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ABSTRACT 

 Acoustic holograms facilitate biocompatible, contactless 3-D manipulations of nanometer to 

micron-scale particles and particle groups. This has the potential to permit many biomedical 

applications, notably including tissue engineering. In the search for real-time, high resolution 3-D 

manipulation, a reconfigurable acoustic hologram with high resolution is required. However, 

existing acoustic holographic techniques can only partly fulfil this requirement. Therefore, a 

potential solution is proposed in the form of on-chip integration of CMOS circuits and piezoelectric 

ultrasonic transducers, named ‘Piezoelectric-on-CMOS’ (PoC) integration. 

This thesis presents a proof-of-concept of a new type of CMOS matrix driver for the future 

‘PoC’ integration solution. It has the capability of generating synchronized output signals with 

phases which are individually tunable in real time whilst maintaining the low system complexity 

associated with a reduced port count. This allows the large-scale integration with ultrasonic 

transducers to provide dynamic reconfigurable acoustic holograms with higher holographic 

resolution compared to directly-wired phased arrays. 

Evidence of the matrix driver functions, and scalability are provided by the results of electrical 

and acoustical test of phased arrays constructed with prototype 1 × 9 driver array chips. These have 

demonstrated the feasibility and potential of the ‘PoC’ integration. This thesis additionally presents 

a SPICE modelling method for broadband, high quality modelling of piezoelectric ultrasonic 

transducer array elements, which is essential for matrix driver design simulations and future ‘PoC’ 

integration. 

An alternative CMOS matrix driver design is also reported, implementing a novel 

programmable oscillator. This design provides unique features such as tunable output signal duty 

cycle and tunable phase control resolution. To demonstration its functioning, flexibility and 

scalability, a prototype 1 × 4 driver array chip has been fabricated and tested.  
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LAY SUMMARY 

In 1986, Arthur Ashkin et al. reported that a tightly focused beam of light can be used to 

manipulate microscopic particles in three dimensions. Since then light has been used as a “tool”, 

functioning analogous to mechanical tweezers for controlling nanometer to micron-sized particles. 

However, a single beam of light has very limited capability to trap and move particles. Following 

the emergence and development of spatial light modulator technologies and computer-generated 

holography, optical holograms came into sight of researchers. They can not only be used to show 

three-dimensional images of objects, but also to display static or dynamic “images” that consist of 

custom-designed beams of strongly focused light. Such light “beams” allow contactless, 

simultaneous independent manipulation of multiple particles, and they are interesting tools for 

assembly of 3-D nanoscale and microscale structures, such as quasicrystals and nanowires. 

Similar to optical holograms, sound waves can form acoustic holograms exert force on 

particles which function like tweezers for nanometer to micron-scale particles and particle groups. 

While, being different from their optical counterparts which require tightly focused light, 

holographic acoustic tweezers are biocompatible by using acoustic waves with power intensity and 

frequencies that are similar to those safely used in diagnostic applications (i.e. ultrasonography). 

There is a need for a device that can generate arbitrary, reconfigurable acoustic holograms 

with high resolution. This allows fine-grained and contactless 3-D manipulation of independent 

viable particles or particle agglomerations in real time, which meets the requirement of many 

biomedical applications, notably including tissue engineering. This thesis reports a significant step 

in the development of such tweezing device, providing both potential electronics and a proof-of-

functionality. 
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1 INTRODUCTION 

1.1 Acoustic Hologram and Acoustic Holographic Techniques 

In many fields including pharmaceuticals, medical and life science research there 

have been increasing demands for contactless three-dimensional manipulation of 

microparticles, nanoparticles or particle groups; this notably includes the applications 

such as tissue engineering [1, 2]. Among all contactless 3-D manipulation techniques, 

acoustic holographic techniques start to draw more attention, for their high biological 

compatibility [3] and high capability of constructing complex acoustic wave fronts [4-7].  

  

Holographic techniques rely on the detailed spatial control of coherent optical [8-10] 

or acoustic fields, and for the acoustic holography specifically, this is generally realized 

through constructing an acoustic wavefront with coherent acoustic sources, the 2-D 

phased array / 2-D matrix array [5, 6, 11-15]. While, having found out the limitation of 

holographic resolution of such techniques, in 2016, Melde, Kai, et al. presented 

“holograms for acoustics”, with which they have achieved very high holographic resolution 

[4]. However, the use of 3-D printed monolithic acoustic holograms sacrifices dynamic and 

real time acoustic wavefront reconfiguration capability that is provided distinctly by phased 

arrays. As a result, the phased array system still dominates most of the applications and, 

complementarily, printed holograms suit more for particular occasions that require fine-

grained but fixed patterns. 

 

Most recently in 2018, to improve the phased array performance and flexibility, there 

was a remarkable effort made by Marzo Asier and Bruce W. Drinkwater [6], in which they 

have proved that by dynamically configuring driving signals to transducers, individual 
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manipulation of multiple particles can be performed. This is a highly demanded feature 

which had not been realized by any acoustic holographic techniques before, which again 

highlights the potential and the importance of the phased arrays. Although their work also 

demonstrated the important roles that control and software solutions play in obtaining an 

improved acoustic hologram, in the context of this thesis, an idea which is different from 

the above solution has been chosen. The aim of this project is to find an alternative 

solution that has the potential of being combined with software solutions such as the ones 

presented in [5, 6], to offer a dynamically reconfigurable acoustic hologram with higher 

resolution. 

 

To produce a hardware solution, some challenges must be faced. Phased array-

based systems typically require all transducers in the array to be individually addressable, 

together with the phase control, supporting and synchronizing electronics for each of 

those transducers, resulting in the scaling cost and complexity rising sharply. Although the 

techniques like sparsely populated arrays and element multiplexing [11] are introduced by 

researchers to simplify electronics, these inevitably reduce the degrees of the freedom, 

and hence degrade the attainable information content. 

 

To address this problem, in this context, it is of particular interest to improve the 

phased array system performance with custom-designed scalable CMOS 

(Complementary Metal-Oxide-Semiconductor) matrix drivers or Application-Specific 

Integrated Circuits (ASICs). This idea comes from many existing scalable acoustic 

imagers and their attempts to directly integrate ultrasound transducers on CMOS chips 

[18-24], so called ‘Transducers-on-CMOS’ integrations. As the use of piezoelectric 

transducers is specified in Chapter 2, in this thesis, the integration solution is named 

‘Piezoelectric-on-CMOS’ (PoC). 
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1.2 Motivation and Objectives 

Having addressed the limitation of 2-D phased array device hardware, this project 

aimed at developing custom-designed CMOS matrix driver(s) to provide prototype 

electronics for the future potential ‘PoC’ integration solution, the analogy of which in optics 

is the electrically addressed spatial light modulator [25, 26]. As required by the IC design 

and verification procedures, this project also involves SPICE (Simulation Program with 

Integrated Circuit Emphasis) model development and demonstration of the ASIC based 

system functioning. The main motivations of the research described in this thesis can be 

specified as follows. 

 

⚫ The emerging of low voltage level drivable micrometre-scale high impedance / 

low power consumption piezoelectric transducers [27] allows the potential 

integration of CMOS and ultrasonic arrays for acoustic hologram applications. 

 

⚫ Recent research demonstrated the importance of and the potential coming from 

the high holographic resolution and the dynamically changing capability of 

acoustic holographic techniques. 

 

⚫ The implementation of beam steering / beamforming techniques in existing 

integrated ultrasonic imagers demonstrate the feasibility of developing ‘PoC’ 

integrated acoustic hologram generator(s). 

 

⚫ Potential demand for highly flexible, high holographic resolution 3-D acoustic 

manipulator from pharmaceuticals, medical and life science research fields. 

 

⚫ The potential of the future integrated device being used in in-body capsule-like 

imaging and drug / agent manipulation system.  
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⚫ The potential of the holographic techniques being used to perform advanced 

imaging beam steering / beamforming. 

 

The overall aim of the project is to provide at least one CMOS matrix driver design to 

enable the future ‘PoC’ integration to be a phased array system with improved holographic 

resolution and dynamic acoustic field shaping capability. This aim can be achieved by 

fulfilling the following objectives: 

  

OBJECTIVE 1: To develop a SPICE model for piezoelectric ultrasonic transducer 

array elements assisting the design of many future devices that will be built using CMOS 

circuitry integrated with ultrasonic arrays. 

 

OBJECTIVE 2: To develop scalable CMOS matrix drivers that are suitable for 

acoustic hologram application ( i.e that can generate synchronized output signals with 

individually tunable phases). 

 

OBJECTIVE 3: To electrically and acoustically demonstrate the designed CMOS 

matrix drivers can function as expected. This involves the design, fabrication, assembly 

and use of the test benches. 

1.3 Contributions to Knowledge in the Field 

This thesis successfully provides potential CMOS matrix driver design(s) for a future 

improved acoustic holographic resolution through ‘PoC’ integration. The work includes the 

development of a compact SPICE model, the design and test of two scalable CMOS 

matrix drivers and the construction and setting up of a 2-D phased array system. 

Microphone and laser vibrometer measurements are presented at the end of this as 

acoustic demonstrations. The highlights are described as follows. 
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⚫ Providing a robust compact SPICE model for piezoelectric ultrasonic transducer 

array elements. [28] It is a modified BVD model optimized for the simulations in 

industry-standard CMOS design tools, i.e. Cadence. Compare to the 

conventional BVD model, it allows high accuracy, broadband modelling. This 

has important implications for the many future devices that will be built using 

CMOS circuitry integrated with ultrasonic arrays. 

 

⚫ Providing a novel phase control methodology, which is suitable for combined 

implementation with Active-Matrix (AM) addressing technique. [29] This 

methodology allows drive electronics (ASIC) to generate synchronized signals 

with independently tunable phases, whilst maintaining high hardware scalability. 

Providing two hardware structures to implement the novel phase control 

methodology, including a frequency divider-based structure and a novel CMOS 

programmable oscillator-based structure. The novel programmable oscillator 

allows the drive electronics (ASIC) to tune output signal duty cycle and phase 

control resolution, whilst reducing the hardware complexity. Providing two 

scalable CMOS matrix driver architectures basing on them for acoustic 

hologram applications. 

 

⚫ Electrically and acoustically demonstrated the functioning of the frequency 

divider-based CMOS matrix driver with prototype 1 × 9  driver arrays. 

Electrically demonstrated the functioning of the novel programmable oscillator-

based CMOS matrix driver architecture with a prototype 1 × 4  driver array. 

Providing a prototype 2-D phased array system basing on one of the proposed 

CMOS matrix driver architectures, including the support, control hardware and 

software. 
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1.4 Thesis Organization 

Chapter 2, by reviewing the prevalent acoustic holographic techniques and their 

associated applications, introduces fundamental concepts and principles of the acoustic 

hologram. Then the feasibility of the ‘Transducer-on-CMOS’ integration is discussed from 

the points of view of power consumption and integration methods, followed by the case 

studies of some existing integration examples. It is found that the piezoelectric ultrasound 

transducers are generally more scalable, so the use of piezoelectric transducers are 

specified for the targeted integration with CMOS circuitry. Initial specifications for the 

CMOS matrix driver are defined accordingly at the end of the chapter. 

 

Chapter 3, starting with defining the importance of SPICE modelling to CMOS design, 

reviews three commonly used models for piezoelectric resonators. As none of these 

existing models is suitable to be directly implemented in the SPICE modelling of 

piezoelectric ultrasonic transducer array elements, a novel, robust, compact SPICE model 

is proposed. Some simulation results are then provided to demonstrate the modelling 

quality. 

 

Chapter 4 proposes a CMOS digital matrix driver implementing a novel AM 

addressing compatible phase control methodology. The contents include the design 

structure and the signalling of the matrix driver, supported by the simulation and 

experimental testing results of a prototype.  

 

Chapter 5 proposes another CMOS matrix driver implementing a novel 

programmable oscillator, which is also compatible with the AM addressing technique. The 

details of the novel programmable oscillator structure and its matrix driver implementation 

are presented, followed by simulation and experimental verification of a prototype. 
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Chapter 6 provides the design of the supporting circuitries and the control software, 

which then supports the acoustic demonstrations of the CMOS digital matrix driver design 

in Chapter 7. 

 

Chapter 7 demonstrates the functioning and scalability of the proposed CMOS digital 

matrix driver from the acoustic point of view by providing the results of acoustic 

measurements and demonstrations. It further discusses the feasibility and potential of the 

future ‘PoC’ integration, comparing it with existing techniques. 

 

Finally, Chapter 8 draws conclusions from the work that has been reported for matrix 

driver developments and demonstrations, followed by a plan of some future work to 

improve the performance and flexibility of the electronics. 
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2 BACKGROUND 

This chapter reviews holographic techniques for generating acoustic holograms. It 

also discusses the scalability of the ultrasonic transducers being integrated with CMOS 

drivers for hologram applications. By identifying the piezoelectric transducers as better 

candidates for the future ‘Transducers-on-CMOS’ integration, this specifies the ‘PoC’ 

integration as the aim and focus of the work. 

2.1 Acoustic Holographic Techniques 

The generation of holograms requires the wavefront to be reconstructed by 

performing recorded or designed wavefront interference. [1, 2] A “source” of coherent 

ultrasonic radiation is essential for this and for acoustic holographic techniques, a suitable 

source can comprise an array of discrete and independently-driven ultrasound sources 

[3-9] or a monolithic acoustic hologram combined with a single ultrasound source [10]. 

2.1.1 Phased arrays / 2-D Matrix Array / Phased Array Transducer (PAT) 

The holographic method [1, 12] was invented to display fully 3-D images of objects. 

It previously strongly relied on the recording of wavefront interference information — 

holography. However, following the emergence and development of modern computer-

generated holography [11], the hologram can now be used to display a designed 3-D 

image. 

 

This facilitates hologram being implemented within the acoustics domain. Although 

the acoustic hologram is not visible, the acoustic waves constructing it exert radiation 

forces [13] that are suitable for particle manipulation applications. Combining these forces 

in particular ways, even levitation of particles becomes possible [14-17]. 
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  The method starts from analysing the forces required, and the interference 

information of the wavefront is designed accordingly, usually appearing in the form of a 

phase and / or amplitude profile [3, 4, 10], which then instructs coherent acoustic sources 

to generate acoustic waves that can interfere with each other in designed way. This is how 

an acoustic hologram is generated and implemented. Such holograms, due to their high 

biocompatibility [19] and 3-D manipulation capability [3, 4, 10, 20], are preferable in 

applications such as tissue engineering [20, 21] than their optical counterparts. This 

motivates the development of acoustic holographic techniques, and the 2-D phased array 

generators stand out for their distinct capability of dynamically reconfiguring the 

interference of acoustic waves [3, 4].  

 

 

Fig 2.1 Photograph of a 2-D phased array / 2-D matrix array (8 × 8); and time-lapse 

sequence of a polystyrene particle levitated and translated by acoustic fields in air [4] 

 

Phased arrays or 2-D matrix array, (Fig 2.1) when implemented for acoustic hologram 

applications, typically requires every transducer element in the array being individually 

addressable. This is because, although, all transducers are synchronized to make sure of 

coherency, the phase of their oscillation should be independently tunable to generate the 

phase profile. This is usually realized by direct wiring to all transducers, and the computer-

generated phase and / or amplitude profiles are sent by FPGA or other advanced 

programmable gate array devices. [3, 4] As a result, the scalability is somewhat limited as 

the larger pixel (ultrasound transducer element) count induces unfavourable cost and 



  CHAPTER 2 

12 

 

complexity on electronics. 

 

To identify how this affects the hologram, the scalar space–bandwidth product, 𝑆𝑊 

[22] can be adopted to help. 𝑆𝑊 qualifies the information content of the wavefront, and 

in a digital hologram consisting of 𝑁 ×𝑁 pixels, 𝑆𝑊 = 𝑁2 [23]. 𝑆𝑊 of a transmission 

hologram limits the intricacy of the acoustic field in the workspace downstream from it, 

down to the diffraction limit [10]. Thus, the information content of the acoustic field 

generated is directly defined by the number of individually addressable pixels / 

transducers. In other words, larger pixel count leads to fields with larger spatial extent and 

finer detail [10]. For manipulation applications specifically, this means finer control of 

particles and a larger workspace. 

 

Although techniques for minimizing the number of active transducers such as 

multiplexing and sparsely populated arrays have been implemented for larger pixel count 

[24], these strategies inevitably reduce the degrees of freedom, hence limiting the 

information content from another aspect. Other methods like implementing additional 

phased arrays to form multi-sided system [4, 15, 25] and introducing assisting acoustic 

lenses [26] also help to improve acoustic field intricacy, but they introduce higher control 

complexity and are costlier. 

 

Whilst dynamic varying of the phase and / or amplitude profile (hence the wavefront) 

can add information content to the acoustic field in the workspace [3, 4], larger pixel count 

is still preferred. Researchers [3, 4] are expecting improved capabilities of manipulating 

micro-particles (especially those smaller than 20 𝜇𝑚) from more and smaller transducer 

elements integrated in the system. 
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2.1.2 Holograms for Acoustics 

Having defined the problem, Melde, Kai, et al. introduced monolithic acoustic 

holograms (Fig 2.2 (a)), which can reconstruct diffraction-limited acoustic pressure fields 

and thus arbitrary ultrasound beams. [10] This technique only requires one single 

ultrasonic transducer and a 3-D printed hologram but can achieve reconstruction degrees 

of freedom two orders of magnitude higher than commercial phased array sources [10]. 

 

Reconstructing an acoustic field through a printed hologram is similar to 

reconstructing it with an untunable phased array system consisting of a large number of 

small pixels. Whereas the pixel resolution and the phase profile resolution are only defined 

by 3-D printer, the complexity hence the cost of constructing such a ‘fixed phased array 

system’ is greatly reduced. 

 

However, this technique does not allow a dynamic change of the profiles. Although 

the acoustic fields generated by fixed holograms are particularly good at performing fine 

manipulation (Fig 2.2 (b)) and fixed route manipulations such as rotating particles (Fig 2.2 

(c)), they cannot manipulate particles in respond to real-time demands. Furthermore, as 

some highly demanded features have only been realized through dynamic phase control 

[4], the printed hologram can only be seen as a complementary part of the phased array 

transducer system and not a substitution. 
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Fig 2.2 (a) Photograph of “Hologram for acoustics” [10] (b) Photograph of PDMS 

microspheres assembled by the acoustic intensity gradient of the particle trap in operation 

(c) Time-lapse sequence of two objects placed on the phase gradient rings formed by 

hologram and moving in counter-propagating directions 

2.1.3 Conclusions 

Phased arrays are the most commonly used coherent acoustic sources for hologram 

generation, as they can provide real-time manipulation and some complicated 3-D 

manipulations. However, better manipulation capability can be achieved if there is a 

solution to the limited scalability. 
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Holograms for acoustics, although a potential solution for more detailed and extended 

acoustic fields, have a weakness in only being able to provide control in a fixed manner. 

 

A new technique or an improved 2-D phased array system is still required to provide 

tunable acoustic fields with finer detail and hence to provide improved control on particles. 

2.2 Scalability of Ultrasonic Transducers-on-CMOS Integration for Hologram 

Applications 

In this section, the scalability of “Transducer-on-CMOS” integration is briefly 

discussed for hologram applications. The aim of this is to demonstrate the feasibility of 

ultrasonic transducers being integrated with large scale CMOS matrix drivers as a 

potential solution to limitations defined in last section. 

 

One should note that, when power consumption is estimated, all transducers 

discussed in this section are assumed to be continuously stimulated by scalable CMOS 

drivers at their resonant frequencies for highest efficiency. Further, as acoustic hologram 

applications are mainly acoustic tweezing related applications, only the transducers with 

resonant frequency below 10 𝑀𝐻𝑧 are of interest. For over 10 𝑀𝐻𝑧 trapping, well-built 

optical tweezers will take their place [44-50].  

2.2.1 Scalability of Thickness-mode Ultrasonic Transducers-on-CMOS 

Integration for Acoustic Hologram Applications 

Thickness-mode / thickness vibration mode ultrasonic transducers have the simplest 

structure among all three ultrasonic transducer structures. They typically consist of a layer 

of piezo-ceramic material, two electrodes, a backing layer and one or more matching 

layers, as illustrated in Fig 2.3. Implemented for acoustic holograms, thickness-mode 
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transducers work based on the reverse piezoelectric effect of its piezo-ceramic layer [27]. 

When it is excited with alternating electric field applied by electrodes, it will expand and 

compress and act as a mechanical resonator, hence transmitting a pressure wave into 

the surrounding media. Like other mechanical resonators, thickness-mode device has its 

resonant frequency, which is mainly determined by the thickness of and the sound speed 

in the piezoelectric layer [27]. 

 

 

Fig 2.3 Schematic of typical structure of thickness-mode ultrasonic transducer 

 

There have been some scalable integrated imagers based on thickness-mode 

devices and CMOS circuitry. Chao Chen et al., by implementing conductive glue to 

establish the electrical connection between CMOS IC metal pads and thickness-model 

devices, have realized the construction of a 32 × 32 pixel PZT (Lead Zirconate Titanate)-

on-CMOS integrated imager with dicing technique [28]. Simpson, in his PhD thesis, has 

demonstrated scalable CMOS and PZT integration for imaging applications depending on 

rectangular grids of electrodes [29]. 

 

Both these examples have provided usable transducer fabrication processes and 

integrating / bonding methods for constructing the scalable image sensors. However, 

before implementing them into acoustic hologram generators, the potential power 

consumption of the integrated device must be estimated and discussed. This is because 
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hologram applications require the ultrasonic transducers to be driven with continuous 

waves instead of the short pulses generally desired by imaging applications. 

 

To help the estimation of the power consumption, a set of data of frequently used PZT 

materials for tweezing applications has been introduced from BOSTON PIEZO OPTICS 

INC (Table 2.1). 

 

Table 2.1 General characteristics of PZT materials from BOSTON PIEZO OPTICS INC. 

 Navy Type I (PZT-4) Navy Type II (PZT-5A) 

Free Dielectric Constant 

𝐾33
𝑇  1300 1700 

Frequency Constants 

𝑁𝑡  (𝐻𝑧 ∙ 𝑚)  2000 1800 

 

Because the resonant frequency of a thickness-mode transducer is directly related to 

the thickness of the piezoelectric material through constant 𝑁𝑡 , by assuming that the 

working frequency of the device is designed to be 𝑓𝐻𝑧, the thickness of the device can 

be derived from: 

𝑑𝑝𝑖𝑒𝑧𝑜 =
𝑁𝑡  

𝑓
 

 

And for piezoelectric tweezers working at 𝑓𝐻𝑧, the least size of the transducer can 

be calculated as: 

𝐴𝐿 = 𝑘
2𝜆2 = 𝑘2 (𝜈𝑚 ×

1

𝑓
)
2

 

Where 

𝐴𝐿 is the least area taken by single transducer element working at 𝑓𝐻𝑧; 

𝜆 is the wavelength of 𝑓𝐻𝑧 ultrasound in the surrounding media; 

𝑘 is the ratio of pixel side length / sound wavelength in the surrounding media; 

𝜈𝑚 is the speed of sound in the surrounding media. 

(E 2.1) 

(E 2.2) 
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 To simplify the estimation, this context ignores the thickness change of the piezo-

ceramic layer due to excitation (which is minimal anyway) and treats a thickness-mode 

device as a simple capacitor. 

 

The capacitance of a capacitor can be calculated with: 

 𝐶 = 𝜀𝑟𝜀0
𝐴

𝑑
 

where 

𝐴 is the area of overlap of the two plates, in square meters; 

𝜀𝑟 is the relative static permittivity of the material;  

𝜀0 is the electric constant (𝜀0  ≈  8.854 × 10
−12 𝐹 ⋅ 𝑚−1); 

𝑑 is the separation between the plates, in meters. 

Hence, by ignoring the thickness of matching layers, capacitance 𝐶𝑡𝑓  of the 

thickness-mode device can be derived as: 

𝐶𝑡𝑓 = 𝐾33
𝑇 𝜀0

𝐴𝐿
𝑑𝑝𝑖𝑒𝑧𝑜

=
𝐾33
𝑇 𝜀0𝑘

2 (𝜈𝑚 ×
1
𝑓
)
2

𝑁𝑡
𝑓

=
𝐾33
𝑇 𝜀0𝑘

2𝜈𝑚
2

𝑁𝑡𝑓
 

 

The energy stored in 𝐶𝑡𝑓  for reaching peak-to-peak voltage during each single 

period is then: 

𝐸 =
1

2
𝐶𝑡𝑓𝑉𝑝𝑝

2 =
1

2

𝐾33
𝑇 𝜀0𝑘

2𝜈𝑚
2

𝑁𝑡𝑓
𝑉𝑝𝑝

2 

where 

𝐸 is energy stored in capacitor for each single period; 

𝑉𝑝𝑝 is the desired peak-to-peak voltage value. 

 

 Hence the power dissipation induced by an 𝑓 𝐻𝑧 driving signal is: 

𝑃 =
1

2
𝐶𝑡𝑓𝑉𝑝𝑝

2𝑓 =
1

2

𝐾33
𝑇

𝑁𝑡
𝜀0𝑘

2𝜈𝑚
2𝑉𝑝𝑝

2 

(E 2.3) 

(E 2.4) 

(E 2.5) 

(E 2.6) 
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Giving the assumption that the device is excited in water by a 10𝑉𝑝𝑝 square wave, 

𝜈𝑚 thus equals 1484 𝑚/𝑠 and 𝑉𝑝𝑝 equals 10 𝑉. By finding 
𝐾33
𝑇

𝑁𝑡
 in Table 2.1, the power 

consumed can be calculated as 0.63𝑘2 𝑚𝑊 for Navy Type I (PZT-4) and 0.92𝑘2 𝑚𝑊 for 

Navy Type II (PZT-5A). 

 

In order to remove grating lobes and generate coherent wavefront with a phased 

array, the pitch size of individual transducer elements in this array should be smaller than 

𝜆/2. So, 𝑘 is set at 0.5 in this estimation and the highest power consumption of one 

single thickness-mode element is calculated as 0.16 𝑚𝑊 if Navy Type I material is used 

and 0.23 𝑚𝑊 if Navy Type II material is used. 

 

Although some assumptions are made to get these estimations, the order of the 

power dissipation illustrates the scalability. Power consumption of this order for a single 

thickness-mode transducer is suppliable with an integrated CMOS driver and the amount 

of ‘Transducer-on-CMOS’ integrated pixels is reasonable to be scaled to even a few tens 

of thousands as long as a scalable CMOS matrix driver is given. 

2.2.2 Scalability of CMUTs-on-CMOS Integration for Acoustic Hologram 

Applications 

A Capacitive Micromachined Ultrasonic Transducer (CMUT) is produced by 

micromachining techniques. It is typically constructed on silicon by creating a thin layer 

acting as a membrane above a cavity (Fig 2.4). When an AC signal is applied through the 

electrodes, the membrane deflects due to electrostatic force and restores its position 

because of its own stiffness. [30] Therefore, being different from thickness-mode 

transducers, CMUTs are released from any thickness restrictions of the piezoelectric layer, 

leading to design flexibilities in terms of impedance / capacitance and resonant frequency. 
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Fig 2.4 Schematic of typical structure of capacitive micromachined ultrasonic transducer 

 

As CMUTs are fabricated with micromachining processes, they also offer advantages 

such as ease of fabricating large arrays, and potential for integration with electronics. 

Apart from these advantages, CMUTs usually provide wide bandwidth and high resonant 

frequencies, making them particularly suitable for imaging applications. [31] 

 

Taking into account CMUT advantages, many integrated imagers have emerged in 

the past decade. Wygant et al. in 2008, first reported the integration of 2D CMUT arrays 

with front-end electronics using the flip-chip bonding technique [32]. In the year after, the 

same group introduced a transmit beamforming method with another flip-chip bonded 2-

D CMUT array [33]. Based on this work, in 2013, larger aperture 2-D arrays with 32 × 32 

elements have been implemented with ICs by Bhuyan et al. with different assembly 

approaches [34, 35]. Most recently, advanced addressing techniques have been 

demonstrated with a ‘CMUTs-on-ASIC’ architecture proposed by Chen et al. to give a 

potential solution for constructing even larger arrays [36]. 

 

Scalability of ‘CMUTs-on-CMOS’ integration for imaging purposes has been 

demonstrated by the above many integrated devices. However, as discussed in the 

previous subsection, the power consumption must be estimated for intended hologram 

applications. 
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While, being different from thickness-mode devices, CMUTs are complex and diverse 

structures and their power dissipations are hard to be generally estimated. So instead, 

case studies have been done [31, 36, 37] as shown in (Table 2.2). One should note that 

the case study methodology works for CMUTs (and other MUT transducers) because they 

have the potential to be deliberately designed for desired impedance / capacitance and 

resonant frequency. Once the scalability is proved by any device, the specific structure 

can be adopted and modified to obtain improved features. 

 

Table 2.2 CMUT case studies [32, 36, 37] 

Case MIT, 2016 [36] MIT, 2013 [37] Stanford 

University, 

2008 [32] 

CMUT element size 

(𝜇𝑚 × 𝜇𝑚) 

250 × 250 250 × 250 250 × 250 

Total capacitance 2 𝑝𝐹 40 𝑝𝐹 1.57 𝑝𝐹 

Peak-to-peak voltage 𝑉𝑝𝑝 30 𝑉 30 𝑉 25  𝑉 

Working frequency 4.2 𝑀𝐻𝑧 5 𝑀𝐻𝑧 5 𝑀𝐻𝑧 

Power dissipation [36] 

𝑃 =
1

2
𝐶𝑉𝑝𝑝

2𝑓 

3.78 𝑚𝑊 90 𝑚𝑊 2.45 𝑚𝑊 

 

The studied CMUTs generally consume milliwatts order of power at their working 

frequency, and compared with thickness-mode devices, they dissipate more power. This 

is mainly due to the high peak-to-peak voltage requirement induced by the mechanical 

ineffectiveness of the electrostatic force. The need of high voltage level also results the 

need of using high-voltage CMOS processes for CMUT-on-CMOS integration. This limits 

the scalability of the integrated pixel from the electronics point of view, as high-voltage 

transistors are larger in size and usually require a larger layout area. 
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Overall, although those CMUTs consume a few milliwatts power and are reasonable 

to be implemented with scalable CMOS matrix driver for improved hologram performance, 

the need of high-voltage CMOS process can limit the scalability of the CMUT-on-CMOS 

integrated pixel. PMUTs, discussed in the next section, exist as better candidates and 

CMUTs are therefore not strongly recommended for the intended applications. 

2.2.3 Scalability of PMUTs-on-CMOS Integration for Acoustic Hologram 

Applications 

Similar with CMUTs, Piezoelectric Micromachined Ultrasonic Transducers (PMUTs) 

are micromachined devices with diverse and relatively complex structures. A typical PMUT 

structure is shown in Fig 2.5, which looks like a CMUT structure. However, additional to 

the passive elastic layers which CMUTs also have, at least one piezoelectric layer with 

dedicated electrodes is included in the membrane. As a result, rather than using 

electrostatic force, PMUTs usually deflect with the help of lateral strain generated from the 

inverse piezoelectric effect of the membrane (piezoelectric layer / layers). [38] 

 

 

Fig 2.5 Schematic of typical structure of piezoelectric micromachined ultrasonic 

transducer 

 

Benefited by this feature, PMUTs provide improved design flexibility (with regard to 

resonant frequency and impedance) and the compatibility of being integrated with low-

voltage electronics [38]. Like other MUTs, they also offer advantages such as improved / 

broaden bandwidth and low cost and easy fabrication of larger arrays. These inspires the 
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emerge of many research efforts on ‘PMUTs-on-CMOS’ (PMoC) integration. 

 

Previously, the biggest challenge of combining PMUT fabrication with the CMOS 

process was the high temperature needed for forming piezoelectric layer. Hence, the 

integration was mainly realized through post-process bonding methods such as flip-chip 

bonding and eutectic wafer bonding [39-41]. Until most recently, Haoran Wang et al. has 

designed a low-temperature fabrication process that is suitable for future direct integration, 

expecting the future that electronics and PMUTs will be fabricated on a single wafer [42]. 

 

The successful implementations of ‘PMoC’ integration such as fingerprint sensors 

(24 × 8  array) developed by Lu et al. [39] and by Jiang et al. [41] have proved their 

scalability for imaging devices. To further demonstrate this for hologram applications, a 

few high impedance PMUTs devices have been studied, with the results shown in Table 

2.3. Similar with CMUTs, supported by the design flexibility of PMUTs structures, case 

study is effective. 

 

Table 2.3 PMUTs case study [42, 43] 

Case University of 

Florida, 2018 [42] 

University of 

California, 2009 [43] 

PMUT element size (𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟) 188 µ𝑚 350 µ𝑚 

Impedance at working frequency 𝑍 1.15 𝑘𝛺 63.5 𝑘𝛺 

Peak-to-peak voltage 𝑉𝑝𝑝 ≥ 1 𝑉 ≥ 1 𝑉 

Working frequency (resonant frequency) 2 𝑀𝐻𝑧 220 𝑘𝐻𝑧 

Power dissipation 𝑃 =
𝑉𝑝𝑝

2

2𝑍
 0.44 𝑚𝑊 0.008 𝑚𝑊 

 

Only high impedance PMUTs are studied here because they would consume less 

power than low impedance ones when implemented for hologram applications, hence are 



  CHAPTER 2 

24 

 

more suitable. From the table, it is clear that the power dissipations of these PMUTs are 

low, especially when they are compared with CMUTs. This suggested that PMUTs can not 

only be designed to suit integrated imagers / sensors [39, 41], they also have the potential 

of being specialized for scalable hologram generators. 

 

Hence, provided with a scalable CMOS matrix driver, one can conclude the scalability 

of ‘PMoC’ integration for hologram applications. Notably, when they are compared with 

other structures, PMUTs offer a unique feature of being suitable for low-voltage electronics 

integration. This is highly preferred by CMOS circuit designers, and as a result, in this 

context, PMUTs are of particular interest and they are seen as the transducers for the 

future many integrations. 

2.3 Initial Specifications of the Custom-Designed Matrix Driver 

Summarizing the contents in this chapter, a successful matrix driver design should 

meet the initial specifications listed in Table 2.4. 

 

Table 2.4 Initial specifications for the custom-designed matrix driver 

Output frequency Phase control 

resolution 

Per-pixel size 

(𝜇𝑚 × 𝜇𝑚) 

Scalability Driving signal 

(waveform) 

To allow the 

levitation and 

manipulation of 

10−7 - 10−2 𝑚 

particles 

To give 

satisfactory 

results in 

trapping 

strength 

To allow 

transducer 

element to be 

integrated 

directly above  

 

 

— 

Ultrasound 

transducers 

are inherent 

bandpass 

filters 

10 𝑘𝐻𝑧 - 10 𝑀𝐻𝑧 

(at least 7 𝑀𝐻𝑧  - 

8 𝑀𝐻𝑧) 

 

4-bit 

 

≤ 180 × 180 

Easy and 

relatively 

cheap to scale 

Sinewave, 

Square wave  
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(With a 7.25 𝑀𝐻𝑧 thick film 2-D matrix array transducer [51] and a prototype 8 𝑀𝐻𝑧 

PMUTs 2-D array transducer [52] in hand, a custom-designed matrix driver that can 

provide 7 𝑀𝐻𝑧 - 8 𝑀𝐻𝑧 driving signals is of particular interest in this project.) 

 

According to the acoustic hologram applications reviewed in this chapter [4, 10, 20, 

21] and some future potential acoustic hologram applications including laboratory-on-a-

chip manipulation and the in vivo manipulation [53, 54], it is found that, in fluid environment, 

manipulating particles across a length scale spanning of 10−7 - 10−2 𝑚 are of general 

interest. [55] In order to stably levitate and manipulate a particle of size in the range of 

10−7 - 10−2 𝑚, the initial output signal frequency specification is set as 10 𝑘𝐻𝑧 - 10 𝑀𝐻𝑧. 

This allows the wavelength of the generated ultrasound wave to be at least 2.5 times 

longer than the particle length (radius), preventing the radial force exerted on the particle 

turning negative [56]. Note that the sizes of particles that can be manipulated in air with 

10 𝑘𝐻𝑧 - 10 𝑀𝐻𝑧 ultrasound waves is about 4 times smaller than that of in fluid, and this 

is because the in-air sound speed is about a quarter of the in-fluid sound speed. A targeted 

phase resolution of 4-bit is selected because it gives satisfactory results in trapping 

strength [4]. And by designing the per-pixel circuit to be smaller than the estimated 

transducer size (180 𝜇𝑚 × 180 𝜇𝑚 ) [32, 36, 37, 42, 43], the driver array can then be 

integrated beneath transducer elements without influencing transducer array layout. One 

more thing to note is that, due to the nature of their resonating behaviour, ultrasound 

transducers are inherent bandpass filters. As a result, both sinewaves and square waves 

are effective waveforms for driving signals for them. 

2.4 Conclusions 

In this chapter, a comprehensive study of acoustic holographic techniques was firstly 

given. The contents covered the principle of acoustic holography and the details of 

commonly used acoustic holographic sources. After defining the limitations of existing 

acoustic holographic generators, CMOS integrated phased arrays were nominated as the 
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potential solution. Then, to prove this solution to be feasible, a brief feasibility study was 

described to demonstrate the scalability of the ultrasonic ‘Transducers-on-CMOS’ 

integration for hologram applications. 

 

All three major ultrasonic transducer structures were proved to be scalable with 

integrated CMOS matrix drivers and piezoelectric transducers (thickness-mode 

transducers and PMUT) were shown to be more suitable due to their relatively low power 

consumption. This, in this project, inspires the further study on the integration of 

piezoelectric ultrasonic transducers, especially PMUTs, with CMOS circuitry for hologram 

applications. 
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3 A ROBUST, COMPACT SPICE MODEL FOR PIEZOELECTRIC 

ULTRASONIC TRANSDUCER ARRAY ELEMENTS 

Before the development of the CMOS circuitries for the targeted ‘PoC’ integration, a 

Simulation Program with Integrated Circuit Emphasis (SPICE) model for piezoelectric 

ultrasonic transducers is required to be found or developed. This is essential for many 

industrial simulation verification procedures that ensure the chip yield. 

 

Finding that no prevalent piezoelectric ultrasonic transducer model is suitable for 

assisting CMOS circuitry development through industry-standard tools such as Cadence, 

a robust, compact SPICE model is proposed in this chapter. The details of the model 

development and modelling method are covered, followed by results of modelling two 

kinds of piezoelectric transducers to test the modelling capability. 

3.1 Introduction 

A new high-accuracy SPICE model for piezoelectric ultrasonic transducer array 

elements has been developed using advanced non-linear regression curve fitting 

techniques. This allows integrated design of ultrasonic array elements and CMOS circuitry, 

avoiding difficulties with hybrid models. Simulated and measured data show improved 

quality of fit across a wide frequency range when compared to a conventional model. By 

specifying a frequency range of interest, the non-isolated modes common in practical 

ultrasonic array elements can also be modelled, providing a route to the use of Monte 

Carlo AC simulation. This has important implications for the many future devices that will 

be built using CMOS circuitry integrated with ultrasonic arrays. [1] 
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3.2 Existing Models for Piezoelectric Ultrasonic Transducers 

In order to assist the design of the associated CMOS circuits, accurate and reliable 

SPICE models for the ultrasonic array elements are required. Generally, as three classes 

of model are used for piezoelectric ultrasonic transducers, the Krimholtz-Leedom-

Matthaei (KLM) model [2], the network model [3, 4] and the Butterworth-Van Dyke (BVD) 

model [5], in this section firstly, discussions about them are made for suitability. 

3.2.1 The KLM Model 

Mason, in the 1940s, found one-dimensional analytical solutions to the wave equation 

in piezoelectric materials from network theory and modeled piezoelectric materials with a 

three-port exact equivalent circuit, normally known as the Mason model nowadays [6-8]. 

Although it has been widely used, the Mason model has the inherent drawback that it 

includes an ‘un-physical’ negative value capacitor. Researchers [2, 9] have worked to 

remove this un-physical component, among which Krimholtz, Leedom and Matthaei were 

able to introduce their alternative equivalent circuit, the KLM model [2]. As it has been 

proved that the Mason model and the KLM model are equivalent under a variety of 

boundary conditions when loss is applied consistently in each of the models [8], this 

chapter discusses only the KLM model which consists only of physical components. 

 

Fig 3.1 (a) An example of the piezo device structure and (b) the Krimholtz-Leedom-

Matthaei model 
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The KLM model is shown in Fig 3.1 and the parameters in the model can be 

calculated with: 

 

{
 
 
 
 
 
 

 
 
 
 
 
 𝐶0 =

𝐴𝜀𝑆

𝑙

𝜔𝑝 =
𝜋

𝑙
√
𝐶𝐷

𝜌0

𝑍𝑎 = 𝐴√𝐶𝐷𝜌0

𝐶′ = −
𝐶0𝜋𝜔

(𝑘𝑡)2𝜔𝑝 sin (
𝜋𝜔
𝜔𝑝
)

ф = 𝑘𝑡√
𝜋

𝜔𝑝𝐶0𝑍𝑎

sin (
𝜋𝜔
2𝜔𝑝

)

𝜋𝜔
2𝜔𝑝

 

 

Where 𝐶0  is the clamped capacitance; 𝜔𝑝  is the unloaded parallel anti-resonant 

frequency; 𝐴 is the cross-section area; 𝑙 is the thickness of the piezoelectric layer; 𝜔 =

2𝜋𝑓  is the angular frequency; 𝑍𝑎  is the characteristic acoustic impedance; 𝐶𝐷  is the 

elastic stiffness; 𝜌0 is the equilibrium density; ф is the transformer turns ratio; ℎ is the 

electric field intensity constant; 𝐹𝑥 is the mechanical force and 𝑣𝑥 is the velocity relating 

to it; 𝜀𝑆 is the constant strain permittivity and 𝑘𝑡 is the energy transfer efficiency. It has 

two acoustic ports and one electrical port, connected through an ideal electromechanical 

transformer. When it is implemented to model piezoelectric components in industry-

standard CMOS design tools like Cadence, the electromechanical transformer has to be 

constructed with the Verilog-A language embedded in Cadence. However, this embedded 

Verilog-A cannot define, change or influence the environment parameters. Hence the 𝜔 

in E 3.1 becomes a constant and the KLM model becomes invalid in AC simulations, 

showing incompatibility with CMOS design tools. 

 

As many important indicators of circuitry performance, such as Gain Bandwidth 

Product, can only be derived through AC simulation results, it can be concluded that the 

(E 3.1) 
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KLM model (and the Mason model) are not suitable for implementation to support IC 

design through Cadence, etc. Apart from this, the KLM model is not valid to model PMUTs 

and has relatively high complexity because it also gives mechanical outputs which are 

unnecessary for ASIC design. Furthermore, this complexity is not favored by Monte Carlo 

or other kinds of simulation verification methodology that requires massive number of 

simulation runs to obtain statistical results. Hence, the KLM model is not a proper choice 

for assisting integrated circuit design. 

3.2.2 The Network Model 

The network model or transmission line model (Fig 3.2) was published by Dion et al. 

[4, 10] in the 1990s. This model is based on the basic piezoelectric equations and a 

relation expression derived by Coursant [11] and is a successful approach to derive a 

direct relationship between the electrical parameters (voltage and current). Provided with 

an input electrical signal source, the current going through the electrical impedance 𝑍𝑒 

can then be derived. This current then determines the acoustical outputs through two 

Current Controlled Current Sources (CCCSs) [4], because 𝑍𝑇  and 𝑍𝐵  are just two 

passive, fixed acoustic impedances. 

 

The electrical impedance 𝑍𝑒 can be calculated with: 

 

𝑍𝑒 =
ℎ2

𝜔2𝐴
× [

2[𝑐𝑜𝑠ℎ(𝛾𝛼) − 1]𝑍𝑎 + (𝑍𝑇 + 𝑍𝐵)𝑠𝑖𝑛ℎ(𝛾𝛼)

(𝑍𝑇𝑍𝐵 + 𝑍𝑎
2)𝑠𝑖𝑛ℎ(𝛾𝛼) + 𝑍𝑎(𝑍𝑇 + 𝑍𝐵)𝑐𝑜𝑠ℎ(𝛾𝛼)

] +
1

𝑗𝜔𝐶0
 

 

Where 𝑍𝐵  and 𝑍𝑇  are the acoustic impedances of the backing layer and 

transmitting / front layer; 𝐹1  and 𝐹2  are the surface stresses related to the acoustic 

velocities, 𝑣1  and 𝑣2 ; 𝛾  is the propagation function; 𝛼  is the attenuation coefficient; 

𝜔 = 2𝜋𝑓 is the angular frequency; 𝑍𝑎 is the characteristic acoustic impedance; and 𝐶0 

is the clamped electrical capacitance. 

(E 3.2) 
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Fig 3.2 (a) An example of the piezo device structure and (b) the network model; current 

gains of CCCSs can be found in [4] 

 

Compared with the KLM model, the network model goes one step further, hence the 

electrical port which stands on its own. This can benefit the implementations of the model 

in IC design tools. However, it is easy to find from equation (E 3.2) and Fig 3.2 that the 

network model also has the problem of being unable to conduct the AC response 

simulations and not being valid to model PMUTs. 

 

As a result, although improved feature can be found from the network model, it is 

finally similar to the KLM model as a model that is not suitable for the intended application. 

3.2.3 The Butterworth-Van Dyke (BVD) Model 

The Butterworth-Van Dyke Model [5] was developed in the early 20 century to model 

the electrical behaviour of piezoelectric resonators and is widely known as the BVD model. 

As it only emphasizes the electrical features of the piezoelectric device, the BVD model 

stands out for its simplicity. It normally has two forms, the parallel form and the series form, 

which are shown in Fig 3.3. 
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Fig 3.3 The Butterworth-Van Dyke Model (a) parallel (b) series; an example of the piezo device 

structure can be seen in Fig 3.2 (a) 

 

As these two forms can be transformed mutually into each other through electrical 

network theory, only the calculation equations for the series BVD model are noted here: 

 

{
 
 
 

 
 
 𝐶𝑠 =

8𝐶0(𝑘
𝑡)2

𝜋2 − 8(𝑘𝑡)2

𝐶𝑠0 = 𝐶0 − 𝐶𝑠

𝐿 =
1

𝜔𝑠2𝐶

𝑅 ≈
𝜋(𝑍𝐵 + 𝑍𝑇)

4(𝑘𝑡)2𝜔𝑠𝑍𝑎𝐶0

 

 

Where 𝐶0 is the clamped capacitance; 𝑘𝑡 is the energy transfer efficiency; 𝜔𝑠 is 

the unloaded series resonant angular frequency; 𝑍𝑎  is the characteristic acoustic 

impedance; and 𝑍𝐵  and 𝑍𝑇  are the acoustic impedances of the backing layer and 

transmitting / front layer. 

  

With proper parameters fitted in to E 3.3 above, component values in the model can 

be easily calculated for related thickness-mode transducers. As none of these values are 

frequency dependent, once determined, this model can be simply simulated as an RLC 

circuit. As a result, differently from the two models discussed in previous subsections, the 

BVD model is highly compatible with industry-standard IC design software. 

 

(E 3.3) 
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Furthermore, although it was designed for bulk piezoelectric devices such as the 

thickness-mode devices considered here, the BVD model can potentially be implemented 

to model other kinds of transducer elements. This is possible because many transducer 

structures have similar electrical AC response and the BVD model, comprising lumped 

elements, is implementable and determinable from electrical impedance measurements. 

Whiles it can be implemented to match measured impedance data of all kinds of ultrasonic 

transducers over a given frequency range, this must cover only one resonant frequency 

(corresponding to one physical mode of an ultrasonic transducer) and this is enough to 

support the required CMOS design.  

 

Having defined its potential and characteristics, the BVD model has been used by 

many researchers. However, limited by the nature of the model, it was also found that 

accuracy can be achieved only in a narrow frequency band near the resonance and this 

approach is not useable for non-isolated modes [12]. Although, efforts have been made 

to improve the performance of the BVD model, e.g. Huang et.al [13] explored the 

implementation of non-linear regression curve fitting to match measured impedance data 

with the BVD model, limitations listed in [12] still exist. 

 

In summary, although the BVD model may be adequate on some occasions, for 

higher accuracy and flexibility that can improve the CMOS chip yield, a robust, compact 

model for ultrasonic array elements, including associated matching methodology, is still 

required. 

3.3 A Robust, Compact SPICE Model for Piezoelectric Ultrasonic Transducer 

Array Elements 

Having defined the limitation of existing models, a non-linear regression modelling 

method with an associated optimized modified Butterworth-Van Dyke (MBVD) model is 

presented in this chapter. 
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The proposed model comprises only R, L, C components and is suitable for massive 

AC simulations using industry-standard CMOS design tools. When modelling an isolated 

mode, the model can achieve a good fit over a wider frequency band than the conventional 

BVD model. Note that, in this thesis, the isolated mode does not refer to the physically or 

mechanically isolated mode, it refers to mathematically isolated mode instead. In other 

words, if clear resonance and anti-resonance features can be observed in impedance 

data and there is no visible superposition of multiple modes, the mode is seen as an 

isolated mode. Otherwise, it is a (mathematically) non-isolated mode. Furthermore, it can 

be used for modelling non-isolated modes in a narrow frequency range near the 

frequencies of resonance or anti-resonance of the array elements. Based on the method 

outlined in Sections 3.3.3 and 3.3.4, Section 3.3.5 describes SPICE models for two sets 

of data to demonstrate the fitting quality [1]. 

3.3.1 Implementation of Non-linear Regression Analysis 

In statistical modeling, non-linear regression analysis is a set of statistical processes 

for estimating the non-linear relationships among variables. For applications like electrical 

behavior modelling specifically, it is necessary to look for a non-linear regression function 

of the independent variable (frequency) that can approximate the observed data (electrical 

impedance). For such cases, non-linear regression analysis is known as data / curve 

fitting. 

 

Huang et al. [13] made their attempt to implement the non-linear regression analysis 

to approximate the electrical behavior of piezoelectric transducers previously. Although 

the curve fitting quality was limited by the nature of the BVD model [12], the idea of 

developing an optimized model was introduced. Before finding a model, the methodology 

and the algorithm used for the regression analysis must be selected.  
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Knowing that among three classes of widely used regression analysis methodology 

[14], least square estimation is the standard choice for data fitting applications, the 

principle of which is to find the best model approximation by minimizing the sum of 

squared residuals, a specific algorithm is then needed. Generally, there are three kinds of 

least square estimation algorithms, the Levenberg–Marquardt Algorithm (LMA) [15], the 

Gauss–Newton Algorithm (GNA), and the method of gradient descent.  

 

Here, the LMA is selected to be implemented, because, on the one hand, it is more 

robust than the GNA, able, in many cases, to find a solution even if the initial parameters 

are not set so close to the final / solution ones. On the other hand, when the LMA is 

compared with the method of gradient descent, it finds only a local least square, which is 

not necessarily the global one. This feature can benefit the target application by finding a 

finer approximation only in the frequency range of interest in which the IC operates. 

 

As a result, the modelling method described in this chapter is based on a nonlinear 

least-squares solver built into MATLAB that applies the Levenberg-Marquardt method [15]. 

3.3.2 Modified BVD Circuit Optimized for Isolated Modes of Piezoelectric 

Ultrasonic Transducers 

 

Fig 3.4 Modified Butterworth-Van Dyke model (a) parallel (b) series 

 

To optimize the curve fitting performance, a MBVD model is proposed as shown in 
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Fig 3.4. Compared with the conventional BVD model, the proposed model has an 

additional inductor 𝐿𝑝0 (𝐿𝑠0) which works as a pair with 𝐶𝑝0 (𝐶𝑠0) to cancel a linear trend 

difference appearing in regression analysis of reactance / admittance data. The model is 

empirical. Components have no direct physical analogue, they simply model the 

impedance / admittance response of the relevant device, facilitating AC and transient 

simulations for CMOS design. 

3.3.3 Modelling Methodology for Isolated Modes of Piezoelectric Ultrasonic 

Transducers 

Dealing first with the parallel model of Fig 3.3 (a), the impedance, 𝑍𝑒(𝜔), can be 

described by: 

 

𝑍𝑒(𝜔) =
1

𝑗𝜔𝐶𝑝0
+

1

1
𝑅𝑝
+ 𝑗𝜔𝐶𝑝 +

1
𝑗𝜔𝐿𝑝

 

 

where 𝜔 is the angular frequency. From E 3.4, the real part of 𝑍𝑒(𝜔) is:   

 

𝑍𝑒,𝑅𝑒𝑎𝑙(𝜔) =

1
𝑅𝑝

1

𝑅𝑝
2 + (𝜔𝐶𝑝 −

1
𝜔𝐿𝑝

)2
 

 

At the angular frequency 

 

𝜔𝑝 =
1

𝐿𝑝𝐶𝑝
 

 

this then becomes: 

 

𝑍𝑒,𝑅𝑒𝑎𝑙(𝜔𝑝) = 𝑅𝑝 

(E 3.4) 

(E 3.5) 

(E 3.6) 

(E 3.7) 
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By converting the measured impedance magnitude and phase to resistance and 

reactance and finding the peak point of the resistance data (real part of the impedance), 

the values of 𝑅𝑝 and 𝜔𝑝 can be determined. Using the resistance shown in Fig 3.5 (a) 

from [16] as an example, 𝑅𝑝 = 3.70 Ω and 𝜔𝑝 = 125 𝑀𝐻𝑧. According to E 3.6 and 3.7, 

the remaining unknown in E 3.5 is 𝐿𝑝 or 𝐶𝑝, which turns it into a regression model with a 

single explanatory variable. Hence the values of 𝐿𝑝 and 𝐶𝑝 can be determined with high 

precision using a nonlinear least-squares solver. Initial estimates are made using the 

method reported in [13]. 

 

 

Fig 3.5 (a) Measured reactance and simulated intermediate reactance of E 3.8 (b) 

Measured resistance (c) Difference between measured reactance and simulated 

intermediate reactance of E 3.8 (d) Quality of fit of imaginary difference with 𝐿𝑝0 and 𝐶𝑝0 

combination. 

 

With 𝐿𝑝, 𝐶𝑝 and 𝑅𝑝, the curve fitting problem can be simplified by subtracting the 

simulated intermediate reactance, 𝑍𝑒,𝐼𝑚𝑎𝑔,𝑖𝑛𝑡𝑒𝑟𝑚(𝜔) of E 3.8, 
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𝑍𝑒,𝐼𝑚𝑎𝑔,𝑖𝑛𝑡𝑒𝑟𝑚(𝜔) = −

𝜔𝐶𝑝 −
1
𝜔𝐿𝑝

1

𝑅𝑝
2 + (𝜔𝐶𝑝 −

1
𝜔𝐿𝑝

)2
 

 

from the measured reactance data, because it contains only knowns. Provided that the 

modes of the transducer are sufficiently separated (mathematically isolated modes), the 

remaining imaginary difference is similar to the example in Fig 3.5 (b). It is found that, the 

reason that BVD model cannot achieve broadband modelling is the rest of imaginary part, 

1/(𝑗𝜔𝐶𝑝0), in 𝑍𝑒(𝜔) cannot model this imaginary difference after the subtraction of E 3.8. 

And by analyzing the difference, a model of the form 𝑦 =  𝑎𝑥 −  𝑏, (𝑎 > 0, 𝑏 > 0) can be 

found as one of the best solutions for the regression analysis. However, there is no single 

electrical element that can provide a constant negative reactance. Hence a series 

combination of inductor, 𝐿𝑝0, and capacitor, 𝐶𝑝0, is adopted as the solution, achieving 

both simplicity and precision. And the model shown in Fig 3.4 (a) is developed and its 

impedance, 𝑍′𝑒(𝜔), can be described by: 

 

𝑍′𝑒(𝜔) = 𝑗𝜔𝐿𝑝0 +
1

𝑗𝜔𝐶𝑝0
+

1

1
𝑅𝑝
+ 𝑗𝜔𝐶𝑝 +

1
𝑗𝜔𝐿𝑝

 

 

By applying the nonlinear least-squares solver again, 𝐿𝑝0  and 𝐶𝑝0  can be 

determined and the final model 𝑍′𝑒(𝜔) is then clear. The initial value of 𝐶𝑝0 again can 

be made according to [13], and the approximate value of 𝐿𝑝0 can be found by subtracting 

the BVD model impedance approximation from impedance data. The quality of fit of the 

proposed 𝐿𝑝0, 𝐶𝑝0 combination in the example is shown in Fig 3.5 (d). 

  

 Turning now to the series model of Fig 3.4 (b), which is developed in a similar way 

with parallel model, the component values can be determined by matching the real 

admittance 𝑌𝑒,𝑅𝑒𝑎𝑙(𝜔)  and imaginary admittance 𝑌𝑒,𝐼𝑚𝑎𝑔(𝜔)  with measured 

conductance and susceptance data, respectively. This model, according to the modelling 

(E 3.8) 

(E 3.9) 
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methodology, is not inherently limited in the type of device it models. All component values 

are derived only from the measured impedance data, so the model can potentially be used 

to model all types of devices with obvious modes (i.e. resonant and anti-resonant features), 

for example thick-film and PMUT devices. 

3.3.4 Modelling Non-Isolated Modes of Piezoelectric Ultrasonic Array Elements 

Benefiting from the implementation of the Levenberg–Marquardt Algorithm discussed 

in Subsection 3.3.1, the models shown in Fig 3.4 can also be used to model the 

impedance near either the resonance or anti-resonance frequency, but they are not 

sufficient for modelling non-isolated modes across a range that covers both the resonance 

and anti-resonance frequencies. By applying the modelling method described in 

Subsection 3.3.3 to a narrow frequency range near the resonance / anti-resonance 

frequencies, a good curve fit of measured impedance data can be achieved as shown in 

Subsection 3.3.5. Typically, either the anti-resonance frequency or the resonance 

frequency is used for a specific part of an integrated ASIC, so the model is sufficient for 

CMOS design. 

3.3.5 Simulation Results 

3.3.5.1 MBVD Parallel Model 

Simulated impedance test data from a microultrasound capsule endoscopy device 

design and simulation software are shown in Fig 3.6. [16] Three complete modes can be 

observed in this data, including one non-isolated mode (Mode 1) and two isolated modes 

(Modes 2, 3). As the proposed models are not sufficient to model non-isolated modes, 

only Modes 2 and 3 are discussed in this subsubsection. Both these modes are modelled 

using the MBVD parallel model and the corresponding component values are given in 

Table 3.1, with the solid curves in Fig 3.7 showing fitting of Mode 2. 
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Table 3.1 Component values of MBVD parallel model 

 𝑅𝑝 (Ω) 𝐶𝑝 (𝑛𝐹) 𝐿𝑝 (𝑛𝐻) 𝐶𝑝0 (𝑛𝐹) 𝐿𝑝0 (𝑛𝐻) 

Mode 2 3.69 1.82 0.890 0.147 2.06 

Mode 3 1.22 3.39 0.170 0.148 0.595 

 

 

 

Fig 3.6 Simulated impedance data of a microultrasound capsule designed with an 

advanced microultrasound capsule design software. [16] (a) Impedance magnitude of the 

simulated data (b) Impedance phase of the simulated data (c) Resistance of the simulated 

data (d) Reactance of the simulated data. 
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Fig 3.7 MBVD parallel model fitting of Mode 2. (a) Fitting of impedance magnitude (b) 

Fitting of impedance phase (c) Fitting of resistance (d) Fitting of reactance 

 

By inspection, the proposed MBVD model fitting curves follow the trends of the 

measured impedance data in all the four aspects – impedance magnitude, impedance 

phase, resistance and reactance. For quantitative comparison, correlation coefficients 

were calculated [17]. The correlation between model fitting and measured Mode 2 

resistance is 0.992, and for reactance it is 0.999. The overall average correlation of both 

modes is 0.994 for resistance and 0.996 for reactance. Compared to the conventional 

BVD model, the MBVD model realizes a wider band fitting with average 0.99 correlation 

coefficient, gaining it an important advantage in supporting CMOS design with dedicated 

tools. 

3.3.5.2 MBVD Series Model 

The proposed MBVD series model was tested with measured impedance data as 

shown in Fig 3.8, taken from a screen-printed 2-D thick film transducer array. [18] Both 

modes shown are sufficiently isolated, so the series model can be applied, and the 
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component values that were determined are presented in Table 3.2. Fig 3.9 shows the 

fitting of the series model to Mode 1. 

 

Table 3.2 Component values of MBVD series model 

 
𝑅𝑠 (Ω) 𝐶𝑠 (𝑛𝐹) 𝐿𝑠 (𝑛𝐻) 𝐶𝑠0 (𝑛𝐹) 𝐿𝑠0 (𝑛𝐻) 

Mode 1 97.3 12.9 36.4 0.985 712 

Mode 2 30.9 18.6 5.69 1.62 86.3 

 

 

 

Fig 3.8 Measured impedance data of a screen-printed ultrasonic 2-D thick film transducer 

array. [18] (a) Impedance magnitude of the measured data (b) Impedance phase of the 

measured data (c) Resistance of the measured data (d) Reactance of the measured data 
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Fig 3.9 MBVD series model fitting mode 1 of measured impedance data. (a) Fitting of 

impedance magnitude (b) Fitting of impedance phase (c) Fitting of resistance (d) Fitting 

of reactance 

 

For a quantitative comparison, the average correlation coefficients between 

simulation and measured data for the two modes are calculated as 0.9934 for resistance 

and 0.9928 for reactance. These are very slightly lower than the results from the parallel 

model modelling simulated impedance data, but with correlation coefficients above 0.99, 

the massive simulation usability is the main concern for the target application. Hence, the 

MBVD model is preferable against high-order equivalent circuits. 

3.3.5.3 Non-Isolated Mode Modelling 

The matching result of the non-isolated Mode 1 of the software designed impedance 

data is shown in Fig 3.10. As the model is not designed for modelling non-isolated modes, 

obvious deviation is observed. However, by narrowing down the modelling range to 

frequencies near the resonance frequency (15 𝑀𝐻𝑧), the quality of fitting is improved, as 

shown in Fig 3.11. The values that were determined are shown in Table 3.3. The 
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correlation coefficients for resistance and reactance are calculated as 0.9947 and 0.9993, 

respectively (modelling resonance frequency ±5 𝑀𝐻𝑧 range). The specified fitting shows 

correlation coefficients of over 0.99 for both resistance and reactance. Similarly, the 

impedance fitting performance at the frequencies near the anti-resonance frequency can 

be improved. 

 

Table 3.3 MBVD series model component values 2 

 
𝑅𝑠 (Ω) 𝐶𝑠 (𝑛𝐹) 𝐿𝑠 (𝑛𝐻) 𝐶𝑠0 (𝑛𝐹) 𝐿𝑠0 (𝑛𝐻) 

Mode 1 17.6 0.802 0.117 0.216 21.0 

 

 

Fig 3.10 MBVD series model fitting non-isolated mode (Mode 1). [16] (a) Fitting of 

impedance magnitude (b) Fitting of impedance phase (c) Fitting of resistance (d) Fitting 

of reactance 
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Fig 3.11 MBVD series model fitting non-isolated mode (Mode 1) [16] in a narrowed 

frequency range near resonant frequency. (a) Fitting of impedance magnitude (b) Fitting 

of impedance phase (c) Fitting of resistance (d) Fitting of reactance 

 

For further improvement in fitting quality, a higher order circuit model must be 

implemented. By subtracting the fitting curve from the measured data in Fig 3.10, the 

difference can be inspected and analyzed for a compensation model, and regression 

analysis can be implemented by using a similar methodology to the one proposed. But 

again, weighting the precision and simplification for the intended application, it can be 

concluded that the method above works well for the high precision provided near the 

resonance and anti-resonance frequencies and with the low computing resource required 

for massive simulations. Hence, compared to the conventional BVD model, the proposed 

MBVD model solves the problem of modelling non-isolated modes for CMOS design use. 

3.4 Conclusions 

In order to assist CMOS design simulation, this chapter presented a robust and 

compact SPICE model for piezoelectric ultrasonic transducers with clear resonance and 

anti-resonance features. The simulation shows average 0.99 correlation coefficients with 
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impedance data drawn from simulation software [16] and measured impedance data [18] 

for mathematically isolated modes. Non-isolated modes can also be modelled with 

correlation coefficients exceeding 0.99 without unduly restricting the frequency range. 

 

The proposed method improves the broadband non-linear regression fitting quality by 

implementing a modified BVD model whilst also providing a means to model non-isolated 

modes. The modelling procedure is straightforward and can be implemented using 

functions built into MATLAB. It thus represents an important step in design procedures for 

future devices integrating piezoelectric ultrasonic array components with CMOS circuitry 

for imaging and for particle micromanipulation. [1] For this project specifically, the 

proposed model and modelling method have been implemented to support the design of 

ASIC output buffers and ASIC power rating. 
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4 A DIGITAL CMOS MATRIX DRIVER FOR TRANSFORMING ACOUSTIC 

HOLOGRAMS 

In Chapter 2, the potential and the challenges of implementing a high-density, large 

scale 2-D phased array transducer has been defined. Although researchers have made 

their attempts [1, 2], a new holographic technique or an improved 2-D phased array 

system is still required to generate a tunable acoustic field with finer detail, corresponding 

to dynamic, finer manipulation. 

 

Hence in this chapter, a potential solution based on a CMOS digital Active-Matrix (AM) 

driver is provided. This starts from a brief review of major matrix addressing methods and 

some existing phase control techniques, followed by a discussion of suitability for the 

intended acoustic hologram applications. Then, a new phase control methodology 

designed for implementing with AM addressing technique is presented and its advantages 

are listed. Basing on the methodology, a 2-D ultrasonic AM driver architecture is proposed. 

To demonstrate its functioning, simulation and experiment results of a 1 × 9  array 

prototype IC implemented on a 5 𝑉, 0.35 µ𝑚 CMOS process at Austria Mikro Systeme 

(AMS) are shown at the end of this chapter. 

4.1 Introduction 

A new CMOS 2-D matrix driver architecture was developed to drive ultrasonic 

transducer arrays for acoustic hologram applications. It implements a new phase control 

methodology which is highly compatible with AM addressing technique. Each pixel can 

actively maintain its state while other pixels are being addressed, which thus allows it to 

generate synchronized output signals with phases individually tunable in real time. 

Compared to multi-channel signal generators implementing other phase control methods, 
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the proposed architecture maintains the phase control quality and flexibility, whilst 

reducing the system complexity associated with a reduced port count. Hence, it is a robust 

and highly scalable hardware solution for all kinds of applications that require multi-

channel signal generation. 

 

In order to demonstrate the scalability and phase programming capability of such AM 

driver architecture, a prototype ASIC has been designed and fabricated. It comprises a 

cascadable 1 × 9 array of identical drive-circuits implemented on a fabrication process 

with 0.35 𝜇𝑚 minimum feature size. The footprint of the prototype IC is 1175 × 88 𝜇𝑚2. 

For testing purposes, a clock frequency of 128 𝑀𝐻𝑧 is used to produce outputs at 8 𝑀𝐻𝑧 

with phase resolution of 16 levels (4-bit) per channel 

 

The AM driver architecture, as proved by the prototype, can deliver arbitrary phase 

pattern reconfigurable in real time with 4-bit phase resolution and the pixels can be 

ENABLED or DISABLED independently and simultaneously. It is also proved, and further 

demonstrated in Chapter 7, that the driver is scalable and can achieve a significant 

reduction on the port count for ‘PoC’ integration based on it. It is not only a potential 

solution to the high-density large scale 2-D phased array transducer, it also demonstrates 

and verifies a new phase control methodology and its associated matrix driver architecture. 

This can benefit the design of many devices depending on matrix drivers, e.g. 3-D 

acoustic imagers. 

4.2 Design Choice 

In this section, the principle of ultrasound beamforming is firstly reviewed as the 

background. Then commonly used CMOS matrix addressing techniques are reviewed, 

which, on one hand, help with the choice of the addressing method and, on the other hand, 

help to understand how these techniques reduce the circuitry complexity and port count. 

A proper choice of addressing technique should allow all pixels in the matrix to be 
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individually addressable and independently programmable. Finally, to find a phase control 

method / technique that is compatible with the addressing technique selected, some 

existing phase control methods are introduced and discussed. 

4.2.1 Ultrasound Beamforming 

Other than being used for acoustic tweezing applications, 2-D array transducers are 

frequently used in ultrasound imaging, especially medical imaging, in order to obtain high 

quality real-time 3-D images. [3] When they are implemented, to take the most use of the 

array elements, ultrasound beamforming techniques are commonly implemented at the 

same time. This is because the highest resolution can be obtained when the ultrasound 

waves from all the elements are steered and focused at a single point. [4] 

 

Both transmitting and receiving beams can be steered and focused, however, in this 

context, only the beamforming on transmission (transmitter beamforming) is of interest. 

The principle of transmitter beamforming is illustrated in Fig 4.1. By adding designed 

relative delays to the ultrasound transducer driving signals, the transmitted beams can be 

focused at different depths and / or steered to various angles. This is similar to acoustic 

hologram formation; however, the generation of acoustic holograms requires continuous 

or quasi-continuous driving signals instead of the exciting pulses used in imaging 

applications. 

 

 

Fig 4.1 Schematic of ultrasound transmitter beamforming 
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4.2.2 Matrix Addressing Methods 

Matrix addressing methods were originally developed for addressing and driving 

massive numbers of pixels in flat panel displays with reduced port counts and circuit 

complexity in term of wire-routing. There are generally two kinds, Active-Matrix (AM) 

addressing and Passive-Matrix (PM) addressing. 

 

In AM, each pixel should be able to maintain the state actively while other pixels are 

being addressed. This requires all pixels to be independent of any non-global signals 

when they are not addressed and allows changes in their state when they are selected. 

In the field of displays, this functionality is usually realized with the help of a combination 

of one or more transistors and a storage capacitor. In contrast, with the AM, the pixels in 

the PM maintain their state passively, and their state only depends on the real-time signal 

sent from the column driver and the row driver. For displays implementing the PM, typically 

no dedicated pixel-level circuitry is needed, but cross talk is a huge issue. These two 

addressing methods, when implemented, can significantly reduce the port count. For a 

matrix with 𝑁 ×𝑀 pixels, both only require 𝑁 +𝑀 control signals hence 𝑁 +𝑀 ports, 

providing improved scalability and released wire routing complexity.  

 

The matrix addressing technique was first introduced to the field of Ultrasonics by 

Chen et al. [3] for image beamforming purposes, for which they successfully built a 

scalable imager. For transmitter beamforming specifically, their imager implements the 

PM addressing by using row drivers to select specific rows and sending the driving signals 

with the column drivers. By adding delays to the signals transmitted from column drivers, 

beamforming can be performed as good as that performed by conventional direct-wiring 

devices, but with a much smaller port count. 

 

Although this design is advanced in the field of ultrasound imaging, it is not capable 
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of generating arbitrary phase patterns and hence is not suitable for the intended acoustic 

hologram generation. This is mainly because not all pixels in the matrix are individually 

addressable and independently controllable, and pixels on the same column must share 

and hence can only transmit the same driving signal. What’s more, for an 𝑁 ×𝑀 matrix, 

each pixel is addressed for 1/𝑀 of frame time and the signal is stable for (𝑀 − 1)/𝑀 

frame time, and this inevitably results in a frame time dependency and degraded device 

flexibility. 

 

It then becomes clear that AM addressing is the proper and unique choice, although 

there is potentially increased circuitry complexity due to the need for ‘active’ pixel-circuitry. 

To implement AM addressing, each of the pixels should be able to maintain its output state 

when other pixels are being addressed. This then requires a proper phase control method 

and it associated electronic design to be found or developed. In the next subsection, some 

existing techniques are reviewed.  

4.2.3 Phase Control Methods 

As discussed previously, phase control is essential for generating acoustic holograms. 

For direct-wiring 2-D phased array transducers, this is usually realized through the 

software methods that control the output signal phases of the Field-Programmable Gate 

Array (FPGA) [5-7]. However, in order to reduce the port count and improve the scalability, 

a matrix addressing technique is required to be implemented and hence software methods 

are no longer usable. As a result, only hardware phase programming methods are 

discussed in this subsection. More specifically, to implement the AM addressing technique 

to format arbitrary phase patterns, each pixel in the matrix should have its own 

independent integrated delay or phase control circuitry be able to maintain its phase state 

while not addressed. 
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4.2.3.1 Filter-Like Delay Circuit 

There are generally three classes of hardware design that can provide programmable 

delays / phases. The first one is a combination of variable capacitor(s), (variable) 

resistor(s) and amplifier(s) as an active filter-like delay circuit. An example of such phase 

control circuit is shown in Fig 4.2 (a), which is widely known as a first-order active low-

pass filter if the variable capacitor is replaced by a fixed capacitor. 

 

The principle of the delay generation can be seen from the Bode plot of the circuit 

voltage gain in Fig. 4.2 (b). When the input signal frequency, 𝑓 , is in the range  

𝑓𝑐𝑢𝑡−𝑜𝑓𝑓/10 < 𝑓 < 10𝑓𝑐𝑢𝑡−𝑜𝑓𝑓, the output signal will be delayed 0 - 90° compared to the 

input signal, corresponding to 0 - 𝑇/4  seconds, where 𝑓𝑐𝑢𝑡−𝑜𝑓𝑓 = 1/2𝜋𝑅2𝐶 is the cut-

off frequency of the low-pass filter and 𝑇 = 1/𝑓  is the input signal period. The delay 

control is performed through this structure by tuning the variable capacitor, hence 

changing 𝑓𝑐𝑢𝑡−𝑜𝑓𝑓 and the amount of phase / time delay. 

 

 

Fig 4.2 (a) An example of filter-like delay generator and (b) the Bode plot of the voltage 

gain of (a) 
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The advantage of this kind of design is that it can provide a smoothly tunable delay 

instead of the quantized or discrete delays provided by the other two kinds of designs 

when implemented as a single-channel driver. However, when it is used in pixel-level 

circuitry of a CMOS AM driver, to maintain the delay state, a per-pixel Digital-to-Analog 

Converter (DAC) is inevitably needed to tune and hold the per-pixel voltage-controlled 

variable capacitor value. The output signal phase thus is no longer smoothly tunable and 

the pixel complexity increases. As there are also implementation difficulties in the 

fabrication of the variable capacitor and high precision resistors through CMOS 

technology, this design is concluded to be unsuitable for the intended application. 

4.2.3.2 Delay-Locked Loop 

 

Fig 4.3 (a) Schematic block / logic level diagram of a typical example of the DLL structure 

and (b) transistor-level schematic of an example of the voltage-controlled delay line 

 

The second type of delay control design comes from the Delay-Locked Loop (DLL) 

[8]. DLLs are robust clock sources and delay generators widely employed in 
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microprocessors, memory, and communications ICs, [9] e.g. Dynamic Random-Access 

Memory (DRAM) and Clock & Data Recovery (CDR). A typical example of the DLL 

structure is shown in the Fig. 4.3 (a). This DLL works on the basis of a phase detector to 

track the difference between the input clock and one of the output delayed clock signals. 

According to the difference found, the phase detector makes the loop filter output voltage 

change to control the delay generated from Voltage-Controlled Delay Line (VCDL) to 

reduce this difference until, in the end, the difference is eliminated and the state of the 

DLL is then identified as ‘locked’. If all delay elements in the VCDL are matched perfectly, 

the individual delay, 𝜏, generated by them should be equal. An example of the VCDL 

implemented in CMOS technology can be found in Fig 4.3 (b). The control voltage controls 

the amount of current going through the CMOS inverter, hence controlling the speed of 

the inverter inverting. 

 

The advantage of implementing a DLL with AM addressing comes from its robustness, 

and there are many CMOS implementation examples, such as [9], to refer to. However, 

there are also drawbacks to be discussed. Firstly, this structure, when implemented in 

every pixel, also requires a multiplexer in every pixel to select one of the delayed outputs 

to drive the ultrasound transducer. As a result, if, for example, a 4-bit (16 level) phase 

resolution is desired, then at least 4 more input ports are needed for each row / column, 

resulting in a degraded scalability. Although per-pixel finite state machines may be 

implemented to help, this, on the other hand, causes an increase in pixel complexity. 

Secondly, the power consumption is relatively high, especially when a high-precision 

phase control is required. This is because the VCDL designs, such as the one shown in 

Fig 4.3 (b), are generally inverter-based structures that consume relatively high power 

when operating — there are always two times in each period that both of the transistors 

in an inverter are conducting. For a single DLL, this may not be a problem but for a DLL 

matrix, this limits the scalability from the power point of view. There are also problems like 

the time jitter / phase noise generated during locking. [9] So, although the DLL can be 
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implemented with AM addressing, a better solution is still preferred. 

4.2.3.3 Pipeline-Operated S/H Delay Line 

The third class of delay control structure is the Pipeline-Operated S/H Delay Line. 

This structure has been implemented by Chao Chen et al. [10] in their integrated ultrasonic 

imager to realize the reception beamforming. The principle of the phase control is 

illustrated in Fig 4.4. There are two groups of clock signals: group A (for 𝑆1−4) and group 

B (for 𝑅1−4). Within group A, the clock signals control 𝑆1−4 to be cyclically on to store the 

input signal into 𝐶1−4 while, within group B, 𝑅1−4 are cyclically switched on to release 

the stored signal to the output. It then can be found that, if a time delay is set between 

groups A and B, the same amount of delay will be applied at the output. An example of 

generating a time delay of 𝜏 = 2𝛥𝑡 is shown in Fig 4.4 (b), where 𝛥𝑡 is the clock signal 

pulse width. If an improved phase control resolution is desired for a certain operating 

frequency, more switched capacitors should be implemented, and shorter clock pulses 

are required. 

 

Fig 4.4 (a) An example of the pipeline-operated S/H delay line (b) Timing diagram & phase 

control principle [10] 
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This delay method naturally digitizes the input signal and is particularly good at 

responding to asynchronous signals. However, when implemented for arbitrary phase 

pattern formation, because the per-pixel S/H delay lines require per-pixel clock generators, 

great design complexity is introduced. Obviously, when compared with the DLL structure 

to provide same phase control resolution, the number of delayed (clock) signals generated 

is approximately doubled. Although the micro-beamforming technique described in [10] 

can be employed to simplify the clocking, the phase pattern that can be generated is 

inevitably limited. As a result, it is concluded that this technique is not a proper choice for 

the intended hologram generation due to its massive and critical clock signal requirements. 

4.2.3.4 Conclusion 

In this subsection, three major phase control techniques have been discussed. It is 

found that, although the DLL structure is the best choice among the three to be 

implemented with the AM addressing technique for arbitrary acoustic hologram formation, 

an improved solution is still desired. Hence, in the next section, a novel phase control 

circuit design is proposed, together with the integrated AM driver implementing it. 

4.3 System-Level Architecture of the CMOS Matrix Driver 

The system-level architecture of the CMOS matrix driver is shown in Fig 4.5. In order 

to maximum scalability, an AM addressing technique was implemented in two stages. The 

first pair of column-and-row addressing signals are the per-column ‘Column Select (CS)’ 

signal and the per-row ‘Enable / Disable (En_Disen)’ signal, the latter of which enables 

and disables the addressed pixel. CS is used a second time, together with an ‘External 

Delay (Ex_D)’ signal, to trigger phase shifts in the addressed pixel. 

 

Hence, for each column, only one CS input is required. To summarize, the 
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implementation of the AM addressing technique changes the scaling trend of the 

interconnection count for a 𝑁 ×𝑀 2-D matrix driver from 𝑁 ×𝑀 to (3 × 𝑁) +𝑀 with no 

reduction in driving flexibility. 

 

 

Fig 4.5 Outline system-level architecture for 1 ×𝑀 array (1 row of “pixel” drivers) 

4.4 Detailed Circuitry Design and Operation 

4.4.1 Phase Shifting Scheme 

Fig 4.6 shows an example of the phase control scheme, where, for the sake of 

simplicity, it is illustrated with a 2-bit counter applied per pixel. This simple phase control 

idea is applied in the pixel drive circuit. When a delay request is sent to Ex_D port, the 

row-driver circuit responds and transfers the asynchronous request to a synchronous 

‘Row Delay (RD)’ signal. 

 

Then the synchronous RD signal is sent to the specific pixel in the selected column. 
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The selected pixel-drive circuit removes one ‘Internal Clock (In_CLK)’ pulse and a step 

delay is generated at the output. As a result, the phase shift resolution varies 

proportionally to the counter resolution. The advantage of implementing this scheme is 

that it can shift the output phase of pixels using an AM technique, which significantly 

reduces the port count. 

 

 

Fig 4.6 Signal waveforms illustrating phase shifting 

4.4.2 Row Drive-Circuit and Operation 

The row-driver (delay signal generation) circuit is shown in Fig 4.7. The function of 

this circuit is to capture each Ex_D request, regardless of the time of arrival and transfer 

the request to a synchronous RD signal, illustrated in Fig 4.8. When a delay request is 

received from Ex_D port, the D-type Flip-Flop 1 (DFF1) saves the request and waits for 

the next rising edge of the ‘External Clock (Ex_CLK)’ signal; the request is transferred to 

and saved by DFF2. At the next falling edge, the RD output of DFF3 is toggled; meanwhile, 

DFF1 and DFF2 are reset. DFF2 is set up in this manner to remove set-up and hold 

violations from output DFF3, preventing additional phase shifts. The operation cycle ends 

at the next falling edge with the RD output toggled back to low and the RD high pulse 

covering only one In_CLK high pulse.  
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Fig 4.7 Schematic of row-driver (delay signal generation) circuit 

  

 

Fig 4.8 Signal waveforms illustrating functioning of the row-driver circuit; In_CLK is the 

buffered Ex_CLK; it contains propagation delays caused by buffers set in the ASIC. 

 

In this scheme RD_Disen holds the output at logic low; it does not clear the saved 



  CHAPTER 4 

65 

 

data in DFF1 and DFF2. This is achieved by CLR. High capacity buffers are needed for 

the clock and delay signals, and if the pixel count in a row increases beyond 9 in future 

designs, it will be preferable to use a buffer tree structure. 

4.4.3 Pixel Circuit and Operation 

 

Fig 4.9 Schematic of pixel control circuit 

 

In Fig 4.9, AM addressing for the pixel HIGH / LOW state is realized through a 2-input 

AND gate (AND2) and phase shifting is implemented by a D-latch (Latch1). Once CS is 

enabled by logic high, another logic high at the En_Disen port triggers a toggle at DFF4, 

addressing the pixel with the HIGH state so that it outputs a signal. On the other hand, 

provided that the pixel is in a HIGH state and CS is enabled at logic HIGH, whenever there 

is an incoming signal at RD, it is inverted at Latch1 and removes one In_CLK pulse by 

disabling the AND1. This is possible because RD rising edge is intended to be half the 

In_CLK time period before the In_CLK signal’s rising edge, and the falling edge of RD is 
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inherently one propagation delay after the falling edge of the In_CLK pulse. To clarify, the 

3-input AND gate removes the second In_CLK pulse after the system reads a rising edge 

of the Ex_D signal. If higher or changeable phase resolution is required, the 4-bit counter 

can be replaced by a higher bit count counter or a programmable counter to achieve more 

flexibility. 

 

The CS signal also controls the ‘Feedback’ output to only send out the feedback from 

the selected pixel in a row to be monitored. As shown in Fig 4.5, CS is a per-column signal 

and RD, En_Disen and Feedback are per-row signals, so a scaling trend of the port/ 

interconnection count of (3 × 𝑁) +𝑀 is realized for an 𝑁 ×𝑀 matrix. 

4.5 Simulation Results 

4.5.1 System-Level Operation Set-up and Timing Diagram 

 

Fig 4.10 System-level operation set-up and timing 

 

To remove all unknown states in the circuit before operation, the CLR signal is reset 
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to logic 0 (LOW), working with a rising edge of Ex_D to clear the row driver. RD_Disen 

and ResetP should be set to logic LOW before being enabled by logic HIGH following the 

sequence shown in Fig 4.10. Then CS and En_Disen will enable a specific pixel to 

generate a square wave with frequency 𝑓𝐸𝑥_𝐶𝐿𝐾/ 16. If multiple driving signals with the 

same phase are required by ultrasound transducer elements, Ex_CLK should be set only 

after enabling all pixels when the ASIC starts. 

4.5.2 Simulated Results 

Cadence was used to run the simulation and for a prototype 1 × 9 pixel driver array 

clocked at 128 𝑀𝐻𝑧 (square wave), the phase shift performance is shown in Fig 4.11. 

 

 

Fig 4.11 Phase shifting performance in simulation 

 

After applying the set-up sequence shown in Fig 4.10, another LOW-to-HIGH pulse 

is sent to Ex_D, so a row delay symbol is generated at RD. As Column Select 9 (CS9) is 
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set when the delay signal is sent out from the row-driver circuit, the 4-bit counter in CS9 

receives one less clock pulse than the Column Select 1 (CS1) and a 22.5° phase shift is 

generated. Fig 4.11 shows the various signal pulses and their timings. The key signals for 

phase shifting at Output9 are illustrated with red waveforms and the blue traces are for 

CS1 and Output1 in column 1 and system start-up. This confirms that CS9 has an 

additional pulse compared to CS1, and Output9 is hence delayed by 22.5° compared to 

Output1. 

 

Monte Carlo simulations have been run for the prototype IC layout. According to the 

operating details discussed in the previous subsections, it is clear that only the timing 

between the internal clock (In_CLK) and the row delay (RD) signals needs be examined. 

With a massive number of Monte Carlo simulation runs, the layout has been verified and 

it appears that there is no need to implement the buffer tree structure. 

4.6 Electrical Testing of the Prototype ASIC 

The prototype ASIC was implemented with an AMS fabrication process with 0.35 𝜇𝑚 

minimum feature size. For validation, test points and additional buffers were set around 

the design, with the 1175 × 88 𝜇𝑚2 structure at the centre of the chip as the prototype 

1 × 9 array, Fig 4.12 (a). Fig 4.12 (b-d) show the fabricated 1 × 9 driver array at different 

levels of magnification. 

 

To allow direct comparison, the experiment and simulation were designed to have the 

same start-up sequence. The Multicomp MCTI Series SPDT switches were implemented 

with switch de-bouncing circuits to generate control signals (Fig A.1). The measured 1 - 4 

steps of the phase shift are shown in Fig 4.13. All the pixels on-chip function as expected 

and the phase shifts of 22.5°, 45°, 67.5° and 90° can be clearly observed. 
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Fig 4.12 Full design layout of 1 × 9 test structure full design layout (b) Photomicrograph 

of the full chip (c) Photomicrograph of the 1 × 9 test structure (d) Photomicrograph of 

single pixel circuitry 

 

 

Fig 4.13 1-4 steps of phase shift at 8 𝑀𝐻𝑧 output 
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4.7 The Potential of Imaging Implementation 

Although the proposed CMOS matrix driver is designed for generating acoustic 

holograms, it has the potential of being modified and implemented into acoustic imagers 

as transmission pulse generators. The detailed method of implementation is shown in Fig 

4.14 (a). Note that the CMOS matrix driver in this case is used as the ‘matrix clock’ of the 

imager matrix transmitter. By adding an additional D-type Flip-Flop at each of the pixel 

outputs of the proposed CMOS matrix driver, a global signal can be introduced to instruct 

the pixel circuitries to generate desired pulse series and excite the ultrasound transducers. 

 

Fig 4.14 (a) Outline system-level architecture for 1 ×𝑀 array transmitter (b) An example 

of timing diagram 
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The timing of the global signal can be set following the example timing diagram of a 

2-bit counter based matrix transmitter shown in Fig 4.14 (b), in which the ‘Enable 

Transmission (ET)’ is the global signal. In this example, as rising-edge-triggered D-type 

Flip-Flops (DFFs) are implemented, the ET signal’s ON state must include the undelayed 

clock signal’s ON state generated by the ‘matrix clock’ without overlap to enable proper 

beamforming. 

 

Compared with direct-wiring devices e.g. [10], the matrix transmitter proposed in this 

section requires many less ports and hence allows the construction of integrated high-

density imagers. This can benefit many medical acoustic imagers that goes into human 

bodies.  

4.8 Conclusions 

This chapter reported a novel digital active-matrix ASIC solution to output stimulation 

signals for an array of PZT transducers to generate acoustic holograms. For an 𝑁 ×𝑀 

driver matrix with arbitrary phase pattern generation capability, the port count is (3 × 𝑁) +

𝑀. This compares very favourably with the 𝑁 ×𝑀 port count of conventional direct-wiring 

devices. 

 

The scalability of this design opens the potential for its use in a wide range of 

applications. For the intended ultrasound application, the intricacy of the acoustic field or 

the acoustic hologram resolution can be significantly improved through exploitation of the 

potential for port count reduction. Although the implementation of AM addressing, on the 

other hand, slightly degrades the dynamic phase control speed for large-scale arrays, (e.g. 

if a 640 𝑘𝐻𝑧  clock is implemented to drive a 500 × 500  pixel system, the worst-case 

whole-matrix phase pattern update time can be estimated as ~ 0.59 s,) by optimizing the 

dynamic programmable phase algorithm with deep learning and neural network 
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methodologies, the degradation can be reduced. The novel phase control method 

designed for ASIC implementation allows a much lower circuit design complexity when 

compared with the DLL-based phase control technique. The same phase control 

resolution can be realized with approximately half the number of logic gates, mainly D-

type flip-flops. 

 

Direct comparison of simulation and experimental results has proved the functionality 

of the prototype ASIC, together in turn proving the initial specifications set in Chapter 2 

are well met. Further demonstrations from an acoustic point of view are made in Chapter 

7, by patching several of these prototype ASICs into a dedicated printed circuit support 

board and transferring the driving signals to piezoelectric transducer arrays. 
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5 A NOVEL CMOS MATRIX DRIVER BASED ON A PROGRAMMABLE 

OSCILLATOR 

The digital CMOS matrix driver proposed in last chapter is robust when performing 

high resolution phase control, but compared with FPGAs, it is inflexible since, once the 

structure of the counter is design and fabricated, the phase control resolution and the duty 

cycle of the output signals are no longer tunable. Although digital programmable counters 

can be implemented to gain some flexibility, they inevitably increase the pixel circuit and 

interconnection complexity. As a result, a novel programmable oscillator is proposed and 

designed in this chapter to allow highly flexible control of the phase resolution and the 

duty cycle of the output signals without adding complexity. The detailed implementation 

of this oscillator is reported, followed by simulation and electrical test results for a 1 × 4 

prototype driver array for demonstrations. 

5.1 Introduction 

In order to implement AM addressing to reduce the port count requirement of the 

CMOS matrix driver for acoustic hologram generation, an ASIC was introduced in Chapter 

4. It is based on the digital logic gate counter structure, which is robust in frequency 

division applications and the phase control resolution can be improved simply by adding 

DFFs. For example, if 7-bit counters are implemented with 3 more DFFs per pixel into the 

matrix driver discussed previously, 128 steps of phase resolution can be theoretically 

obtained, even better than the 100 steps provided by the 3-D printed hologram [1]. 

However, once the driver is fabricated, its phase resolution and duty cycle are no longer 

tunable, which is inflexible compared to FPGAs, limiting the implementation of the matrix 

driver, e.g. to investigate these parameters of the driving signals can affect the acoustic 

hologram. 
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Hence, here, a novel CMOS programmable oscillator / counter is proposed and 

designed in this chapter to provide enhanced flexibility. Compared with digital 

programmable counters which can provide only limited phase control resolutions, the 

proposed programmable oscillator is area-saving and is capable of providing smooth 

control of both phase control resolution and output signal duty cycle. Furthermore, as only 

two extra global signals are required for the implementation of this programmable 

oscillator, it causes almost no degradation in scalability of the matrix driver. 

 

A prototype 1 × 4  driver array is fabricated and electrically tested to verify the 

programmable oscillator and its implementation with AM addressing technique. Following 

the detailed introduction of the oscillator, the results shown in this chapter successfully 

demonstrate its functionality. At the end of the chapter, comparisons are made among the 

acoustic hologram generators, and pros and cons are listed accordingly.  

5.2 A Novel Programmable Oscillator optimized for Generating Acoustic 

Holograms 

The novel programmable oscillator proposed in this chapter is a Schmitt-trigger-

based CMOS oscillator. It implements two Schmitt triggers to control the amount of charge 

in and hence the potential across a capacitor and thus the frequency and/ or phase of 

oscillation. In this section, the working principle of the oscillator is firstly discussed. Then 

the implementation difficulty caused by the mismatch in CMOS processes is defined, 

followed by proposed solutions. At the end of this section, the full structure of the 

programmable oscillator is introduced and discussed. 
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5.2.1 A Novel Schmitt Trigger Based Programmable Oscillator 

The working principle of the CMOS Schmitt trigger oscillator is firstly reviewed with 

an example structure shown in Fig 5.1 to help to introduce the novel programmable 

oscillator. It consists of a charge pump, a Schmitt trigger and an inverter. Starting with the 

situation that the potential on the capacitor is at 0 𝑉, this results in a LOW state at the 

Output. This turns off N2 and turns on P2, allowing the current go through P1 to charge 

the capacitor. The potential on the capacitor hence rises until it reaches the upper 

threshold of the Schmitt trigger and the Output is toggled to the HIGH state. P2 is turned 

off and N2 is on this time, and the charge on the capacitor goes to ground through N1. 

This state continues till the potential on capacitor drops to the lower threshold of the 

Schmitt trigger, then Output changes back to the LOW state and the capacitor gets 

charged again. 

 

 

Fig 5.1 Schematic of CMOS Schmitt trigger oscillator 

 

As long as the Schmitt trigger is designed to obey E 5.1 and ‘Vbiasp’ and ‘Vbiasn’ are 

selected following E 5.2, P1 and N1 will work in the saturation region and the circuit will 

function as a voltage-controlled oscillator. 
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𝑉𝑛−𝑡ℎ < 𝑉𝑙𝑜𝑤𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 < 𝑉𝑢𝑝𝑝𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 < 𝑉𝑑𝑑 − |𝑉𝑝−𝑡ℎ| 

 

{
   𝑉𝑑𝑑 − |𝑉𝑝−𝑡ℎ| − 𝑉𝑢𝑝𝑝𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 < 𝑉𝑏𝑖𝑎𝑠𝑝 ≤ 𝑉𝑑𝑑 − |𝑉𝑝−𝑡ℎ|

 
𝑉𝑛−𝑡ℎ ≤ 𝑉𝑏𝑖𝑎𝑠𝑛 < 𝑉𝑛−𝑡ℎ + 𝑉𝑙𝑜𝑤𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

 

 

Where 𝑉𝑑𝑑 is the supply voltage; 𝑉𝑝−𝑡ℎ is the threshold voltage of PMOS transistors 

and 𝑉𝑛−𝑡ℎ  is the threshold voltage of NMOS transistors in a specific CMOS process; 

𝑉𝑙𝑜𝑤𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 and 𝑉𝑢𝑝𝑝𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 are the lower threshold voltage and upper threshold 

voltage of the Schmitt trigger, respectively. Assuming that P1 and N1 are an ideal current 

source and sink respectively, the one-to-one correspondence between ‘Vbiasp’ (‘Vbiasn’) 

and capacitor charging (discharging) time can be described as: 

 

{
  
 

  
   𝑇𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 =

𝐶(𝑉𝑢𝑝𝑝𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 − 𝑉𝑙𝑜𝑤𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)

𝜇𝑝𝐶𝑂𝑋
2

𝑊𝑃1
𝐿𝑃1

(𝑉𝑏𝑖𝑎𝑠𝑝 − 𝑉𝑑𝑑 − 𝑉𝑝−𝑡ℎ)2

 

𝑇𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 =
𝐶(𝑉𝑢𝑝𝑝𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 − 𝑉𝑙𝑜𝑤𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)

𝜇𝑛𝐶𝑂𝑋
2

𝑊𝑁1
𝐿𝑁1

(𝑉𝑏𝑖𝑎𝑠𝑛 − 𝑉𝑛−𝑡ℎ)2

 

 

Where 𝐶  is the capacitance of the capacitor in Fig 5.1; 𝐶𝑂𝑋  is the gate oxide 

capacitance per unit area; 𝜇𝑝 and 𝜇𝑛 are the charge-carrier effective mobility; 𝑊𝑃1 and 

𝐿𝑃1 are the gate width and length of the transistor P1, and 𝑊𝑁1 and 𝐿𝑁1 are the gate 

width and length of the transistor N1. Further, taking channel length modulation into 

consideration, the potential change on the capacitor and the circuit output should be 

similar to the waveforms shown in Fig 5.2. The charging and discharging currents 

decrease following the decrease in the drain-to-source voltages of P1 and N1. 

 

(E 5.2) 

(E 5.1) 

(E 5.3) 
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Fig 5.2 An example of the CMOS Schmitt trigger oscillator output 

 

 Basing on this oscillator structure, a transmission gate is added as illustrated in Fig 

5.3, to form a programmable oscillator. By controlling this transmission gate with 

complementary clocks, a new factor, the clock frequency, is introduced to work together 

with the biasing voltages to control the capacitor charging and discharging speed and 

hence the circuit oscillation frequency. 

 

 

Fig 5.3 Schematic of the novel CMOS programmable Schmitt trigger oscillator 

 

An example of the programmable oscillator output is shown in Fig 5.4. The phase 

control is realized in a manner that removes clock signal (CLK) pulses from the 

transmission gate, which is compatible with the AM addressing technique. 
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This novel programmable oscillator is highly flexible as the oscillating frequency, as 

well as the phase control resolution, can be easily adjusted through changing the clock 

frequency and biasing voltages. Compared with the digital programmable counters, the 

phase control resolution of the proposed structure is smoothly tunable. For example, in 

Fig 5.4, a phase control resolution of 4
1

2
 levels is provided. By tuning ‘Vbiasp’ and ‘Vbiasn’ 

to reduce the capacitor charging and discharging speeds and increasing the clock 

frequency, more phase steps can be obtained with the same output signal waveform. 

 

Benefiting from its simple structure and high flexibility, the novel programmable 

oscillator can be implemented in many applications that need an oscillator with tuneable 

phase and / or frequency, e.g. frequency dividing. However, there is a practical 

implementation difficulty for the proposed oscillator to be directly used for acoustic 

hologram generation — the mismatch among CMOS transistors and capacitors. 

 

 

Fig 5.4 An example of the novel CMOS programmable oscillator output 
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5.2.2 Device Mismatching and the Solution 

Mismatch is the differential performance of two or more devices on a single IC. 

Mismatch usually happens due to fabrication errors in the device dimensions, defects on 

the silicon wafer, non-uniform doping, parasitic components in the layout, etc. The 

differentiated performance among devices can be in threshold voltage, drain-to-source 

current, different capacitance and so on. [2] There are methods to reduce the influence of 

the mismatch on the IC, however, it is non-eliminable. 

 

For the implementation of the novel programmable oscillator to generate acoustic 

holograms specifically, mismatch causes different capacitor charging speeds and different 

Schmitt trigger threshold voltages, resulting in different oscillation frequencies among 

pixels. An example of mismatched output signals is shown in the Fig 5.5. As the formation 

of the acoustic hologram requires all the ultrasound transducers to work as coherent 

acoustic sources, the excitation signals from the pixels must be synchronized. As a result, 

the programmable oscillator has been modified and an optimized design is proposed in 

this subsection.  

 

 

Fig 5.5 An example of the asynchronized outputs caused by mismatch 

 

To reduce the influence of device mismatch, an over-charging circuit is firstly added 

as illustrated in Fig 5.6. 
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Fig 5.6 Schematic of the over-charging circuit for novel programmable oscillator 

 

The threshold voltages of the Schmitt trigger in the over-charging circuit determines 

the time that the over-charging is enabled and periodically sets or resets the potential 

across the capacitor. By designing the upper threshold voltage of the Schmitt trigger in 

over-charging circuit to be lower than that of the other Schmitt trigger, and designing the 

lower threshold voltage to be higher than that of the other Schmitt trigger, the over-
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charging circuit is always triggered prior to the output change. And, once triggered, it fully 

sets / resets the potential on capacitor in a fast manner through a direct capacitor-to-𝑉𝑑𝑑 

/ capacitor-to-ground connection, providing the same starting potential for every 

discharging / charging period. However, time errors, as shown in Fig 5.7, is still required 

to be eliminated. As a result, a DFF is then implemented as the periodic synchronizer, 

which is shown in Fig 5.8. Apart from this, an NMOS transistor is added to allow Reset 

signal to zero the potential on capacitor before the oscillator runs. 

 

 

Fig 5.7 An example of the waveforms generated in the programmable oscillators with 

over-charging circuit. 

 

By setting the DFF to be triggered only by rising edges of clock signal, the time error 

is eliminated every half oscillating period. And this leaves enough time to allow the fully 

set / reset of the potential, as shown in Fig 5.9. 

 

There are four main working states for the modified programmable oscillator. State 1 

is the discrete charging / discharging state. State 2 is the over-charging state in which the 

potential on capacitor is rapidly set / reset. Then state 3, the waiting state, starts. It ends 

when there comes a CLK signal rising edge and the output of DFF is toggled, which is 

state 4. States 3 and 4 together remove the time error accumulated in half the period time 

and all pixel outputs are synchronized. 
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Fig 5.8 Schematic of the modified programmable oscillator and four potential floating 

nodes 

 

Although the modified programmable oscillator in Fig 5.8 can provide the desired 

charging / discharging controls, it has a problem of having four potential floating nodes. 

These nodes will become floating and accumulate charges if the transistors on both sides 

are fully turned off. To solve this problem, the potential control methodologies proposed 
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above are implemented in a different way that uses logic gates to minimize the number of 

transistors in the charging and discharging routes, as described in the next section. 

 

 

Fig 5.9 An example of the waveforms generated in the modified programmable oscillators 

5.2.3 A Novel Programmable Oscillator Optimized for Generating Acoustic 

Holograms 

The finalized programmable oscillator design is shown in Fig 5.10. NOR gates and 

AND gates are implemented instead of the previous transistor switch combinations, hence 

the floating nodes are removed. The desired and expected potential waveforms on the 

capacitor will be similar to the ones shown in Fig 5.9, as long as the transistors in the over-

charging route and over-discharging route allow high enough currents. As the DFF is set 

to enable only the output state change at CLK rising edges, to make sure the capacitor is 

fully set / reset in every output signal period, the over-charging time should be designed 

to be shorter than half the period of the CLK. Hence the aspect ratios of the over-charging 

and the over-discharging transistors need to be designed to fulfil: 
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{
𝐼𝑂𝑣𝑒𝑟−𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 ≥

2(𝑉𝑑𝑑 − 𝑉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 × 95%)𝐶

𝑇

𝐼𝑂𝑣𝑒𝑟−𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 ≥
2(𝑉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

′ × 105%− 𝑉𝑠𝑠)𝐶

𝑇

 

 

Where 𝑉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is the upper threshold voltage of the Schmitt trigger in the over-

charging circuit; 𝑉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
′  is the lower threshold voltage of the Schmitt trigger in the over-

charging circuit; 𝑇 is the period time; and a ±5% variation is taken into consideration for 

the thresholds, which is conservative for most CMOS processes. In this case, the over-

charging and the over-discharging times are treated as linear to simplify the estimates. 

 

 

Fig 5.10 Schematic of the proposed programmable oscillator 

(E 5.4) 
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5.2.4 Discussion 

Although the proposed programmable oscillator can provide smoothly tunable phase 

control resolution when it is implemented in a matrix driver, the minimum working 

frequency is limited compared with the counter-based structure discussed in Chapter 4. 

This is because, when the oscillator works at a frequency lower than it is designed for, 

‘Vbiasp’ needs to be tuned up and ‘Vbiasn’ needs to be tuned down. This results in a 

decrease in the gate-to-source voltage, 𝑉𝑔𝑠, for both transistors that control the frequency 

of oscillation, i.e. P1 and N1 in Fig 5.10. For lower 𝑉𝑔𝑠 , the variation of the transistor 

threshold voltages caused by mismatch will have more obvious influence on the output 

drain-to-source current, 𝐼𝑑𝑠. In other words, it is challenging to find proper ‘Vbiasp’ and 

‘Vbiasn’ to synchronize the output signals of the matrix driver when it works at a low 

frequency. Capacitor leakage is another issue that limits the low frequency operation of 

the oscillator. Lower working frequency induces more leakage which also increases the 

difficulty of biasing current source / sink. 

 

In order to improve the low frequency performance, narrowed pulses, more 

specifically < 50%  duty cycle pulses, can be implemented to reduce the charge / 

discharge times. On one hand, this allows high charging and discharging currents and 

hence high 𝑉𝑔𝑠 on P1 and N1, decreasing the matching difficulties. On the other hand, 

the implementation of low duty cycle pulses will not affect the output, which only depends 

on the CLK frequency. However, if the working frequency is too low, the capacitor leakage 

may become significant and this will cause asynchronization. As a result, a hard, low 

frequency limit is inevitable. 

 

Cascode current mirrors can also be used instead of P1 and N1 to provide improved 

performance. However, this may require decreased upper thresholds and increased lower 

thresholds for the Schmitt triggers to keep the current mirror transistors working in the 
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saturation region and a trade-off may be needed. Apart from the minimum frequency, the 

maximum phase control resolution is another feature that can be limited by mismatch 

among pixels. This is because a higher phase resolution is achieved by lowering 𝑉𝑔𝑠 

applied to P1 and N1. Improved performance can also be gained from the implementation 

of asymmetric clock and cascode current mirrors, in the same ways as discussed above. 

 

From the point of view of power consumption, the operation of the proposed 

programmable oscillator only requires full charging and discharging of the capacitor once 

in each output period. As a result, the power dissipation can be estimated as: 

 

𝑃 =
1

2
(𝐶 + 𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐)𝑉𝑑𝑑

2𝑓 

 

Where 𝐶 is the capacitance of C1 shown in Fig 5.10, with 50 𝑓𝐹 being a typical 

value for 𝐶  and also the value used in the test structure; 𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐  is the parasitic 

capacitance in the circuit; 𝑉𝑑𝑑 is the power supply voltage and, in this case we assume 

that the programmable oscillator is powered by a single rail 5 𝑉  supply; and 𝑓  is the 

output signal frequency, with 10 𝑀𝐻𝑧 selected for maximum power dissipation estimation. 

Hence, 𝑃 equals 0.625 𝜇𝑊 and is a low and scalable power dissipation value. 

 

 A detailed way of implementing the proposed programmable oscillator with the AM 

addressing technique is described in the sections below, followed by comparisons 

between two kinds of matrix drivers. 

5.3 System-Level Architecture 

The outline system-level architecture of the CMOS matrix driver based on the 

proposed programmable oscillator is shown in Fig 5.11. Being the same as the system 

architecture discussed in Chapter 4, the AM addressing technique is implemented in two 

stages. The per-column CS signal and per-row En_Disen signal control the pixel 

(E 5.5) 



  CHAPTER 5 

88 

 

functioning, enabling and disabling the addressed pixel. Furthermore, CS, together with 

Ex_D controls the output signal phase of the addressed pixel. As a result, the row-driver 

circuit shown in Fig 4.7 is directly adopted for this architecture and only the pixel circuit is 

discussed in the following section. 

 

 

Fig 5.11 Outline system-level architecture for 1 ×𝑀 array (1 row of “pixel” drivers) 

 

Compared with the digital counter-based system, the same scaling trend is provided 

as (3 × 𝑁) +𝑀 for a 𝑁 ×𝑀 2-D matrix driver. Although this architecture requires two 

more global signals ‘charging speed control’ (Vbiasp) and ‘discharging speed control’ 

(Vbiasn), it provides improved control flexibility. 

5.4 Pixel Circuit and Operation 

The proposed programmable oscillator is implemented in place of the 4-bit counter, 

as illustrated in Fig 5.12. Referring to Fig 5.11, CS is a per-column signal, RD, En_Disen 
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and Feedback are per-row signals, and the others are global signals. Apart from the two 

extra biasing signals for tuning phase control resolution, all the other pixel operations are 

realized in the same way as described in Subsection 4.4.3. This circuit occupies a smaller 

area than the previous one because the proposed programmable oscillator provides 4-bit 

phase control with only 75 transistors whilst the 4-bit counter has 120 transistors.  

 

 

Fig 5.12 Schematic of pixel logic circuit 

 

It is important to note that the initial period of operation of this architecture is not as 

predictable as the counter based one, even though the potential on the capacitors is 

properly reset every time before it runs. This is because this architecture is designed to 

focus more on synchronizing pixels during its ongoing operation. The initial period of 

operation, on the other hand, has a different working situation compared to later periods, 

e.g. not all parasitic capacitive elements are charged. Although this will not affect the 

output synchronization of the pixels, the initial phases of these outputs may not match. 

Hence, the Feedback signal is strongly recommended to be monitored and implemented 
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as part of an external Phase Locked Loop (PLL). For example, it can be sent to a software 

PLL embedded in a Field Programmable Gate Array (FPGA) to be compared with a 

reference signal, and until the phase of the two are matched, the PLL will keep sending 

delay requests to the addressed pixel. Note that the uncertainty of initial phase does not 

affect the hologram generation, because it can be eliminated in the system set-up stage, 

prior to the load of any phase pattern. 

5.5 Simulation Results 

A prototype 1 × 4  driver array layout, as shown in Fig 5.13, was simulated with 

Cadence. For ease of later experimental testing, in this prototype, ‘Vbiasp’ and ‘Vbiasn’ 

are designed to be directly supplied through external voltage sources instead of on-chip 

current mirrors. However, for larger arrays, current mirrors are preferable because the use 

can eliminate the performance mismatch caused by the voltage drop on metal 

interconnections. The timing sequence shown in Fig 4.10 is adopted again to perform the 

simulations and the results are shown as follows. 

 

As the prototype driver is designed to drive 8 𝑀𝐻𝑧 piezoelectric transducers, a clock 

as 128 𝑀𝐻𝑧  is firstly implemented in the simulation to generate 8 𝑀𝐻𝑧  square wave 

outputs with 4-bit (16 level) phase control resolution. The result is shown in Fig 5.14. 

 

As the focus of the simulations in this section is to verify the synchronization among 

pixels, only CLK and the waveforms generated from / in the programmable oscillators are 

included in the figure. Output1 - 4 waveforms correspond to the output signals from the 

1st - 4th pixels and the Cap1 - 4 waveforms represent the potential on capacitors in the 1st 

- 4th pixels. If required, these can simply be combined with Figs 4.10 and 4.11 to gain a 

full view of the entire system operation. In Fig 5.14, it can be observed that all four outputs 

are synchronized at 8 𝑀𝐻𝑧 and, as one delay step (22.5°) is programmed into the 4th 

pixel, Output4 is 22.5° behind the other three outputs. 
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Fig 5.13 Layout schematic of prototype 1 × 4 driver array layout; the 5th pixel was added 

at the edge of the array to study the influence of the layout on matching among pixels. 
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One thing to note is that, being different from how the oscillator was designed to 

behave, the charging and the discharging of the capacitor start one period after the 

changing of the output state. This is mainly due to the propagation delay of the DFF at the 

output being comparable with the CLK period. Although this is unintended, it brings a 

positive effect to the oscillator as one less charging step and one less discharging step 

are required, hence allowing higher V𝑔𝑠 to be applied on current sink / source. As a result, 

no change was made for this on the prototype. Otherwise, to remove this unintended 

behaviour, a CMOS process with smaller feature size (i.e. 0.18 µm ), which provides 

shorter propagation delay, is recommended to be used. 

 

Fig 5.14 The simulated result of the prototype 1 × 4 driver array clocked at 128 𝑀𝐻𝑧 

(CLK); Output1 - 4 are the output waveforms from the 1st - 4th pixels and Cap1 - 4 are the 

potentials on the capacitors in the 1st - 4th pixels. 

 

100 instances of simulation in a Monte Carlo (MC) approach have then been run to 

verify the same prototype driver array layout, driven by the same 128 𝑀𝐻𝑧 clock. 100% 
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of these MC runs show all four pixels are well-synchronized (Fig A.2). However, it is also 

found from the MC simulation results that the potential on the capacitor in the 4th pixel 

(Cap4) tends to be slightly lower than the potentials on Cap1 - 3 in all runs. In order to 

find out the reason for this, a 5th pixel circuit was added on the right side of the 4th pixel, 

as illustrated in Fig 5.13. In 100 MC runs, improved match between Cap4 and Cap1 - 3 

were observed while the 5th pixel gives generally lower potential on its capacitor. As a 

result, for the 1 × 4 driver array, it can be concluded that the slightly obvious mismatch of 

the 4th pixels is induced by the layout arrangement, as the 4th pixel is at the design / 

structure edge. To address this problem, it is recommended to add dummy pixels 

surrounding the future, large-scale matrix driver layouts. 

 

From the above simulation results, it can be concluded that, when the prototype 1 × 4 

driver array operates at the designed working frequency (128 𝑀𝐻𝑧 ), it is capable of 

generating synchronized output signals with phases individually tunable in real time. 

 

In order to investigate the low-frequency operation of the prototype driver array, a 

640 𝑘𝐻𝑧, 0.25% duty cycle clock signal was implemented to generate 40 𝑘𝐻𝑧, 4-bit (16 

level) phase control resolution outputs. This clock signal was selected because it shares 

the same pulse width with the 128 𝑀𝐻𝑧 clock signal and, as has been discussed, the 

narrow pulse can provide improved matching and synchronization among pixels. To 

demonstrate the flexibility of the programmable oscillator at the same time, asymmetric 

42.5%  duty cycle, 40 𝑘𝐻𝑧  square wave outputs were intentionally generated at the 

outputs instead of symmetric ones, and Fig 5.15 shows the results.  

 

All pixel outputs are synchronized at 40 𝑘𝐻𝑧 . Being the same as the previous 

simulation clocked at 128 𝑀𝐻𝑧, a single step delay is programmed into the 4th pixel and 

a 22.5° phase difference between Output4 and any one of Output1 - 3 is hence observed. 

These observations have been verified with 100 MC simulation runs, with all of them 
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showing the same results (Fig A.3). 

 

Fig 5.15 The simulated result of the prototype 1 × 4 driver array driven by a 0.25% duty 

cycle, 640 𝑘𝐻𝑧 clock (CLK); Output1 - 4 are the output waveforms from the 1st - 4th pixel 

and Cap1 - 4 are the potentials on the capacitors in the 1st - 4th pixel circuits; Output1 - 4 

are deliberately tuned to be asymmetric 40 𝑘𝐻𝑧, 42.5% duty cycle square waves. 

 

For ease of clock construction, a 5% duty cycle, 640 𝑘𝐻𝑧 clock was then examined 

on driving the driver array, as shown in Fig 5.16. Although the outputs of the four pixels 

are synchronized, more differences among the capacitor charging curves are observed 

because of the 20x wider clock pulses. Notably, the 4th pixel of the 1 × 4  array 

experiences obvious charging speed mismatch. For this reason, there is an undesired 

initial delay (22.5°) on Output4 seen in Fig 5.16. This is due to the layout arrangement 

discussed previously. The increased mismatch is also proved by 100 MC simulations; in 

30% of the runs, the 4th pixel has a one-step initial delay compared to the others, and in 

40% of the 100 runs, all pixels were not synchronized. 
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Fig 5.16 The simulated result of the prototype 1 × 4 driver array driven by 5% duty cycle, 

640 𝑘𝐻𝑧 clock (CLK); Output1 - 4 are the output waveforms from the 1st - 4th pixel and 

Cap1 - 4 are the potentials on the capacitors in the 1st - 4th pixel. 

 

Combining all the simulation results in this section, it can be concluded that, at the 

designed working frequency, the proposed matrix driver structure works as expected, 

managing to generate programmable phase pattern with tunable phase control resolution. 

However, when the proposed matrix driver is to be driven at a frequency much lower than 

it is designed to work at, to assist synchronization of the pixel outputs, a clock signal with 

narrowed pulse width, such as the ones shown in Figs 5.14 and 5.15, is recommended. 

On the other hand, dummy pixels can also be added to improve the matching performance 

among pixels. 

 

In order to further demonstrate the matrix driver functioning, experimental tests have 

been carried out with the prototype 1 × 4 driver array, the results of which are presented 

and discussed in the following section. 



  CHAPTER 5 

96 

 

5.6 Electrical Testing of the Prototype 𝟏 × 𝟒 Driver array 

The prototype 1 × 4 driver array shown in Fig 5.13 has been implemented on a 5 𝑉, 

0.35 µ𝑚 CMOS process at Austria Mikro Systeme (AMS) as a test structure. The 1 × 4 

array itself occupies 80 × 440 𝜇𝑚2, as illustrated in Fig 5.17 (a), and the surroundings 

circuits are buffers and input / output pads for testing purposes. 

 

 

Fig 5.17 (a) 1 × 4  test structure full design layout (b) Photograph of the 1 × 4  test 

structure 

 

 With the help of a test bench shown in Fig A.4, a 128 𝑀𝐻𝑧  clock was first 

implemented to drive the prototype structure. By tuning the biasing voltages, all four pixels 
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in the array were verified simultaneously to generate synchronized outputs with 3-bit - 5-

bit (8 level - 32 level) phase control resolution. The output signals with 4-bit (16 level) and 

5-bit (32 level) phase resolution were selected as examples. Using the square wave from 

the 1st pixel as a reference, three different delays were separately programmed into the 

2nd - 4th pixels, as shown in Fig 5.18. As the same clock frequency has been implemented 

for the two cases, 4-bit phase resolution corresponds to 8 𝑀𝐻𝑧  outputs and 5-bit to 

4 𝑀𝐻𝑧 outputs. Both the output signal frequency and phase appear as expected, which 

successfully proves the functionality of the proposed programmable oscillator and 

synchronization among the pixel outputs. Being the same as the previous counter-based 

prototype, strong buffers are implemented for clock and delay signals to make sure of 

proper delay generation. However, if the pixel count in a row increases in future designs, 

it will be preferable to implement a buffer tree structure. 

 

 

Fig 5.18 Experimental measurements at a clock frequency of 128 𝑀𝐻𝑧 (a) 1 - 3 steps of 

phase shift at 8 𝑀𝐻𝑧 output and (b) 1 - 3 steps of phase shift at 4 𝑀𝐻𝑧 output 

 

  The tunability of the phase control resolution and the output duty cycle are further 



  CHAPTER 5 

98 

 

demonstrated in Figs 5.19 and 5.20. In Fig 5.19, the PMOS (P1) biasing voltage (Vbiasp) 

ranges for different numbers of charging levels are illustrated. The data was obtained by 

determining the range of the Vbiasp that can synchronize all four output signals at 

particular frequencies, corresponding to specific numbers of charging levels. While the 

measurements were taken for PMOS, the Vbiasn, hence the number of discharging levels, 

was fixed, so that the driver array’s capability to generate asymmetric outputs was also 

examined. From the figure, it can be observed that the higher the phase control resolution 

/ the lower the clock frequency, the lower the tolerance for performance mismatch among 

pixels, because of the narrower Vbiasp range. Both of these observations correspond well 

to the discussions in Subsection 5.2.4, and the ways to improve the matching, including 

implementing cascode current mirrors, are further discussed in the next section. 

 

Fig 5.19 Current source (P1 in Fig 5.10) biasing voltage ranges for different number of 

charging levels at different clock frequencies. 

 

Biasing voltage ranges for NMOS (N1) show the same trends as for the PMOS (P1), 

as illustrated in Fig 5.20, and the implementation of high phase control resolution and the 

low frequency clock degrades the mismatch tolerance. By comparing the results in Figs 
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5.19 and 5.20, it is found that the NMOS (N1) generally shows better tolerance to 

mismatch than the PMOS (P1). This is due to a feature of CMOS technology, as PMOS 

usually has higher 𝜆 than NMOS. This result suggests that, if it is allowed, the overall 

biasing requirement can be relaxed by reducing the duty cycle of the outputs. For example, 

32 level phase resolution can be implemented with 14 charging levels and 18 discharging 

levels instead of 16 levels of each to enable higher mismatch tolerance on P1. 

 

Fig 5.20 Current sink (N1 in Fig 5.10) biasing voltage ranges for different number of 

discharging levels at different clock frequencies. 

 

640 𝑘𝐻𝑧 operations were not examined with this prototype structure because of the 

biasing difficulty. However, experimental testing of the low frequency operation will be 

made possible for future ICs by integrating narrowed pulse clock generators on-chip. 

 

 The experimental results presented in this section successfully demonstrates the 

functionality of the proposed programmable oscillator and the driver array based on it, 

including synchronization among pixels, per-pixel phase control capability and the 

tunability of phase control resolution and output duty cycle. For the designed working 



  CHAPTER 5 

100 

 

frequency of 128 𝑀𝐻𝑧 particularly, the matrix driver managed to generate synchronized 

8 𝑀𝐻𝑧 outputs with 4-bit phase resolution whilst also providing high voltage tolerance 

(~ 50 𝑚𝑉) for both P1 and N1 transistors. 

5.7 Discussion and Future Work 

A comparison among the direct-wiring and two proposed AM drivers is given in Table 

5.1. 

 

Table 5.1 A comparison among three kinds of drivers; as discussed in Chapter 2, 10 𝑀𝐻𝑧 

is the maximum frequency of interest. 

 Direct-wiring driver Counter-based 

active-matrix driver 

Novel PO-based 

active-matrix driver 

Output frequency Wide range 

(0 - 10 𝑀𝐻𝑧) 

Wide range 

(0 - 10 𝑀𝐻𝑧) 

High frequency 

preferred 

(1 𝑀𝐻𝑧 - 10 𝑀𝐻𝑧) 

Phase control 

resolution 

Fixed, 4-bit - 5-bit 

resolution 

Fixed, very high 

resolution (7-bit) 

Tunable, 2-bit - 5-

bit resolution 

Scaling complexity 

and cost 

Expensive and 

hard to be scaled 

Relatively 

inexpensive and 

highly scalable 

Relatively 

inexpensive and 

highly scalable 

Device density 

(Per-pixel size) 

Limited density 

(10 𝑚𝑚 × 10 𝑚𝑚) 

High density 

(𝟏𝟏𝟓 𝝁𝒎× 𝟖𝟖 𝝁𝒎) 

High density 

(𝟕𝟓 𝝁𝒎× 𝟗𝟎 𝝁𝒎) 

Power 

consumption 

Few watts 

(16 × 16 pixels) 

Few milliwatts 

(16 × 16 pixels) 

Few milliwatts 

(16 × 16 pixels) 

Output signal duty 

cycle 

– Fixed Tunable 

Phase pattern 

updating speed 

Fast Matrix scale 

dependent 

Matrix scale 

dependent 
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Phase pattern updating speed is further discussed in Section 6.2 

𝑁 ×𝑀 array port 

count scaling trend 

𝑁 ×𝑀 (𝟑 × 𝑵) +𝑴 (𝟑 × 𝑵) +𝑴 

 

According to the table, it can be concluded that the novel Programmable Oscillator 

(PO) based AM driver, although it has a limited output frequency range, provides unique 

features including tunable phase control resolution and a tunable output signal duty cycle. 

 

In order to further improve its performance at frequencies lower than the designed 

operating frequency and / or to provide higher phase control resolution, two actions are 

suggested to be taken for future ICs. The first is on-chip integration of the clock generator 

with tunable duty cycle, through which the low-frequency synchronization among pixels 

can be greatly improved. The second is the implementation of cascode current sources / 

sinks. This can help to match the charging and discharging speeds among pixels and is 

particularly effective at improving the output resistance, hence the performance, of PMOS 

current sources. 

 

In addition, by cascading the proposed oscillator with a digital counter, the maximum 

phase control resolution can also be extended. For example, if the output of a 4-bit counter 

is implemented as the clock to drive the programmable oscillator, a tunable phase 

resolution of 6-bit - 9-bit can theoretically be made possible. However, the tunability of the 

phase resolution and the duty cycle of the output signal will be limited, so this structure is 

recommended only if the application requires. 

5.8 Conclusions 

The proposed PO-based AM driver has been verified with simulations and 

experimental measurements. The phase of each pixel-output is individually 

programmable whilst all pixel outputs are synchronized. Both the tunability of the phase 
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resolution, in the range of 3-bit - 5-bit, and the tunability of the output duty cycle have been 

demonstrated with simulations and experiments. The initial specifications set in Chapter 

2 are well met. Although a limitation exists when the driver is driven by a clock with a 

frequency that is much lower than the designed operating frequency, it manages to 

provide improved flexibility to the matrix driver. 
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6 SUPPORTING CIRCUITS AND SOFTWARE 

A Printed Circuit Board (PCB) that allows the integration of four 1 × 9  prototype 

driver arrays has been designed, fabricated and assembled. This, on one hand, helped to 

prove the scalability of the proposed digital CMOS matrix driver and, on the other hand, 

assisted the acoustic demonstrations. The details of this custom-designed PCB are 

presented in this chapter, followed by the details of software developed and embedded in 

an Arduino platform to realize the fast set up and phase control of the driver arrays. 

 

Then, in order to allow a direct comparison between the CMOS matrix driver based 

phased array system and FPGA based direct-wiring phased array system [1], a 6 × 6, 

40 𝑘𝐻𝑧  ultrasonic 2-D matrix array transducer was built to be driven with air acoustic 

loading by the integrated driver arrays. PCB signal adaptor arrays were designed and 

fabricated to support this, the structures of which are also presented in this chapter. 

 

If the 40 𝑘𝐻𝑧  in-air manipulation system formed with the parts described above 

manages to manipulate particle(s) in response to the real-time demands, it then can be 

concluded that the ASIC design proposed in Chapter 4 has the capability of doing dynamic 

phase shaping. 

6.1 Printed Circuit Board for 4-Chip Integration 

 The schematic outline of the PCB that integrates 4 prototype driver arrays is shown 

in Fig 6.1. The PCB mainly works as a connector among four chips, connecting the global 

shared inputs of the drivers, including the clock signal, reset signals and the CS signals. 

Apart from this, a decoder is added to reduce the number of CS input connections. 

Likewise, taking advantage of the AM addressing, two additional decoders could be 
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implemented to reduce the number of per-row En_Disen and per-row Ex_D signals. 

However, as there are only four of each kind (En_Disen and Ex_D), the yield is limited, 

and the idea is not adopted. 5 𝑉  buffers are added to protect the ASIC outputs and 

improve the driving flexibility of the system, to support later experiments. 

 

 

Fig 6.1 Full view of electrical system 

 

 The top layer layout of the PCB is shown in Fig 6.2, and the components selected for 

the design are listed in Table 6.1. (The bottom layer of the PCB is shown in Fig A.5.) 

 

Table 6.1 List of the selected components 

 Components Description 

5 𝑉 voltage regulators L7805ABV 5 𝑉, 1 𝐴 linear voltage regulator 

4:16 decoder 74HC4514D 4-to-16 line decoder with input latches 

Quartz crystal 16 𝑀𝐻𝑧 For on-board 128 𝑀𝐻𝑧 clock generation 

Clock multiplexer NB3N501 13 𝑀𝐻𝑧 - 160 𝑀𝐻𝑧 PLL clock multiplier 

1:4 fanout clock buffer SB3N551 Ultra-low skew 1-to-4 clock fanout buffer 

Output buffers BUF602 High-speed, closed-loop buffer 
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Fig 6.2 Top layer PCB layout of the PCB for four-chip integration 

 

 One thing to notice is that although an on-board clock generator has been included, 

the PCB was designed to allow an external clock signal also to be implemented to drive 

the driver arrays. As a result, the clock signal frequency can be tuned from 0 to 160 𝑀𝐻𝑧, 

resulting in 0 - 10 𝑀𝐻𝑧 square waves at the outputs with 4-bit phase control resolution. 

6.2 Control Software Based on Arduino Platform 

The Arduino Mega 2560 platform was selected as the computing core of the 

integrated driver arrays and software was developed and embedded into it to allow fast 
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set-up and automatic control of the system. The software transforms the 6 × 6 matrix (of 

ultrasound transducers) address to a 4 × 9  matrix (of PCB outputs) address and 

programs the desired delay into the addressed pixel(s). For the sake of one-to-one 

correspondence, the 4 × 9  to 6 × 6  matrix transformation is made according to the 

layout and interconnections of the 6 × 6 ultrasonic 2-D matrix array transducer, which is 

shown in Section 6.4. Phase control can be realized through initial phase setting before 

the system is run, as illustrated in Fig 6.3, and / or in real-time with the help of 

communication between a laptop and the Arduino. This software also provides functions 

such as the device pattern setting, system reset, and emergency stop.  

 

 

Fig 6.3 Pre-run device and phase pattern settings through the control software 

  

The software implemented no smart device or phase control methodology, only the 

basic ‘parallel phase control’ technique, which always updates in parallel the phases of all 

the output signals in one column. Under this condition, according to Subsections 4.4.2 

and 4.4.3, the phase pattern update time, based on the Arduino Mega 2560 platform, for 
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a 𝑁 ×  𝑀 matrix driver can be estimated with: 

 

2

𝑓𝐶𝐿𝐾
≤ 𝑃ℎ𝑎𝑠𝑒 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑢𝑝𝑑𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 ≤ 𝑀 × (𝑃ℎ𝑎𝑠𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 1 ) ×

2

𝑓𝐶𝐿𝐾
 

 

Where 𝑀 is the number of the column and 𝑓𝐶𝐿𝐾 is the clock frequency. 

 

The fastest update comes when only one step of delay needs to be programmed into 

one single pixel. Conversely, the slowest update happens when, in every column, there is 

at least one pixel requiring (𝑃ℎ𝑎𝑠𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 1) steps of delay. Note that E 

6.1 is only valid when 𝑁 does not exceed the number of the FPGA (Arduino) I/O that can 

generate pulses in parallel, and no decoder is implemented for rows. 

 

For example, when a 640 𝑘𝐻𝑧 clock is implemented to drive the proposed integrated 

4-driver arrays, the phase pattern updating time can be found in the range of: 

 

2

640 𝑘𝐻𝑧
≤ 𝑃ℎ𝑎𝑠𝑒 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑢𝑝𝑑𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 ≤ 9 × 15 ×

2

640 𝑘𝐻𝑧
 

3.125 𝜇𝑠 ≤ 𝑃ℎ𝑎𝑠𝑒 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑢𝑝𝑑𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 ≤ 421.875 𝜇𝑠 

 

And for 128 𝑀𝐻𝑧 clock, this range changes to: 

 

2

128 𝑀𝐻𝑧
≤ 𝑃ℎ𝑎𝑠𝑒 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑢𝑝𝑑𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 ≤ 9 × 15 ×

2

128 𝑀𝐻𝑧
 

 15.625 𝑛𝑠 ≤ 𝑃ℎ𝑎𝑠𝑒 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑢𝑝𝑑𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 ≤  2.110 𝜇𝑠 

 

It is first observed that the phase pattern update time is proportional to the column 

number / array scale. It is then found that a higher frequency clock results in faster phase 

pattern updating. This suggests the idea to introduce a dedicated high frequency clock 

into the system that takes the part of the normal clock when and only when the phase 

(E 6.1) 
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pattern update is needed. However, because the driver arrays prototyped in this project 

are small in scale, this idea was not implemented; nevertheless, it has the potential to 

benefit future larger matrix drivers. 

 

One should also note that Arduino platforms are neither fast enough in computing nor 

accurate enough in timing to achieve the fastest phase pattern updating for high-

frequency operation cases, e.g. at 128 𝑀𝐻𝑧. If high speed is required, assembler-based 

microcontrollers are recommended. Arduino platforms, on the other hand, were adopted 

in this project mainly for the sake of their prototyping flexibility, the Mega 2560 for 

integrated digital driver arrays and the Uno for test benches. 

6.3 High-Voltage Adaptor / Translator Arrays 

In order to provide an acoustic field that is strong enough to levitate a particle in the 

air, four 1 × 9 voltage-level translator / adaptor arrays were built to translate the 0 - 5 𝑉 

unipolar square waves, from the PCB shown in Fig 6.2, to at least 16 𝑉𝑝𝑝 bipolar signals 

[1]. Fig 6.4 (a) shows the circuitry schematic of one of the adaptors. The capacitor works 

as a signal conditioner which removes the DC component of the signal. The potentiometer 

is set to allow the output amplitude to be adjusted between 0 and (𝑉+  − 𝑉−); with a 

value × 10, the gain of the amplifying circuit is set to be large enough to ensure the output 

amplitude can reach (𝑉+  − 𝑉−) in an ideal case. Fig 6.4 (b) shows the PCB top layer 

layout of the 1 × 9 voltage-level translator / adaptor array. By connecting four translator 

arrays to the integration PCB with ribbon cables, maximum 28 𝑉𝑝𝑝 continuous signals 

were obtained like the ones shown in Fig 6.5. 
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Fig 6.4 1 × 9 adaptor / driver array (a) Schematic of one single adaptor / driver (b) Top 

layer PCB layout of the 1 × 9 adaptor / driver structure 

 



  CHAPTER 6 

110 

 

 

Fig 6.5 1 - 4 steps of phase shift at 40 𝑘𝐻𝑧, 28 𝑉𝑝𝑝 translated output 

 

6.4 𝟔 × 𝟔 Ultrasonic 2-D Matrix Array Transducer 

To prove that the circuitry is scalable and demonstrate its phase shaping capability 

acoustically, a 6 × 6 ultrasound transducer matrix was constructed to form an ultrasonic 

2-D matrix array transducer. More specifically, 36 air-coupled ultrasonic piezoceramic 

transducers, (400ST100, PROWAVE) were integrated as shown in Fig 6.6 (a) on a PCB 

adaptor shown in Fig 6.6 (b). These transducers were selected because they share the 

same size, 10 𝑚𝑚  diameter, and resonant frequency, 40 𝑘𝐻𝑧 , with the transducer 

elements used in [1]. Although the ASICs were designed for 7 𝑀𝐻𝑧 - 8 𝑀𝐻𝑧 transducers, 

the construction of this 40 𝑘𝐻𝑧  air-coupled array provided an effective way of 

demonstrating dynamic acoustic hologram generation. 
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Fig 6.6 (a) Photograph of the 6 × 6 ultrasonic 2-D matrix array transducer (top view) (b) 

Bottom layer PCB layout of the 6 × 6 ultrasonic 2-D matrix array transducer 

6.5 Full System Integration 

 The full system, including both the electronic and acoustic parts, is shown in Fig 6.7. 

A custom-designed transparent case was made to prevent electrostatic discharge and 

help the wire routing. The connections among the PCBs are made though ribbon cables, 

which inevitably introduces some additional phase delay to the signals because of the 

parasitic elements possessed by the cables and connectors. However, by implementing 

identical cables with the same length to deliver the signals, these delays are expected to 

be approximately uniform and hence will not significantly affect the phase pattern. 
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Fig 6.7 Photograph of the full system set-up 

 

Demonstrations similar to the particle levitation and manipulation that have been 

published previously [1] provide strong evidence of the CMOS matrix drivers functioning 

successfully, as described in Chapter 7.  

6.6 Conclusions 

This chapter provides a full view of the ultrasonic testing system setup, including a 

main PCB that integrates four ASICs, four 1 × 9 high-voltage adaptor arrays and an air-

couple phased array transducer. It also introduces the system control software and the 

Arduino platforms implemented for different test benches. 

 

The 40 𝑘𝐻𝑧 ultrasonic testing system proposed allows the ASIC design to be tested 

for both the static and dynamic acoustic hologram generation, which hence provides 

qualitative evidence for the analysis and discussions made in Chapters 7 & 8. 
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7 ACOUSTIC DEMONSTRATIONS 

This chapter mainly provides three distinct pieces of evidence that demonstrate the 

function and the scalability of the implemented CMOS matrix driver, including microphone 

measurements; in-air particle trapping demonstrations; and laser vibrometer 

measurements. 

 

In the microphone measurements, acoustic fields generated by implementing certain 

phase patterns across the ultrasonic 2-D matrix array transducer were measured with a 

microphone system [1]. In the in-air trapping demonstrations, one of the phase patterns 

presented in [2] was implemented with the full system integration shown in Fig 6.7 to 

perform levitation of a polystyrene particle, and a simple dynamic phase pattern was then 

implemented to realize vertical manipulation of the particle. Finally, in the laser vibrometer 

measurement, a 2 × 2 PMUT 2-D matrix array transducer was driven with the proposed 

CMOS matrix driver. 

 

These results demonstrate the capability of the CMOS based system in terms of 

phase (pattern) control and hologram generation, both statically and dynamically, and the 

functioning of the CMOS driver is hence demonstrated. As most of the results were 

obtained through the combined operation of the four chips, the scalability of the matrix 

driver is proved at the same time. In addition, the PMUT vibration measurement provides 

strong evidence of the potential and feasibility of future ‘PMUT-on-CMOS’ integration. 

7.1 Microphone Measurements 

In this section, microphone measurement set-up, calibration and results are covered 

and discussed. The measurement set-up is shown in the Fig 7.1. Signal translators were 
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not used because microphone does not require high sound pressure and low acoustic 

field intensity can help reducing interference caused by the reflection of ultrasound waves. 

 

 For ease in arranging the microphone system, cables with different lengths were 

implemented to deliver the driving signals to the transducer elements in the 2-D matrix 

array transducer, as illustrated. This, together with the impedance mismatches among low 

cost ultrasound transducers (400ST100, PROWAVE), inevitably resulted in undesired 

relative delays to the acoustic outputs. As a result, a system calibration was carried out 

before the measurement was taken.  

 

 

Fig 7.1 Photograph of the microphone measurement set-up 

7.1.1 Microphone Calibration 

To properly measure the system performance, the microphone system [1] was first 

used to calibrate the system by positioning the microphone under each transducer outputs 

and comparing the measured signal against a reference signal (signal with zero phase 
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shift). During calibration, the amplitude of the measured signal is normalized, and phase 

difference between reference and measured signal gives a phase offset that is then 

introduced as additional phase shift components for array control. Note that, because the 

array transducer used in this project only consist of 36 elements, the calibration was done 

one transducer by one transducer. However, if a system with large number of elements, 

e.g. 100 × 100 elements, is required to be calibrated, the transducers are recommended 

to be grouped, e.g. each group comprises 10 × 10 elements, and the calibration can be 

done group by group.  

 

The calibration phase pattern for the presented system is shown in Fig 7.2. The 

pattern depends on the measurement set-up, and for the set-up shown in Fig 7.1, the 

calibration is valid for a vertical distance of 60 𝑚𝑚 between microphone and transducer 

matrix. By loading this pattern to the system, the measured initial output phase of every 

single transducer element is set to approximately zero. And the patterns implemented for 

microphone measurement can then be loaded upon this calibration pattern to obtain the 

calibrated result. 

 

 

Fig 7.2 Calibration phase pattern 

 

The calibration precision is determined by the phase control resolution. For the 
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presented case, as the system can provide 4-bit phase resolution, the maximum phase 

error is reduced to 𝜋/8. For further improvement, careful impedance matching could be 

carried out between every buffer output and the ultrasound transducer input connected to 

it. However, since the purpose of the system is to prove the functioning of the phase 

control ASIC, no further adjustment was performed. 

7.1.2 Basic Functioning Demonstrations 

To initially demonstrate the calibration outcome and system phase control, two simple 

patterns were produced by the system and measured with the microphone setup [1]. Fig 

7.3 (a) shows the acoustic field generated by a single excited transducer element with 0° 

phase shift applied. The driving signal was fixed at 5 𝑉𝑝𝑝 , unipolar, and the relative 

intensity was measured across a 50 × 50 𝑚𝑚2 area. From the phase map it is clear that 

at the centre position of the operating transducer, the phase of the wavefront at a vertical 

distance of 60 𝑚𝑚  is approximately zero at the centre position of the operating 

transducer, as expected. This is the expected value after calibration.  

 

A 𝜋/8 (22.5°) phase change was then applied to the system, which is the minimum 

phase change the IC can provide, and the acoustic field formed is shown in Fig 7.3 (b). 

By subtracting the results shown in Fig 7.3 (a) from Fig 7.3 (b) and averaging the 

difference, it is found that although the absolute phase values are affected by the errors 

remained after calibration, the average phase difference between the two patterns is at 

23.9° . This gives a 1.4°  error from the expected 22.5°  phase change. Based on the 

results obtained, it shows that the ASIC is capable of delivering a useful degree (4-bit 

resolution) of phase control. 
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Fig 7.3 (a) Phase and relative intensity of the acoustic field generated by stimulating a 

single transducer element with a non-delayed square wave (b) Phase and relative 

intensity of the acoustic field generated by stimulating a single transducer element with 

one step-delay (22.5°) square wave. The intensity maps show the normalized acoustic 

field intensity, which are expected to be the same for cases (a) and (b). 
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7.1.3 Orbital Angular Momentum (OAM) Pattern 

In order to demonstrate the programmable phase of the system, an azimuthal phase 

was programmed similar to that used for the generation of structured wavefronts that carry 

orbital angular momentum [3]. Such wavefronts have been used to rotate particle [4] 

without continuous updating of the amplitude of the acoustic signal to drive the required 

rotation [2]. To achieve suitable spatial resolution, all 36 transducer elements were 

activated with the appropriate phase profile expressed by: 

 

Ѱ(𝜙) = 𝑒𝑗𝑙𝜑 

 

where 𝑙 is the topological charge and is an unbounded integer and 𝜑 is the azimuthal 

angular coordinate. Fig 7.4 (b) is a representation of the phase profile for 𝑙 = 1 for 36 

transducers (Fig 7.4 (a)). By applying this profile to the transducer array, the intensity and 

phase maps in Fig 7.4 (c) and Fig 7.4 (d) were obtained, respectively. 

 

An example of OAM mode can be found in [1] and, comparing the results in Fig 7.4 

(c) and (d) to that mode, it is clear that there are some undesired interface effects can be 

seen at the centre of the measurement in this work. These are attributed to phase 

aberrations arising from electrical impedance mismatches, errors in spatial locations of 

the transducers, and grating lobes caused by the transducer spacing being larger than 

the half wavelength of sound. Performance could be improved particularly by reducing the 

spacing between transducer elements to at most 4.3 mm to eliminate grating lobes and 

generate a coherent wavefront, as shown in [1]. 

 

(E 7.1) 
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Fig 7.4 (a) Photograph of the transducer array used to generate spatially structured 

acoustic beams. Small variations in position of the transducers can be seen. (b) The 

azimuthally varying phase applied to the transducer array. (c) Intensity and (d), phase of 

the acoustic field generated by applying the pattern in (b) and showing aberrations from 

arising impendence errors and interference. 

7.2 In-Air Particle Levitation and Manipulation 

7.2.1 In-Air Particle Levitation 

In order to further demonstrate the system capabilities and flexibility, the twin trap 

patterns presented in [2] was adopted, shown in Fig 7.5. In order to provide a field strong 
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enough to levitate physical object in air, four 1 × 9  voltage-level translator / adaptor 

arrays were used, as shown in Fig 6.7. With the phase pattern and calibration set, the 

system was able to levitate and trap a 5 𝑚𝑚 diameter expanded polystyrene particle, as 

seen in Figs 7.6 and 7.7. 

 

 

Fig 7.5 In-air trapping / levitation pattern. This pattern is formed by combining twin trap 

signature with a focusing lens. [2] 

 

 

Fig 7.6 Photograph of the particle in-air trapping 
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7.2.2 In-Air Particle Manipulation 

To prove that the system is capable of generating dynamic acoustic fields in real time, 

simple vertical real-time manipulation was performed. According to [2], the implemented 

trapping patterns for object manipulation can be decomposed into two patterns: one with 

the required phases for trapping and manipulation and the other with a phase pattern 

corresponding to a holographic lens used for focusing. For the proposed system, to realize 

real-time vertical manipulation, delays are continually added to the transducer elements 

in the outer ring. This keeps changing the focal point of the “lens”, thus changing the 

vertical trapping position. As a result, the expanded polystyrene particle moves up and 

down with reference to the trapping point. This vertical manipulation is shown in Figs 7.7 

(a) and (b); the maximum vertical distance is ~ 5 𝑚𝑚 with minimum step ~ 0.3 𝑚𝑚 and 

a total of 16 steps. 

 

 

Fig 7.7 In-air vertical manipulation of a polystyrene particle (a) Start of vertical 

manipulation. (b) End of vertical manipulation. The particle is levitated to ~ 5 𝑚𝑚 above 

the transducer surface, and the height can be varied by approximately the same amount 

in 16 steps. 
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These results are a qualitative demonstration of the acoustic field shaping. As 

discussed in the Chapter 6, if the scale of the array becomes large, a slight reduction on 

the phase pattern update speed (frame rate) will be expected. For example, if a 640 𝑘𝐻𝑧 

clock is implemented to drive a 500 × 500 pixel system, and 20 gates of an FPGA are 

used to update phase in parallel by sending RD signals, according to Section 6.2 and 

equation E 6.1, the worst-case whole-matrix phase pattern update time can be estimated 

as: 

 

500 ×
500

20
× (16 − 1) ×

2

640 𝑘𝐻𝑧
≈ 0.586 𝑠 

 

 However, this time may be reduced by optimizing the dynamic programmable phase 

algorithm or by constraining in ways allowed by a given application. 

7.3 Towards Integrated Tweezers with Micromachined Ultrasonic Transducers 

 To provide direct evidence demonstrating the feasibility and potential of PMUTs 

integrated and controlled with the CMOS driver ASIC, an experimental prototype PMUT 

matrix [6] was driven by the prototype 1 × 9 driver array. 

  

The PMUT matrix used consists of a 2 × 2  arrangement of elements, and each 

element contain nine (3 × 3) 8 𝑀𝐻𝑧 diaphragms (Fig 7.8 (a)). Four synchronized 8 𝑀𝐻𝑧, 

5 𝑉𝑝𝑝  unipolar square waves were generated from the ASIC to drive the four PMUT 

elements arrays. To demonstrate the phase control performance, four square waves were 

set with 0°, 90°, 180° and 270° phase shifts and the vibration of the PMUT matrix was 

recorded with a laser Doppler vibrometer, Fig 7.8 (b) (c) (d). 
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Fig 7.8 Vibration phase and intensity captured by laser vibrometer. (a) Photograph of the 

2 × 2 PMUT matrix array (b) Phase pattern / map used for demonstrating acoustic field 

shaping (c) Vibration intensity captured by laser vibrometer, showing clear shape of the 

PMUTs (d) Vibration phase captured by laser vibrometer (e) 3-D phase map 
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Because the electrical connections between the CMOS matrix driver and the PMUT 

elements were made through external cables, the deflection intensity of the PMUTs was 

inevitably degraded due to the impedance mismatch. Impedance mismatch causes a 

reduction in the energy that transfer from the driver to the transducer and hence results 

in reduced deflection amplitude. This degradation is recorded as an intensity map in Fig 

7.8 (c), which shows an average deflection amplitude of several nanometers; however, a 

clear representation of the shape of the PMUTs can still be observed. By properly 

matching the impedance between the matrix driver and PMUTs in future on-chip 

integrations, an improved average deflection is expected. 

 

In terms of phase mapping, although the propagation delay and RC time delay cause 

undesired phase shifts to acoustic outputs, these shifts are expected to be uniform as 

they are generated by identical cables of the same length when the circuitry is connected 

to the PMUTs. Further study of the phase differences among acoustic outputs to 

demonstrate acoustic field shaping is warranted. Nevertheless, as shown in Fig 7.8 (d), 

the four phase quadrants can be observed clearly. There is approximately 50° phase 

difference between the phase pattern set in the program, as shown in Fig 7.8 (b), and the 

measurement shown in Fig 7.8 (d). It is observed that this difference is uniform across all 

diaphragm locations, hence our conclusion that the cause is some combination of 

propagation delay and resistor-capacitor time delay. Importantly, however, the relative 

phase between transducer elements is as expected, which is sufficient to demonstrate 

acoustic field shaping. 
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7.4 Conclusions 

Following previous electrical demonstrations, this chapter provided acoustic evidence 

demonstrating the features and functioning of the proposed digital CMOS matrix driver 

design. On one hand, the microphone measurements and the in-air particle manipulation 

proved the scalability of the design, and both static and dynamic acoustic field shaping 

capability. On the other hand, the laser vibrometer measurement with PMUTs has 

demonstrated the feasibility and potential of future ‘PMUT-on-CMOS’ (PMoC) integration. 

 

The ‘PMoC’ integration, once realized with the proposed CMOS matrix driver and 

PMUTs such as the ones used in the measurement, is expected to have many desirable 

features including small pixel size, high phase control resolution, and excellent scalability. 

These features are summarized and compared with other prevalent acoustic holographic 

techniques in Table 7.1. The pixel size estimation of the ‘PMoC’ integration is made 

according to the size of the prototype CMOS matrix driver pixel size and the prototype 

PMUT pixel size illustrated in Figs 4.12 and 7.8, respectively, with all other features 

provided by the CMOS matrix driver design. 

 

The ‘PMoC’ integration is an acoustic holographic solution balanced between directly-

wired holographic acoustic elements [2], which mainly feature the fast phase pattern 

speed, and “holograms for acoustics” [5], which feature high phase control resolution and 

pixel density. Compared with the directly-wired holographic acoustic elements [5], ‘PMoC’ 

integration provides significantly improved hologram resolution by port count reduction. 

Further, compared with the “holograms for acoustics” [2], it has the potential for real-time 

reconstruction of the acoustic field. It is thus proposed that ‘PMoC’ integration or, more 

generally, ‘Piezoelectric-on-CMOS’ (PoC) integration will play an important role in many 

acoustic hologram applications in the future. 
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Table 7.1 Expected features / characteristic of the PMUTs-on-CMOS integration based 

on the proposed CMOS matrix driver 

 Holographic 

acoustic elements 

（Direct-wiring） 

[2], 2015 

Hologram for 

acoustics 

[5], 2016 

Future 

PMUTs-on-CMOS 

integration 

（This work） 

Pixel count 16 × 16 15000 50 × 50 

Pixel size 10 𝑚𝑚 × 10 𝑚𝑚 375 𝜇𝑚 × 375 𝜇𝑚 ~ 300 𝜇𝑚 × 300 𝜇𝑚 

Phase control 

resolution 

4-bit - 5-bit 100 level 

(6-bit - 7-bit) 

7-bit or 

even higher 

Power 

consumption 

Few watts 

(16 × 16 pixel) 

Few hundreds 

of milliwatts 

(15000 pixel) 

Few hundreds 

of milliwatts 

(50 × 50 pixel) 

Phase pattern 

updating speed 

Fast – 

(Fixed) 

~ 4.7 𝑚𝑠 

(Matrix scale 

dependent) 

Scalability Limited High High 

𝑁 ×𝑀 array port 

count scaling trend 

[If 𝑁 = 𝑀] 

𝑁 ×𝑀 

 

[𝑁2] 

– 

 

(3 × 𝑁) +𝑀 

 

[4𝑁] 
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8 CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

Holographic acoustic fields or acoustic holograms offer biocompatible, contactless 3-

D manipulation of nanometer to micron-scale particles and particle groups. From an 

application point of view, this best suits the manipulation of viable particles such as cells. 

For the purposes of real-time, high resolution 3-D manipulation, reconfigurable acoustic 

holograms with high holographic resolution are required. Acoustic phased arrays, among 

all the acoustic holographic techniques, are promising for this purpose. However, firstly, 

to provide a reconfigurable acoustic hologram, all the driving signals to the ultrasound 

transducers in the phased array must be synchronized whilst permitting individually 

tunable phases. Secondly, the phased array should have high scalability, because the 

holographic resolution and information content of the hologram are direct proportional to 

the number of pixels. 

 

While existing acoustic phased arrays have realized individual control of pixels 

through direct wiring of FPGA outputs to ultrasound transducers, this, on the other hand, 

inevitably limits the scalability of the system and only limited holographic resolution is 

provided. As a result, the project described in this thesis has proposed direct integration 

of ultrasonic transducers and CMOS matrix drivers as a future phased array solution to 

produce the desired acoustic fields. By investigating the scalability of three kinds of 

ultrasound transducer arrays, the interest of this project has been further expanded with 

direct integration of the piezoelectric ultrasonic transducers and the CMOS matrix driver, 

named ‘Piezoelectric-on-CMOS’ (PoC) integration. The aim of the project has then been 

set as providing at least one scalable CMOS matrix driver design, which can generate 

synchronized output signals with individually tunable phases, as the prototype electronics 
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for the future ‘PoC’ integration. 

 

A non-linear regression modelling method and a SPICE model optimized for it have 

firstly been developed to assist the design simulation of the CMOS matrix driver. This 

method is suitable for modelling piezoelectric ultrasonic transducers with clear resonance 

and anti-resonance features. Two sets of transducer impedance data have been 

implemented to verify the modelling quality, and for isolated modes, the simulation shows 

average correlation coefficients of at least 0.99. Non-isolated modes can also be modelled 

with correlation coefficients exceeding 0.99 without unduly restricting the frequency range. 

Compared with the existing non-linear regression modelling method for piezoelectric 

ultrasonic transducers, the new method improves the broadband fitting quality by 

implementing an optimized model whilst also providing a means to model non-isolated 

modes. 

 

A digital CMOS matrix driver has then been designed. In order to facilitate the 

scalability of the design, the Active-Matrix (AM) addressing technique has been 

implemented. Moreover, to enable individual control of the pixels, a novel phase control 

methodology has been developed to support the AM addressing. This methodology allows 

the per-pixel phase information to be ‘stored’ and performed with per-pixel digital counters. 

By clocking these counters simultaneously and referring the pixel-outputs to them, the 

signals generated from the matrix driver are inherently synchronized. Furthermore, by 

controlling the number of the clock pulses to be counted, the phase of a counter output is 

controlled, and hence the pixel output. Because the phase change is only programmed 

for the addressed pixel, control is realized individually. 

 

For an 𝑁 ×𝑀 CMOS driver matrix with arbitrary phase pattern generation capability, 

the port count is (3 × 𝑁) +𝑀. This compares favourably with the 𝑁 ×𝑀 port count of 

conventional direct-wiring devices. Additionally, the phase control resolution of the CMOS 



  CHAPTER 8 

131 

 

matrix driver can be simply improved by implementing higher bit count counters. The 

improved scalability and phase control resolution will enable the pursuit of higher 

holographic resolution once the matrix driver is integrated with scalable ultrasound 

transducer arrays, which opens the potential for its use in a wide range of applications. 

 

A prototype 1 × 9  driver array was implemented with a 0.35 𝜇𝑚 , 5 𝑉  CMOS 

process and experimentally tested to verify the above CMOS matrix driver design. 

Electrical tests were firstly carried out, which have successfully demonstrated the phase 

control capability of the design. Then, by implementing a custom-designed PCB, four 

prototype driver arrays were integrated into a 4 × 9 matrix driver. This was done to drive 

a 6 × 6 ultrasonic transducer matrix constructed with commercial transducer elements 

forming a phased array system. Two acoustic demonstrations were performed with this 

phased array: microphone measurement of an Orbital Angular Momentum (OAM) pattern 

and in-air manipulation of an expanded polystyrene particle. These have demonstrated, 

respectively, static and dynamic acoustic field shaping of the matrix driver design. The 

scalability of the design has also been proved, as the four chips were integrated and 

functioned as expected. The digital CMOS matrix driver design thus not only met all the 

specifications listed in Chapter 2, Table 2.4, but also provided enhanced performance and 

features such as a smaller footprint and a wider working frequency range. 

 

In order to provide improved flexibility for matrix driver design in the future, a novel 

programmable oscillator was developed and implemented to replace the fixed digital 

counter. It can be seen as a programmable counter in the intended holography application 

while, compared with existing programmable counters, it offers smoothly tunable delays 

and output signal duty cycles. As the implementation of this novel oscillator is compatible 

with the phase control methodology developed, the AM addressing technique was 

adopted again to enable high scalability. The port count scaling trend of the matrix driver 

design based on the novel oscillator is (3 × 𝑁) +𝑀, which is the same as with the digital 
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driver. As well as massive Monte Carlo simulation verification, a prototype 1 × 4 driver 

array was implemented with a 0.35 𝜇𝑚, 5 𝑉 CMOS process to prove the functioning of 

the design. Electrical testing of this prototype showed performance matching the 

simulation, which demonstrates its acoustic field shaping capability. Although the working 

frequency range and the highest phase control resolution provided by this initial matrix 

driver design are not as high as have been provided by the previously proposed digital 

matrix driver, potential solutions were proposed, and its performance was sufficient to fulfil 

the specifications listed in Table 2.4. This mixed signal matrix driver is a complementary 

design to the fully-digital matrix driver, with the detailed features summarized and 

compared in Section 5.7 (Table 5.1). The proposed novel programmable oscillator itself, 

is a strong candidate for many applications requiring flexible signalling, such as on-chip 

signal generators, phase-locked-loops and so on. 

 

To conclude this project and provide a more direct evidence to demonstrate the 

feasibility and potential of the future ‘PoC’ integration, an experiment was performed to 

drive a prototype 2 × 2 PMUT matrix with the proposed digital CMOS matrix driver. A 

simple four quadrant phase pattern was implemented on the PMUT matrix with one of the 

prototype chips and the vibrations of the PMUTs were recorded with a laser Doppler 

vibrometer. Clear evidence of acoustic field shaping has been observed from the result, 

which successfully demonstrates the feasibility and potential of the ‘PMUTs-on-CMOS’ 

(PMoC) integration. Some expected features of the ‘PMoC’ phased array systems are 

summarized and compared with the other acoustic holographic techniques in Table 7.1 

(Section 7.4). 

 

The works presented in this thesis has provided a robust, compact SPICE model for 

piezoelectric ultrasonic transducer array elements, two custom-designed CMOS matrix 

drivers for the future ‘PoC’ integration and many electrical and acoustical demonstrations 

of the proposed CMOS matrix drivers’ functioning. Additionally, the feasibility and potential 
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of the ‘PoC’ integration has been demonstrated with preliminary evidence. As a result, 

according to the goals listed in Chapter 1, it can be concluded that all the main objectives 

and hence the overall aim have successfully been fulfilled for this project. 

8.2 Future Work 

Providing acoustic evidences for mixed signal CMOS matrix driver:  

 The 6 × 6 ultrasound transducer matrix and the prototype PMUT matrix used in the 

previous experiments can be implemented for a second time to verify the scalability and 

functioning of the mixed signal CMOS matrix driver. This should also involve the design, 

fabrication and assembly of a new PCB for integrating multiple 1 × 4 prototype driver 

arrays. 

 

‘Piezoelectric-on-CMOS’ integration: 

 The first ‘PoC’ integration is planned to be realized with the flip-chip bonding of the 

prototype driver arrays and next generation of the prototype PMUT. Through this 

integration, the PMUT deflection amplitude and hence the energy transfer will be studied. 

This can assist the design of the next matrix driver, which, on one hand, will be larger in 

scale (16 × 16) and, on the other hand, will contain lumped element matching networks. 

 

Lumped element matching networks: 

In order to realize the maximum energy transfer between a CMOS matrix driver and 

a transducer matrix, impedance matching for every individual connection between driver 

output and transducer input is required. So, a lumped element matching network design 

will be involved in future work. A successful design should not only maximize the energy 

transfer, it should also maintain the scalability of the future integrated phased array. 



   

134 

 

 

PUBLICATIONS 

[1] Song, R., Underwood, I., Qiu, Y., Lay, H., Cochran, S. (2018). A Robust, Compact SPICE 

Model for Piezoelectric Ultrasonic Transducer Array Elements 2018 IEEE SENSORS. 

https://dx.doi.org/10.1109/icsens.2018.8589814 

 

[2] Song, R., Richard, G., Cheng, C., Teng, L., Qiu, Y., Lavery, M., Trolier-McKinstry, S., Cochran, 

S., Underwood, I. (2019). Multi-Channel Signal Generator ASIC for Acoustic Holograms IEEE 

Transactions on Ultrasonics, Ferroelectrics, and Frequency Control PP(99), 1-1. 

https://dx.doi.org/10.1109/tuffc.2019.2938917 

 

[3] Teng, L., Pan, K., Nemitz, M., Song, R., Hu, Z., Stokes, A. (2019). Soft Radio-Frequency 

Identification Sensors: Wireless Long-Range Strain Sensors Using Radio-Frequency 

Identification Soft Robotics 6(1), 82-94. https://dx.doi.org/10.1089/soro.2018.0026 

 

  



   

135 

 

 

APPENDIX 

 

Fig A.1 Test bench for prototype 1 × 9 driver array. (Digital CMOS matrix driver design) 

 

To help the development of control software for the later system automation, the 

control signals, ‘Row Delay’ (RD) and ‘Column Select’ (CS), are generated with 

mechanical switches in this first test bench. As a result, debounce circuitries were included 

for switch bounce control. The signals produced by mechanical switches are firstly saved 

with D-type flip-flops, and only the saved static states are then delivered to control the 
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chip. Before generating output signals with desired phase, the chip should be properly set 

up following the timing diagram shown in Fig 4.10. And the phase control at specific pixels 

are realized with CS and RD signals. The results shown in Fig 4.13 were taken from this 

test bench. 
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100 times of Monte Carlo (MC) simulation have been run to verify the prototype 1 × 4 

driver array layout, driven by 128 𝑀𝐻𝑧, 50% duty cycle clock. 100% of these MC runs 

show all four pixels are well-synchronized (Fig A.2). 
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All pixel outputs are synchronized at 40 𝑘𝐻𝑧 . Being the same with the previous 

simulation clocked at 128 𝑀𝐻𝑧, one step of delay is programmed into the 4th pixel and a 

22.5° phase difference between Out4 and any one of the Out1 ~ 3 is hence observed. 

These observations have been verified with 100 MC simulation runs, with all of them 

showing the same results, as shown in Fig A.3. 

 

 

Fig A.4 Test bench for prototype 1 × 4 driver array. (Mixed signal CMOS matrix driver 

design) 

 

All digital control signals are generated by Arduino Platform (UNO), while analog 

biasing voltages, Vbiasp and Vbiasn, are obtained from a precision source (Model 

B2912A, Agilent Technologies). 
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Fig A.5 Bottom layer PCB layout of the PCB for four-chip integration 

 

 

Fig A.6 Photograph of four-chip integration PCB & transparent case 
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Fig A.7 Photograph of the Laser Vibrometer measurement set-up 
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