methodology in enhancing the permeability of the BBB was validated through the use of 

magnetic resonance imaging (MRI). Nevertheless, due to the compact size of the device (10 

mm in diameter), the ultrasonic coverage area fell short of the necessary extent. The use of 

long pulses and high pressure may contribute to the formation of standing waves, which 

could inadvertently deliver drugs to unintended regions. The ongoing clinical trial of this 

device is currently assessing its safety and feasibility [99]. 

The therapy procedure involves the use of the ExAblate device, developed by Insightec Inc., 

which combines a hemispherical ultrasonic array with MRI guidance [38]. The patient's 

cranium must be securely attached to a metallic stereotactic frame, which is afterwards 

attached to a hemispherical array positioned on the MRI table. The array is responsible for 

producing focused ultrasonic waves within the patient's skull, while the MRI scanner is 

utilised to direct and steer the focal point towards the specific region of interest. The 

experimental setup involved the utilisation of a low-frequency signal with a frequency of 220 

kHz, accompanied by pulses of extended duration lasting 2 milliseconds. A power ramp test 

was conducted to ascertain the appropriate power level and corresponding acoustic pressure 

for use. During the test, the power was incrementally increased by 5% until the occurrence 

of cavitation was found. Subsequently, the power was reduced by 50%. The permeability of 

the BBB was effectively enhanced, and subsequently returned to its baseline level within a 

24-hour period. The therapeutic intervention yielded positive outcomes; nonetheless, the 

occurrence of micro-haemorrhage raises potential safety implications. Additional research 
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employing a comparable methodology has also demonstrated a successful augmentation of 

the blood-brain barrier permeability [100], [101]. 

Additional alternate methodologies involve the use of a transducer with a single element 

that is specifically focused, while there is ongoing exploration into the implementation of a 

neuronavigational system [102], [103]. The use of neuronavigational system is used to guide 

the focal point in this particular technique. Imaging techniques are employed to determine 

the relative positioning of the skull and the transducer, hence ensuring precise treatment 

delivery to the intended region. 

The properties of ultrasound, including frequency, pressure, pulse length, and pulse 

repetition frequency, exhibit variations among different methodologies. The process of 

choosing the appropriate frequency and pressure is rather uncomplicated. In small animal 

experiments, it is common to use high frequencies (>1 MHz) due to the small size of the skull, 

which mitigates concerns over attenuation. An increased frequency also results in a reduced 

focal size, a desirable characteristic when considering a smaller brain size. Low frequencies, 

specifically those below 1 MHz, are preferred for use in bigger animals and people due to 

their ability to penetrate thick skulls more effectively [104]. The administration of drugs at 

higher pressure levels has been observed to enhance drug delivery; nevertheless, this 

practice comes with an elevated risk of inducing tissue harm [78]. According to previous 

research [105], the treatment's pressure threshold exhibits a drop as the frequency 

decreases. Pulse length is currently receiving significant attention among the parameters. All 

the aforementioned clinical trials employ long-pulse ultrasound, characterised by durations 

in the range of milliseconds. However, the use of long pulses is accompanied by specific 

difficulties. According to previous research, it has been established that using long pulses are 

significantly linked to adverse biological reactions, including bleeding and neurological harm 

[106]–[108]. Furthermore, the use of long pulses in brain treatment techniques has a high 

probability of inducing standing waves within the cranial cavity, particularly when employing 

low frequencies [109]. The formation of standing waves occurs from the superposition of 

many waves, such as therapeutic waves and their corresponding reflections. Therefore, 

standing waves can result in both elevated peak acoustic pressure and the possibility of 

additional locations with high ultrasonic pressure. Delivery or treatment of drugs can result 

in unintended effects on non-targeted or healthy areas, perhaps leading to secondary 
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direction. The forward propagating wave is predominantly employed to sense within the 

system, and as a result, it becomes linked with the medium. The phenomenon of the 

backward propagating wave might result in internal reverberation within the component, 

leading to the generation of additional undesired pressure waves and elongating the 

transmission process. Consequently, it is customary to employ backing material in order to 

reduce or absorb the wave that propagates in the opposite direction [116]. According to 

previous research [116], commonly used backing materials, such as epoxy, exhibit a 

favourable acoustic impedance match with the piezo-electric material. The inclusion of a 

backing layer guarantees the transmission of a short, damped pulse when stimulated by an 

electrical impulse [115].  

The propagation of the forward wave can potentially result in undesirable reflection when it 

is linked with a material that exhibits an important variation in acoustic impedance. The 

aforementioned phenomenon leads to a decrease in the effectiveness of signal transmission 

and a decrease in the accuracy of signal reflection. The improvement of energy transmission 

within the piezo-electric material and the surrounding medium can be achieved by 

using matching layers. Matching is frequently required for PZT due to its increased acoustic 

impedance in comparison to other materials such as soft tissue and water [115]. So, overall, 

a single-element transducer typically comprises a PZT disk together with a matching and a 

backing layer (Figure 1.3). The design of array transducers involves the integration of many 

piezo-electric elements into a unified assembly [116]. The use of many elements offers 

several advantages, hence resulting in an elevated level of performance or efficiency. The 

range of operation in both the transmit and receive modes is greater as compared to single-

element transducers. The manufacturing of array transducers requires the same method as, 

PZT disks, backing, and matching layers applied to each element. 
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This setup is convenient for single-element emission/reception but for multi-element 

systems, it is not affordable and not practical. It occupies a lot of space and is not portable. 

Controlling all the channels independently is difficult and per-channel cost is expensive. 

Therefore, it requires a multi-channel driver. Commercially available clinical drivers are 

capable of driving transducer arrays, but they are not user nor cheap. They often have 

complex systems or hardware limitations (limited working frequency range) that limit their 

usage. The complexity of a commercially available ultrasound imaging system designed for 

array transducers exceeds the complexity of a single-element system, as it contains 

numerous modules and subsystems. Within a clinical system, certain characteristics, 

including transmit sequencing and signal processing, are predetermined and contain fixed 

functionality. As a result of its inherent characteristics, the architecture of the system has 

incorporated decision-making processes that restrict its functionality to specific operational 

modes, hence facilitating training for medical professionals.  

 

Figure 1.8. Transmit beam (a) focussing, (b) steering. The time delay associated with 

electrical excitations across various elements is employed to synchronize the arrival of 

ultrasonic waves generated by different transducers at a certain location. The method of 

altering the focal location is commonly referred to as steering. It should be noted that this 

method applies not only to linear arrays but also to other types of arrays such as dome-

shaped arrays. 

In a multi-channel therapeutic system, the motivation varies. In therapeutic ultrasound, 

transducer arrays can be used to focus and steer an ultrasound beam, allowing several 

localized regions in the body to be treated. Steering such an array is achieved electronically, 
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output signal [19], [22]. A switching amplifier class is capable of producing a switched-mode 

output that represents the input signal in a modulated form. The various classes of analogue 

amplifiers range from Class A to Class C. The amplifier classes that involve switching are 

commonly referred to as Classes D to F. 

The most basic form of an amplifier is a Class A amplifier, which typically includes the only 

transistor device that is biased and operates in a linear mode, conducting in relation to the 

input signal. A Class A amplifier is typically characterized by its conduction angle of 360 

degrees or 2π [20]. The conduction angle refers to the duration during which the output 

stage conducts in response to a single sinusoidal cycle input. A conduction angle of 360 

degrees indicates that the output stage conducts for the entirety of the cycle. A Class A 

amplifier is defined by a significant quiescent current and the dissipation of power in the 

form of heat, regardless of the presence or absence of an input signal [23]. The dissipation 

of power as heat has several consequences in terms of the output stage. Firstly, it leads to 

an elevation in temperature, affecting the overall thermal conditions. Secondly, it imposes 

additional stress on the surrounding components, increasing their operational demands. 

Ultimately, this can lead to an expedited deterioration and failure of the system  [20], [21]. 

In order to reduce the significant power dissipation, Class A amplifiers demand the use of 

heat sinks and/or the implementation of ventilation mechanisms to facilitate effective 

cooling. Heat sinks are characterized by their substantial weight, large size, and considerable 

cost [20]. Nevertheless, they are considered essential in the context of high-power Class A 

systems. 

A Class B amplifier is designed to amplify either a single positive or negative cycle, resulting 

in half a period [19], [20]. Class B amplifiers are typically not used alone due to being able to 

cancel out half of the signal. Instead, they tend to be used in a push-pull configuration, where 

each device conducts based on the positive or negative half cycle that is applied. It is 

important to acknowledge that a Class A amplifier has the capability to operate in a push-

pull configuration as well. This involves the use of two devices, where one of the 

input's phases is inverted. In a Class A push-pull setup, it is observed that both devices 

remain conducting, resulting in both angles of conduction being 360 degrees. Crossover 

distortion is a common problem seen in Class B (push-pull) amplifiers when the input signal 

falls below the bias voltage of either of the devices [23]. The phenomenon described 
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provides the existence of a region known as a "dead zone" centred at 0 volts, which spans a 

distance equivalent to double the voltage drop exhibited by the used device. 

The Class AB architecture introduces a biassing technique for the push-pull transistors, 

enabling the amplifier to function as Class A at low signal levels. When the input is 0V the 

two transistors are in an electrically conductive state. However, when exposed to large input 

signals, the amplifier behaves similarly to Class B amplifiers. Class A/B systems offer a 

favourable balance between the uninterrupted conduction seen in Class A systems and the 

crossover distortion commonly associated with Class B designs [20]. The conduction angle of 

a Class A/B amplifier is contingent upon the extent to which each component conducts 

during its typical Class B operational phase. 

Amplifier classes, such as Class D, have distinct operational characteristics. The process of 

modulation is employed by a Class D amplifier to turn an analogue input signal into a series 

of switching states. The most prevalent method of modulation is the manipulation of pulse 

width through comparison with a triangular carrier waveform [20]. The waveform's 

modulated representation is subsequently amplified through the use of a switching output 

stage, often employing a field-effect transistor (FET) device, which effectively determines the 

desired voltage level. At its most basic level, a Class D amplifier operates by alternating 

between two distinct voltage levels, often a ground state and another voltage, while 

employing a push-pull design. Most of the applications require signal conditioning such as 

filters to demodulate the output signal. The output transistors exhibit zero current 

consumption when they are not conducting, and demonstrate minimal voltage drop across 

the drain-source (VDS) terminals when they are conducting [19]. Therefore, Class D 

amplifiers exhibit a notably high level of efficiency in comparison to other analogue classes. 

Class D amplifiers operate by switching at a frequency that exceeds the response time of the 

reconstruction filter, resulting in a time-averaged output. The inefficiency of Class D 

amplifiers, however, is associated with their rapid switching rates, which result in repeated 

high-frequency commutations and subsequent power loss. The occurrence of switching loss 

can be related to the continuous charging of the gate capacitance of a MOSFET at a specific 

frequency, denoted as CG [19], [20]. Pulse-width modulation (PWM) has emerged as a 

promising technology for Class D amplifiers, as it offers notable advantages such as enhanced 

efficiency, compact dimensions, and increased power capacity. Consequently, these 
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square pulse. The second digital input – the frequency control signal – dictated the centre 

frequency, pulse length, and phase of the square pulse.  

 

Figure 2.2. Single-channel high-voltage square wave pulse generator (HV Pulser).  (a) A 

digital control unit (not shown here) dictates the amplitude via the amplitude control signal 

input (0-3.3 V) and the centre frequency, pulse length, and phase via the frequency control 

signal (0-3.3 V). (b) A  populated printed-circuit board (PCB) of the design. 

The magnitude of the square pulse was determined by the duty cycle of the digital amplitude 

control signal the pulse-width modulation (PWM) technique. The digital input signal in the 

kilohertz range was filtered using a simple second-order low-pass filter (RC) with a cut-off 

frequency of approximately 300 Hz. This removed the high-frequency components of the 

digital amplitude control signal input, producing a direct current (DC) signal within the range 

of 0 to 3.3 V. The voltage level was set within this range by setting the duty cycle of the digital 

amplitude control signal. Duty cycles between 5% and 99%, would produce DC signals 

between 0.165 V and 3.267 V, respectively. In this particular instance, when a digital signal 

with a duty cycle of 5% was applied, the output of the low-pass filter yielded a direct current 

(DC) signal 0.165 V. The DC signal was then amplified using a High-Voltage/ High Output 

Current operational amplifier [24] (OPA455; Texas Instruments, Dallas, TX, USA) in a non-

inverting amplifier configuration, with a gain of 46. The OPA455 is an operational amplifier 

(op amp) characterised by a high voltage rating of 155 V and a high current drive capability 

of 45 mA. The device under consideration exhibits unity-gain stability and has a gain-
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microbubbles were removed from the vial using a 20G syringe needle, with an additional 

needle serving as a vent hole to facilitate pressure equalisation within the vial. Subsequently, 

the microbubbles were diluted in a solution of 0.9% phosphate buffer saline (PBS). A 

thorough analysis of the microbubble population were conducted by employing optical 

microscopy and image processing methods [37]. The mean microbubble radius was 0.70 μm 

with some variation (standard deviation of 0.4 μm) and a range of sizes from 0.24 μm to 3.97 

μm [28], [29], [38]. 

 

Figure 2.5. 3D printed wall-less channel frame [39]. 

Polyacrylamide offers ideal features for ultrasound experiments owing to its great optical and 

acoustic transparency, as well as its adjustable mechanical properties that enable the 

creation of soft gels with Young's modulus comparable to that of soft tissues [39], [40]. A 

polyacrylamide gel was synthesised by combining powdered acrylamide monomer with 

powdered N, N’-methylene bis-acrylamide, which served as a crosslinking agent. The 

solutions that had been degassed were subsequently combined at ambient temperature 

with 0.1 g per 100 ml of Ammonium Persulphate and 100 μl per 100 ml of TEMED. The 

resulting mixture was promptly put into the 3D-printed channel frame to create the 100-μm-

in-diameter channels to mimic blood vessels. Wire templating method was used [39], [41]. 

The gel was allowed to solidify for 1 hour. After the gel had solidified, the wire was extracted, 

and a diluted solution of microbubbles produced in-house was injected into the channel with 

a hydrostatic pressure applied for the flow of microbubbles. The hydrogel channel had a 

Young modulus of elasticity of 3.24 ± 0.58 kPa which is closer to the tissue stiffness [40]. 

The experimental procedure was conducted using water that had been degassed and 

deionized (Figure 2.6). First, a hydrogel channel with a diameter of 100 μm positioned within 

the water tank, then a 1MHz transducer (Olympus, Tokyo, Japan)  was positioned in a 

perpendicular orientation to the channel, maintaining a distance of approximately 68 mm. 

This guaranteed that the focal point of the Olympus transducer was aligned with a specific 
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region within the channel. The 1MHz transducer was excited by the designed single-channel 

driver controlled by two function generators (33500B; Keysight, Santa Rosa, CA, USA). The 

excitation frequency utilised in the experiment was 1 MHz, while the pulse length was set to 

3 cycles. The transducer was stimulated in order to produce ultrasonic waves with a peak-

negative pressure (PNP) around 0.5 MPa. Microbubble cavitation signals were collected by a 

1MHz Olympus transducer received by using the high-voltage protection T/R switch.  The 

collected signals were subsequently digitised using a Gauge digitizer (Octave 14, Dynamic 

Signals, San Bruno, CA, USA) and data was saved in a computer. Two sets of experiments 

were conducted. The initial group featured as a control group in which a solution of saline 

was being circulated through the channel. The second group used a mixture of microbubbles 

and saline solution, to ensure clinical relevance specifically a diluted microbubble vial mixed 

with saline at a ratio of 1:100. Five sonications were conducted on each set. For triggering 

the whole spectrum of acoustic cavitation dynamics, range of pressures from 25kPa to 1MPa 

were tested for therapeutically relevant frequency range for brain therapy (<1MHz). 

 

Figure 2.6. Experimental setup for microbubble excitation and reception of cavitation 

signal. Microbubbles were flowing inside a 100 μm diameter channel and a 1 MHz focussed 

transducer was excited by a single channel driver which was controlled by 2 function 

generators connected to a computer. The cavitation signals were collected by transducer 

using a high-voltage protection switch and digitized before being recorded by a computer. 
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their corresponding waveform in time domain at the maximum duty cycle applied plotted in 

MATLAB (Figure 2.10(a), (b), (c)).  The output of the 1 MHz transducer was mostly linear, but 

the increase rate with the duty cycle slowly dropped after >800 kPa. 

 

Figure 2.9. Acoustic testing to observe the effect of the matching on the output signal. 

Waveforms were generated by a single PZT transducer which was excited with 3 cycles, 0.5 

MHz, and 95% duty cycle (approximately 150 Vpp) by a single-channel driver. Acoustic 

emissions from the transducer were captured by a 1-mm needle hydrophone. The captured 

waveforms time-domain  (a), (c) and frequency domain (b), (d) without a low-pass filter and 

(c), (d) with a low-pass filter connected (a), (b). 
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Multiple research teams have designed and implemented multi-channel ultrasound systems 

that are compatible with array transducers, including SARUS [15], UARP [16], and ULA-OP 

[17], [18]. The Ultrasound Advanced Open Platform (ULA-OP) and its most recent iteration, 

ULA-OP 256 [19], [20], a portable array platform, has been created by the University of 

Florence [17], [18], [21]. This platform is based on a sigma-delta type of transmitter as 

described in [22]. The platform is equipped with 64 channels, offering a sampling rate of 50 

MSPS and a resolution of 12 bits. It allows users to access pre-beamformed or raw RF data. 

Consequently, the approach has gained significant popularity and is widely utilised in 

Doppler [23]–[25] and nonlinear imaging [26].  The FPGA generates a sigma-delta bitstream 

for each channel, which is subsequently filtered and amplified at the front end to produce a 

high-voltage output. One limitation of the system, as noted in reference [17], is the excitation 

voltage, which is restricted to a maximum of 24 Vpp. While this is sufficient for many 

ultrasound imaging applications, this is too low for therapeutic ultrasound. This constraint is 

likely attributed to the necessity of linear power amplifiers that are needed to amplify signals 

to high voltage levels. In the system, the sigma-delta technique is employed as a substitute 

for a high-speed digital-to-analogue converter (DAC), as demonstrated in their prior single-

channel platform [24], [26], and [27]. In their publication [17], the authors acknowledge the 

possible constraint of a deficient output voltage range. Furthermore, in a subsequent paper, 

they elaborate on their plans for future research and development in this area. 

The Synthetic Aperture Real-time Ultrasound System (SARUS) was developed and evaluated 

to facilitate synthetic aperture imaging, nonlinear imaging, and 3-D flow estimates [28]. The 

device had 1024 channels at a sampling rate of 70 MHz with a 12-bit resolution. The 

implementation of such a system entails significant expenses and involves complicated 

hardware and software design. Moreover, the considerable dimensions of this system 

impose limitations, while its lack of portability further hinders its practicality. One of the 

numerous advantages of ultrasound lies in its portability, particularly when in comparison 

with alternative procedures such as CT or MRI scanning. Ultrasound systems mostly consist 

of portable devices that may be conveniently transported to the patients' location within a 

medical setting, as well as to various test or inspection sites. Although this system serves as 

a research platform, its large size may hinder collaboration with other groups or departments 

due to limited mobility.  The size of the system could be a result of the selection of the 
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transmitter circuit, for which there is little information available in references [29] and [30]. 

However, the use of an internally developed system has empowered the group to effectively 

pursue their specific objectives and modify the design to align with their preferences and 

budgets. 

The Ultrasound Array Research Platform (UARP) [16] and its upgraded version, UARP 2.0 [31], 

were specifically developed to facilitate the investigation of various imaging methodologies, 

including harmonic imaging [32], and synthetic aperture imaging as well as non-destructive 

testing purposes (NDT) [33]. The system is based on 16-channel modules. Each module is 

equipped with a 1 GB DDR3 memory and a Stratix V FPGA. The excitation strategy described 

[34] is a highly effective design using metal-oxide-semiconductor field effect transistors 

(MOSFETs). The transmitter structure is based on 5-level switched mode excitation and works 

in the frequency range of 0.5 to 15 MHz; therefore, it does lack individual amplitude 

controllability and low lack in low-frequency usage (<0.5 MHz). 

Additionally, to the previously mentioned technologies, there are other commercially 

available multi-channel systems [35], [36]. The Verasonics® engine has a high channel count, 

consisting of 256 elements for transmission and reception. It utilises tri-level pulsers, which 

operate with three distinct levels and offers the flexibility of programmable waveform 

parameters. Additional functionalities of the system encompass frame averaging and 

transmit apodization. The standard version of this device has a working frequency range of 

0.5 to 20 MHz. A lower-frequency version is sold separately. Another example of a 

commercially available system is the LeCoeur developed by LeCoeur Electronique [37], which 

offers a maximum of 256 channels, adjustable sampling rates ranging from 10 to 80 MHz, 

and a high voltage analogue output of 120 Vpp. These systems, however, are designed 

primarily for imaging purposes and incorporate functionalities and hardware components 

that are unlikely to be used in therapeutic applications, hence substantially contributing to 

the overall cost. 

To reduce focused beam distortion and skull absorption, it is necessary to use low 

frequencies, which provide enhanced penetration into the deeper parts of the brain [1], [38]. 

Several ultrasound-driving systems with therapeutic applications have been documented in 

the literature [39], [40]. However, publications lack comprehensive circuit diagrams that 

include specific component names and corresponding pricing for these systems. Hence, what 
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U.K.) followed by two 3D printed matching layers and one 3D printed backing layer.  Both the 

PZT disc and the PVDF layer had a diameter measuring 16 mm. This stacked structure allowed 

us to transmit and receive from the same location without compromising our broadband 

reception capabilities. The radius of curvature of the array was approximately 15 cm, equal 

to the natural focus of the transducers at 0.5 MHz. The elements were distributed 

approximately evenly on the array’s curvature, into one concentric ring. The electric 

impedance of each PZT transducer in the array was measured by an impedance analyser 

(4395A Vector Analyzer, Agilent Technologies, Santa Clara, California, USA). Based on the 

measured impedances, a single inductor was used as a matching network despite the 

variations between elements. Eight of the single-channel drivers were connected to eight 

individual 120 µH inductors as matching networks between the drivers and transducers to 

form an 8-channel driver [Figure. 3.3]. Individually controllable channels in terms of 

amplitude, frequency, delays, etc. (Table. 3.1.) were controlled via a digital control unit. 

 

Figure 3.2. Structure of the eight-element array frame. (a) the lateral perspective of the 

dome-shaped array frame. (b) The frontal perspective of the array consists of 8 elements. 

 

Frequency Range (MHz) 0.1-1 

Output Voltage (V) 0-150 

Voltage Adjustability (V) 7.5 

Minimum Time Delay (ns) 15 

Table 3.1. Overall design specifications. 
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the switch transitions into Transmit mode, which blocks the transmission of the high-voltage 

pulses to the receiving end. 

 

Figure 3.5. Structure of the sixteen-element array frame. (a) the lateral perspective of the 

dome-shaped array frame. (b) The frontal perspective of the array consists of 16 elements. 

 

Figure 3.6. Sixteen-channel high-voltage square wave pulse generator (HV Pulser) 

populated on a printed circuit board  (PCB).   

The 16-channel driver was supplied by two DC supplies (Aim-TTi CPX400D 420W, 

Cambridgeshire, United Kingdom, and TENMA T2-2935) at 150V. Every channel was given 

the same amplitude control signal at 50% duty cycle (nominally 75V to the transducer) during 

beam focusing and steering experiments. The excitation frequency was 0.5 MHz, and the 

pulse length was 5 cycles.  Because the array was assembled by hand, the positions of the 

transducers may not be arranged on a perfect curve, i.e., there may be small variations of 
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the distances between different transducer surfaces and the geometrical centre of the array. 

These uncertainties were compensated by applying an appropriate time delay determined 

by testing with a hydrophone between each transducer. 

 

Figure 3.7. Sixteen-channel matching network with T/R switch populated on a printed 

circuit board (PCB). 

 

 

Figure 3.8. The complete 16-channel driver system with 16-element array. The 16-channel 

driver generated excitation that went through the 16-channel matching network before 

reaching the PZTs to generate ultrasound. The parameters for the excitation signal were sent 

through MATLAB via the digital control unit. 
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system. This setup allowed for the scanning and measurement of the ultrasonic field 

produced. The signal received by the hydrophone was converted into digital form and 

subsequently stored using the previously mentioned oscilloscope with a sampling rate of 

100 MHz. Then the same setup and tests were repeated with the 16-channel driver and 16-

element array (Figure. 3.11 (b)). 

Initially, the hydrophone was positioned at the geometric centre of the array, corresponding 

with its natural focal point. Subsequently, each of the elements from the 8-element array 

was individually excited with our 8-channel driver at 0.5 MHz and 5-cycle 50 % duty cycle 

amplitude. The hydrophone detected the 8 signals that were individually generated. The 

time delay of each channel was determined using a MATLAB-based script that calculated the 

time-of-arrival of the 8 signals. The implementation of a time delay can effectively 

synchronise an ultrasound emitted by the 8-channel driver, ensuring that they converge at 

the focal point simultaneously and in phase.  Trigger delays equal to the difference in the 

time of flights were then applied to the respective channels. The identical procedure was 

executed consistently whenever there was a need to adjust the focus, such as steering. We 

also followed the same methods for the experiments with the 16-channel driver and 16-

element array.  

After applying the appropriate time delay, the pulse waveform generated by the array was 

acquired at the array’s geometric centre. The duty cycle of the amplitude control signals was 

increased with 10 % increments from 10 % to 90 % duty cycle to find out the upper limit of 

the focal pressure. The hydrophone was employed to conduct a comprehensive raster scan 

throughout a substantial region in order to acquire the beam profiles of the 8-element and 

16-element arrays while specifically focusing on the geometric centre.  For the 8-element 

array, a raster scan was made in the axial plane of the array (15-by-15 mm, 0.5 mm pitch). 

The scan was done using the same needle hydrophone previously described, which was 

connected to a 3D positioning system. The raster scan was repeated when the needle beam 

moved 5 mm in the lateral direction to demonstrate the driving system’s performance on 

beam steering. For the 16-element array, both axial and lateral scans for the different 

locations of the beam were performed. 
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PWM-controllable amplitude output produced low variations between channels. The highest 

variations were observed at 1 MHz, which was the highest frequency evaluated. 8-channel 

drivers were tested without the consideration of the settling time of the low-pass filters and 

that caused the amplitude variations between channels in high frequency for higher duty 

cycles.  

 

Figure 3.12. Electrical testing revealed the output voltage vs duty cycle relationship for 

individual drivers of (a) an 8-channel system and (b) a 16-channel system. The duty cycle 

was varied from 5 to 99% and frequency was varied from 0.1 to 1 MHz without a matching 

network connected. Each duty cycle was sonicated 3 times. 

 

Figure 3.13. The performance of the digital control unit. The output of the digital control 

unit was captured with an oscilloscope for different (a) numbers of cycles (b) frequencies (c) 

delays and (d) duty cycles. 
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Figure 3.15. The relationship between the PNP and the duty cycle of the 16-element array 

driven by the 16-channel driver. A needle hydrophone was placed at the geometric centre 

of the 16-element array. The duty cycle used to control the 16 drivers was adjusted between 

10% and 90%, which increased the PNP at the focus. Each duty cycle was sonicated 3 times. 

When the focus was steered by 5 mm in the x-direction, the FWHM of the main beam stayed 

approximately constant. The grating lobes around the main focus had a similar amplitude as 

those without steering. More grating lobes were observed in the direction opposing the 

direction of the steering (Figure. 3.16 (b)). We only steered the beam on the x-axis and 

performed an axial beam scan. 

 

Figure 3.16. Beam profile for the 8-channel driving circuit with an 8-element array. Using 

the 8-channel driver to drive an 8-element ultrasound array, a focal beam could be formed 

(a) at the geometric focus and (b) at 5-mm away from the geometric focus along the x-axis. 

Beam steering was performed by applying time delays using the 8-channel driving circuit. 

Beam profile measurements were performed using a 1-mm-in-diameter needle hydrophone 

with a raster scan. 
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Then we tested the performance of the 16-channel driver with a 16-element array to focus 

the ultrasound beam at the geometrical centre. The array was able to generate a tight focus 

at its geometry centre in the free field (Figure. 3.17 (c)). The full-width at the half-maximum 

(FWHM) of the focus was approximately 4.9 mm in diameter. Some grating lobes were seen 

around the main beam. The maximum of approximately 600kPa pressure was obtained by 

using our 16-channel driver using the 16-element array in the free field. Increasing the 

number of channels reduced the beam size, which will allow more preciese targetting. 

With a 16-channel driver, the focus was steered by 5 mm (Figure. 3.17 (b)) and 10 mm 

(Figure. 3.7 (a)) In the x-direction, the FWHM of the main beam stayed approximately 

constant. The grating lobes around the main focus had a similar amplitude as those without 

steering. More grating lobes were observed in the direction opposing the direction of the 

steering (Figure. 3.17 (a)).  

 

Figure 3.17. Beam profiles of 16-element array when focusing and steering on the x-axis. 

Beam profiles at the (c), (f) geometry focus and when the focus was steered along on the x-

axis by (b), (e) 5 mm and (a), (d) 10 mm. 
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amplitude controllability feature was retained, enabling the production of arbitrary 

waveforms from a multi-element array.  

When testing channels individually, we observed that the output voltage decreased with 

increasing frequency in the 8-channel driver. This decrease was likely due to connection 

losses, as the 8-channel driver was made of eight single-channel drivers connected with 

wires. This effect was not observed in the 16-channel PCB. Our driver’s working frequency 

was limited to 1 MHz due to a high overshoot when the frequency was increased beyond this 

point. This limitation is attributed to the chosen MOSFET switch's fast rise and fall times and 

the BJT's high switching time (storage time). To improve the working frequency range, a 

faster BJT could be used, and gate drivers could be implemented for the MOSFET to enhance 

switching frequency, all while considering cost constraints. 

We only tested one type of matching network for the array due to simplicity and affordability, 

but optimizing the design of the matching networks could increase the pressure amplitude 

while still removing unwanted harmonics. To further reduce costs and allow more precise 

controllability, the digital control unit could be upgraded to a combination of 

microcontrollers with FPGAs, although this would increase programming complexity. The 

interchangeability of components in our design and their overall low cost enables significant 

scope for experimentation and fine-tuning of the system for desired applications. 

The driving system was designed with affordability as a key requirement. The 16-channel 

prototype cost on average $32 per channel (including operational amplifier, BJT, MOSFET: 

$10; matching network: $2; microcontroller: $20). For higher element counts, the 

microcontroller boards could be replaced with an FPGA or other digital control units to 

reduce overall costs. We estimated that scaling our driver to 128 channels would cost 

approximately $1600, excluding the cost of the power supply and controllers. Thus, the 

design presented here is affordable and has good scalability. 

When comparing our system to other custom-built or commercial systems, our design stands 

out for its cost-effectiveness and modularity. Commercial systems often provide a higher 

frequency range and more advanced control features, but at a significantly higher cost, often 

exceeding $100,000 for a comparable number of channels. Custom-built systems in research 

settings may achieve higher pressures and frequencies but frequently lack the scalability and 
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power needs. A lot of applications require broadband or multi-frequency working range, and 

this is only achievable using various or variable components in the EIMN.  

Broadband EIMNs can be effectively developed with the Smith chart through the careful 

selection of an appropriate quality factor (Q) constraint. However, it is necessary to 

experiment with a range of different topologies and subsequently ascertain the optimal one. 

Furthermore, it should be noted that the assumption of a negative correlation between the 

Q factor and bandwidth becomes invalid in cases when the transducer’s impedance exhibits 

several peaks and undergoes significant variations. Based on the above discourse, it can be 

inferred that additional study is required to determine the optimal methods for designing 

EIMNs with both effectiveness and efficiency. Furthermore, there is a limited number of 

studies that address the issue of matching issues between transducers and active loads, such 

as power amplifiers (PA). Current research on the design of EIMN mostly focuses on obtaining 

impedance matching between sensors/actuators and interface devices, such as signal 

generators and receivers. These interface devices typically possess a fixed impedance of 50Ω 

[1], [11]–[13]. The impedance matching between the transducer and PA exhibits notable 

distinctions, primarily stemming from the nonlinearity and dynamic nature of the PA's output 

impedance. 

 

Figure 4.1. Conjugate matching of input and output impedance via a two-port Electrical 

Impedance Matching Network. 

Impedance matching could be divided into two fundamental components, namely 

resonance/conjugate and resistance matching/reflectionless matching. Based on the 

maximum power transfer theory, the delivery of maximum power from a source to a load 

occurs when the transducer’s impedance is a complex conjugate of the amplifier’s 
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be particularly advantageous in enhancing the efficiency of transducers, and its application 

can be observed in software platforms such as PiezoCAD [27]. In contrast, BVD models simply 

require the use of impedance and admittance, allowing their implementation with lumped 

components rather uncomplicated. The integration of EIMNs with similar circuit models 

enables the simulation of a matching ultrasonic transducer. 

OrCAD PSpice A/D [28] is often used in the evaluation of the matched transducer's 

performance through the application of AC simulation capabilities. Studies carried out with 

high-frequency and broadband ultrasonic transducers frequently use PSpice [1], [29], a 

software tool, to analyse and evaluate the gain and bandwidth of the matching network. This 

is achieved by comparing the responses of transducers that are matched and unmatched. 

The investigation can also encompass variations in the component values of the EIMN, as 

well as the impedance of both the load and the source.  

The Butterworth-Van Dyke (BVD) model is a common technique for modelling piezoelectric 

transducers [29]. This model is often derived from evaluating the impedance or admittance 

measurements of the transducer.  The BVD model contains the mechanical components (Rs, 

Ls, Cs) and the electrical component (C0) of the transducer. C0 denotes the equivalent 

capacitance, Rs represents the combined losses due to radiation and mechanical factors, and 

Ls and Cs are used to represent the resonant behaviour of the transducer (Figure 4.2). 

 

Figure 4.2. Single-frequency Butterworth-Van Dyke (BVD) model for piezoelectric 

transducer. 

The admittance exhibits its maximum value at its series resonance, whereas it demonstrates 

its minimum value at the point of parallel resonance. 
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added capacitors are mounted, it is possible to achieve four L-type topologies that can cover 

the entire Smith chart (Figure 4.3.). After the impedance measurements of transducers from 

the Impedance Analyzer, we calculated individual L-type matching networks for transducers’ 

fundamental frequencies and 3rd and 5th harmonic frequencies. We also used an online tool 

[40] to find out the best matching topologies for different frequencies.  

We used MP4835A (Monolithic Power Systems (MPS), Kirkland, Washington, USA), a 32-

channel high-voltage (± 100V) switch to allow adding inductors in series or capacitors in 

parallel to allow dynamic range of values in inductors and capacitors. Switches are controlled 

by a 32-bit data latch from Teensy 4.1microcontroller (PJRC, Sherwood, OR). A total of five 

MP4835A chips were used in our dynamic matching network, which allowed 4 different types 

of L-networks with a final inductor value ranging from 1 nH to 199.999 µH with a 1nH 

sensitivity, and a  final capacitor value ranging from 1 pF to 99.999 nF with a 1 pF sensitivity 

(Figure 4.5). The programmable matching network was integrated into a PCB sized 25 cm x 

15 cm (Figure 4.4). 

 

Figure 4.3. Four different configurations for L-type impedance matching networks were 

used to cover the entire Smith chart. If the electrical impedance of the driving electronics is 

smaller than transducer type(a) and type (b), larger than transducer type (c) and type (d) are 

used. 
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Figure 4.4. Design of  a programmable matching network on a PCB. 

The list of the pins connected in switches was defined and a function was created in MATLAB.  

The required switches are turned on based on the required configuration ( type a, b, c, d) 

and the value of inductor and capacitor which is calculated for a specific frequency for a 

specific transducer. The command which contains the information about the on/off status of 

switches was sent via serial interface to Teensy 4.1 microcontroller. Each time this was 

repeated for different settings such as different topologies and different values. 
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Fi 

Figure 4.5. The overall structure of the dynamic matching network (c) creates 

different types of L-networks by adding inductors in series (a) and capacitors in 

parallel (b) via programmable switches. Capacitors ranging from 1 pF to 10nF 

connected in parallel with switches allowing a final capacitor value ranging from 1 

pF to 99.999 nF with a 1 pF sensitivity (b).  Inductor values ranging from 1 nH to 

100 µ connected in series to create a final inductor value ranging from 1 nH to 

199.999 µH (a). 
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Figure 4.8. Fundamental frequency matching for 0.5 MHz transducer. Different matching 

configurations were tested with the transducer’s fundamental frequency with 10 cycles. 

Signals were captured by a 1mm needle hydrophone. The time domain signals for no 

matching (a), series inductor (c), type-a matching (e), and type-b matching (g). The frequency 

spectrum for no matching (b), series inductor (d), type-a matching (f), and type-b matching 

(h). 
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Figure 4.9. Fundamental frequency matching for 1 MHz transducer. Different matching 

configurations were tested with the transducer’s fundamental frequency with 10 cycles. 

Signals were captured by a 1mm needle hydrophone. The time domain signals for no 

matching (a), type-c matching (c), type-b matching (e), and type-a matching (g). The 

frequency spectrum for no matching (b), type-c matching (d), type-b matching (f), and type-

a matching (h). 
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Figure 4.10. 3rd harmonic frequency matching for 1 MHz transducer. Different matching 

configurations were tested with the transducer’s 3rd harmonic frequency with 10 cycles. 

Signals were captured by a 1mm needle hydrophone. The time domain signals for no 

matching (a), type-b matching (c), type-c matching (e), and type-d matching (g). The 

frequency spectrum for no matching (b), type-b matching (d), type-c matching (f), and type-

d matching (h). 
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Figure 4.11. 5th harmonic frequency matching for 1 MHz transducer. Different matching 

configurations were tested with the transducer’s 5th  harmonic frequency with 10 cycles. 

Signals were captured by a 1mm needle hydrophone. The time domain signals for no 

matching (a), type-c matching (c), and type-b matching. The frequency spectrum for no 

matching (b), type-c matching (d), and type-d matching (f). 
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multi-channel drivers were evaluated by independently testing each channel using a single 

transducer to observe the differences between channels. The implementation of a modular 

assembly architecture allowed for easy repair and replacement of individual components, 

hence improving the simplicity and cost-effectiveness of arrays and drivers’ maintenance. A 

randomization technique was implemented to improve the performance of element 

arrangement in the arrays. Systems for ultrasound-mediated therapies must meet certain 

design specifications to improve treatment efficacy and safety. These include a large number 

of channels, the output of sub-megahertz frequencies, and, potentially, short ultrasound 

pulses. Existing multi-channel driver systems either cannot satisfy all of these requirements 

or are too expensive due to the inclusion of features for imaging applications. Therefore, a 

low-cost, highly scalable, multi-channel driver system was developed. The overall cost of a 

128-channel driver circuit was estimated, excluding the power supply and the control unit, 

to less than $1600. For prototyping purposes Bench type power supplies were used but the 

final design can be equipped with a single compact/cheap power supply unit for 150V DC. 

When combined with recently developed rapid 3D prototyping methods for making 

ultrasound transducers, our low-cost circuit could facilitate making therapeutic ultrasound 

array technologies more widely accessible and ubiquitous. 

In Chapter 4, the critical importance of designing effective electrical impedance-matching 

networks for piezoelectric transducers used in ultrasound therapy was investigated. This 

study is important because it has the potential to improve the performance of therapeutic 

ultrasound systems and provide a cost-effective solution for matching networks used with 

multiple transducers and frequency ranges. A programmable matching network that can 

support several transducers and frequencies was designed. The acoustic performance of the 

system using two separate transducers was assessed. The test results show that our dynamic 

matching network does a good job of raising the peak negative pressure for both transducers 

at their fundamental frequencies. The dynamic matching network for harmonic frequency 

matching from the same transducer was also tested. A significant increase of over 200% in 

the PNP for each harmonic frequency (3rd and 5th) was observed compared to the output 

pressure without matching. The dynamic matching network demonstrates remarkable 

versatility and adaptability, highlighting its potential to enhance transducer performance 

across diverse applications and frequency ranges. Continued refinement and validation of 
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the proposed methodology could pave the way for substantial advancements in the design 

and optimisation of piezoelectric devices. 

In conclusion, this thesis has made a significant contribution by designing and constructing 

a multi-channel driver for short-pulse ultrasound therapy and improving the transmission 

and reception efficacy via matching networks. Our multi-channel driver, coupled with an 

array, can effectively and affordably function as a device for therapeutic ultrasound arrays 

with higher element counts, as demonstrated by this research. Additionally, our dynamic 

matching network offers a cost-efficient option for matching networks implemented with 

multiple frequencies. For future work, our drivers’ output pressure could be improved by 

lowering individual channels’ output impedances. This will lead to a reduction in the overall 

required channel numbers, hence the overall cost of the design. Our multi-channel driver 

system was built with high-voltage T/R switches, so with a custom-made data-acquisition 

system, it can allow the reception of acoustic signals generated by microbubbles. This can 

allow safe and localised real-time drug delivery monitoring. Additionally, our dynamic 

matching network could be combined with a transducer calibration system which contains 

a needle hydrophone for receiving acoustic pressure. This will allow real-time monitoring of 

the output pressure of a transducer which is connected with different types of matching 

networks with different component values. With an algorithm, the maximized pressure and 

the required network with component values can be found. By creating such a system, the 

requirement of expensive measurement tools (Impedance Analysers, Vector Analysers etc.) 

could be avoided. 
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Slave Boards for Amplitude Control: 
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Frequency Control_Slave_Boards: 
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MATLAB codes to control parameters: 
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