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Apstract

The main objective of this thesis is to design a transmitter channel which is implemented in a

2D phased-array ultrasound neuromodulation system aiming for the vagus nerve stimulation.

The vagus nerve has the widest distribution in the parasympathetic system and it oversees
several important bodily functions such as the control of mood, immune response, digestion,
and heart rate. The potential of vagus nerve neuromodulation in the medical area is huge
with these functions and has been studied for decades. The traditional way of vagus nerve
stimulation (VNS) is electrical stimulation which requires surgery to implant the stimulator un-
der the skin. It has been proven that electrical VNS has therapeutic effects on many dis-
eases such as rheumatoid arthritis, refractory epilepsy and depression. However, there are
still several limitations to electrical VNS. Inside the vagus nerve, there are several fibers and
some unwanted fibers will be stimulated because the spatial resolution of electrical VNS is
relatively low. Side-effects including cough, throat pain, voice alteration, and dyspnea are
caused due to inadequate spatial resolution. Compared with the electrical approach, focused
ultrasound wave could provide a high spatial resolution and does not require any surgery. It
has been proven that the ultrasound stimulation could modulate the neuron activity and ap-
plications have been conducted in the stimulation for the central and peripheral nervous sys-
tem, including the vagus nerve. Using a 2-D phased array, the ultrasound VNS system could
also tune its focal spot in a 3D space without any mechanical controlling stage, which ena-
bles the VNS device to be portable while remaining its precision. The detailed modulation
mechanism of the VNS is still under discovery and the ultrasound VNS devices are of great
potential with the advantages mentioned above. In an ultrasound VNS system, the transmit-
ter is an essential section which determines the accuracy of spatial resolution and the ampli-
tude of focal pressure. In this work, an ultrasound transmitter channel circuit is designed to

be implemented in a 2-D phased array ultrasound VNS system.

Keywords: vagus nerve neuromodulation, ultrasound, transmitter, 2-D array
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Chapter 1 Introduction

In this chapter, the essential effects and the potential of the vagus nerve neuromodulation will
be illustrated first, followed by the introduction of different methods on the vagus nerve stimu-
lation (VNS). After the comparison, the ultrasound VNS appears to be a better approach than
the traditional electrical VNS. The possible mechanism and essential parameters of the ultra-
sound VNS will be explained in details. The transmitter in an ultrasound VNS system is of
great importance and its design is the main purpose of this thesis work. Prior arts of the trans-
mitter and the design specifications will be demonstrated after introducing the architecture of
the transmitter. At last, the organization of the whole thesis is shown.

1.1 Vagus nerve
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Figure 1.1 Vagus Nerve in Parasympathetic Nerve System [1] and related function[2]

The Vagus nerve is the 10" cranial nerve and the main contributor to the parasympathetic
nervous system. It has the widest distribution in the body, as shown in Fig 1.1, from the brain
to the abdomen, connecting the brain to the heart, lungs, stomach, and many other organs.
These connections are built by the somatic and visceral afferent fibers, as well as general
and special visceral efferent fibers in the vagus nerve. Thus, a vast array of crucial bodily
functions are overseen by the vagus nerve, including control of mood, immune response, di-
gestion, and heart rate[3]. The organs that the vagus nerve innervates and the related func-
tions[2] have been studied by scientists are summarized and listed in Figure 1.1.



With these functions, the potential of vagus nerve neuromodulation in the medical area is
huge and has been studied for decades. A relatively mature application is the VNS using in
the treatment of refractory epilepsy and depression[4], which have also been approved by
the Food and Drug Administration (FDA) in 1997 [5] and 2005 [6] separately. Further re-
searches also illustrate the therapeutic effects of VNS in hypertension heart failure, rheuma-
toid arthritis, tinnitus, and stroke rehabilitation[7]. However, the inside mechanism of vagus
nerve neuromodulation is not fully established and the efficacy varies from patient to patient
with some side effects including cough, throat pain, voice alteration, and dyspneal8]. Thus,
the improvement in the VNS methods or devices would be vulnerable for a further under-
standing of the vagus nerve modulation and fewer side effects, which is also the motivation
of this work. Historically, the VNS is conducted by an electrical stimulator, but focused ultra-
sound has also emerged to be an approach. The details and differences between these two
methods are explained below.

1.2 Vagus nerve stimulation

1.2.1 Electrical VNS

Vagus nerve

\__r % Electrodes
! 5 Y

\ Pulse generator
//

E

Figure 1.2 Electrical VNS[9]

As shown in Fig.1.2, normally an electrical stimulator is surgically implanted under patients’
skin. The pulse generator delivers electrical pulses to cuff electrodes wrapped around the
vagus nerve, near the neck where the vagus nerve is most accessible. The control of output
current, signal frequency, pulse width, and on-time of signal could be tuned for different pa-
tients or different extent therapy. There are several commercial implantable VNS products,
such as the SenTiva VNS Therapy by LivaNova[10] and the VNS Therapy system by
Cyberonics[11]. The control of seizures improved over time[10], and according to[11], more
than 60% of patients with refractory epilepsy gained 50% or more reduction in seizures.



However, there are several limitations of electrical VNS. First, it requires surgery, which
might introduce more risk to the patients. Charging or replacing the battery would be a fur-
ther problem. Second, currently, the spatial resolution of electrical stimulation is not high
enough. Since the vagus nerve inside contains many fibers, or neuron axons, which execute
different functions, a coarse stimulation activates some unwanted fibers and affects both the
discovery of the vagus nerve modulation mechanism and the treatment effect. Although a
non-invasive electrical VNS device also emerged (the gammaCore Sapphire[12]), the effi-
cacy is affected, and spatial resolution is even worse when electrical sighals have to pass
through the skin. Besides, as a handheld device for patients, the gammaCore could not en-
sure the stimulation area is fixed on the vagus nerve during therapy. A real-time system
would be preferred when VNS therapy is conducted. Despite the success of electrical VNS
in the treatment of epilepsy and depression, more advanced VNS methods need to be devel-
oped for better spatial selectivity and neuromodulation efficacy. Ultrasound VNS emerged to
be a good option.

1.2.2 Ultrasound VNS

Ultrasound is a pressure wave with a frequency higher than the human hearing range
(>20kHz). Ultrasound is widely used in the medical area as a diagnostic imaging modality
since the 1970s, and its potential for neuromodulation has also been developed in the past
few decades. When the ultrasound wave is propagating in biological tissue, both mechanical
and thermal effects are caused and could be used for therapeutic application[4]. High-intensity
focused ultrasound (HIFU, intensity>200W/cm?) has been used for non-invasive ablation[13],
due to its deep penetration depth and millimetre spatial resolution. However, the thermal dam-
age caused by HIFU is irreversible. In neuromodulation, on the other hand, low-intensity ultra-
sound (LIFU) is safe and reversible, thus being much more preferred. It is reported that LIFU
in 0.5 — 100W/cm? could still produce bioeffects while avoiding tissue heating[8]. More im-
portantly, a 90 ym spatial resolution is now achieved using 43 MHz LIFU, which was utilized
to stimulate neurons in the salamander retina[14], which indicates more potential for ultra-
sound VNS.

1.2.2.1 Possible mechanism

Although the complete mechanism of ultrasound neuromodulation is still uncovered, hypoth-
eses (Fig 1.3) are established based on experiments and observations[15]. One proposed
model is that the ultrasound acoustic pressure causes compression and rarefaction of the cell
membrane. These mechanical effects on membranes and ion channels will change the mem-
brane conductance and channel activity. Another hypothesis is that the mechanical effects
caused by ultrasound acoustic pressure contribute to the formation of a bilayer sonophore.
This gives rise to the mechanically originated displacement currents which alter changes in
membrane capacitance and voltage. Either the mechanical-only model or the mechano-elec-
tric model results in affecting the voltage-mediated activity of ion channels and changing the
neuronal membrane conductance. Further understanding of the ultrasound neuromodulation
requires devices with high spatial selectivity so that a specific region or fiber of the nerve could
be stimulated without activating unwanted objectives.
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Figure 1.3 non-thermal modulation of neural activity by LIFU[15]

1.2.2.2 Structure and characteristics of an ultrasound system
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Figure 1.4 structure of an ultrasound system

As in Fig 1.4, a simple ultrasound system contains mainly four parts, the signal control block,
the circuit section (transmitter and receiver), the piezoelectric transducer, and the medium
area. The signal control is a computing unit where the input signal properties are pre-set and
the received signals are processed. In neuromodulation, the bioeffects or treatment efficacy is
mainly determined by the acoustic intensity and exposure time, both of the values pre-set in
the signal control block. The acoustic intensity could be evaluated by the pressure amplitude,
which is linearly proportional to the voltage amplitude of the electrical signal. As in equation
1.1, p is the output pressure, € and g, are the relative dielectric permittivity and the permittivity
in the vacuum, k is the coupling factor, d53 is piezoelectric constant and tis the thickness of
the piezoelectric layer. All of these parameters are the properties of the transducer material,
except V is the applied voltage. In chapter 2, pressure amplitude is used to evaluate the ultra-
sound output performance, while in the circuit design part, the applied voltage is focused on.
Users could determine the output pressure through the signal control block, but the applied
voltage is dependent on the transmitter circuit.
&5V
= K-d 1 (1.1)

Exposure time is fully controlled in the signal control block. Each input signal could be scaled
down to three layers, the total signal domain, burst domain, and pulse domain, as seen in Fig
1.5 [16]. In a total time (TT) for a whole signal, each unit is one burst interval (Bl) which con-
tains one burst duration (BD) and one inter-stimulus interval (I1SI). The ISl is set to avoid a
constantly-on stimulation causing accumulated temperature increase and possible damage to




the target nerve. During the ISI, ultrasound imaging could be conducted since it does not
require a long burst duration compared to neuromodulation. Inside each BD, the pulses pat-
tern is determined by different applications. For ultrasound neuromodulation, long bursts of
continuous waves are applied to ensure the nerve is stimulated. While for imaging, a single-
pulsed waveform is applied where the pulse length (PL) is fixed and it will repeat several times
at a pulse repetition frequency (PRF). Depending on different stimulation purposes, the expo-
sure time could be altered easily in the signal control block. In this work, both a continuous

waveform (CW) and a single-pulsed waveform (PW) are provided in the pulse domain layer.

) QUTER (experiment)
o Total time (TT) B
Sy -~
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Figure 1.5 signal timing properties related to exposure time[16]

The circuit section is directly connected or attached to the transducer. In the traditional appli-
cation of ultrasound stimulation, a single crystal bulky transducer is used. As in Fig 1.6, the
focusing area is relatively large and the pressure intensity is equally distributed in the focusing
area. Although acoustic lenses could be added to improve the focusing capability and spatial
resolution, this kind of transducer requires an external mechanical stage to change the focus-
ing region. Manually moving the transducer to change the focal area is possible but the preci-
sion is worse, which is only acceptable in some imaging applications. A phased array (either
1D or 2D) could use a technique called beamforming to improve the focusing ability. Since
there are several small transducer elements inside one phased array, each of them could
generate an ultrasound wave to the targeting position. Contributed to the beamforming, all the
different waves from each element could reach the same pre-determined position at the same
time where these waves constructively interfere to achieve a high pressure intensity and spa-
tial resolution. The beamforming is conducted in the transmitter as a key design consideration
in this work and will be explained in detail in the next section. In a phased array, the spatial
resolution is dominated by the acoustic frequency, array size, and the focal depth. Both 1D
and 2D array could be achieved in a small and wearable device since the circuit section is
attached to each transducer element. 1D arrays are commonly found in commercial ultrasound
imaging probes, however, compared to the 1D array, a 2D array could tune the focal spot at
any geometric position in a 3D-volumetric space, while the focusing area for a 1D array is only
a 2D surface plane. The simulated target is the vagus nerve which might move slightly during
the stimulation. In addition, the relative position of the vagus nerve varies from individual to
individual. Hence, a 2D transducer array and beamforming transmitter are the desired



structure for our design.
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Figure 1.6 Focusing and tuning area for different transducer structure: single, 1D array, 2D
array (each element in the 2D array is separated like in 1D array)

The last section of an ultrasound system is the medium area, where all the mechanical or
thermal effects happen. Except for the mechanical reaction and related bioeffects caused by
the acoustic pressure, reflection and absorption also are the dominant effects during the prop-
agation of the ultrasound wave[17]. The acoustic wave propagates at different speeds in dif-
ferent mediums, such as the bone, nerve, or muscle, because the rigidity and density of them
are different. Part of the acoustic wave reflects as echoes when it reaches a different material.
These echoes carry information of their reflection boundaries, so they could be gathered and
processed to form a diagnostic image, which allows the ultrasound imaging to be conducted
at the same time so that a precise stimulation area is ensured. The absorption of the acoustic
wave is due to the thermal energy conversion, which results in attenuation of the pressure
amplitude. The attenuation is frequency and penetration depth related, which adds more limi-
tations on the design of a transmitter.

1.3 Transmitter and beamforming

As introduced above, an ultrasound VNS system is a combination work of all sections, requir-
ing programming in signal control, circuit design for transmitter and receiver, manufacture of
the transducer, and physical analysis of the target medium. The transmitter circuit is respon-
sible for the beamforming technique for a 2D phased array, driving each transducer elements,
and providing different modes of waveforms for the signal control block to conduct different
function, which is the key design task of this thesis work.

In a 2D phased array, each transducer element will have a channel of CMOS circuit attached
to it, containing either transmitting or receiving circuit, or both of them. In Fig 1.7, a transmitter
channel receives the signal control orders, generates the required electrical signal then passes
it to the transducer interface, where the signal will be level-shifted to a higher level so that it
can drive the piezoelectric material. The beamforming functions normally are not fully achieved
inside the channel considering the area consumption. Here, the dimension of each channel
(or the pitch size) should be half of the ultrasound wavelength to avoid grating lobes which
can dramatically decrease the stimulation and focusing performance. Due to these area con-
straints, it would be quite challenging to interface both the transmitting circuit and receiving



circuit inside one channel. Also, some components could be shared for all channels, so in Fig
1.7 the beamforming function is split between the channel (inside) and the periphery of the
array (outside). The detailed arrangement of the circuit components is based on the required
beamforming function.

Transmitter design
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Figure 1.7 circuits implementation in the ultrasound VNS system
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Figure 1.8 beamforming of the transmitter in a 2D array

Beamforming is a technique for directional wave transmission or reception. In Fig 1.8, a
row/column of transducer elements is shown to focus at a pre-determined spot. Each element
has a different position where the ultrasound wave is sent. Considering an ideal and isotropic
medium, the travelling time of each ultrasound wave is dependent on the travelling distance
and the sound speed, which is given in equation 1.2. Ultrasound waves from different elements
would reach the pre-determined spot at the same time if these wave signals are triggered with

the appropriate time delays.
braver = N (1.2)
C-CoSc

The difference of waveforms in neuromodulation and imaging also represents in the time delay
settings. For a continuous wave (CW), the delay difference among different channels is always
smaller than one time period (0 to 1T) since the signal is periodic. The requirement is a precise
delay resolution, especially for two adjacent elements. However, the single-pulsed wave (PW)
for imaging has a delay difference in a long period (>nT, n=0,1,2,3...) but with the same time
resolution as for the CW mode. Because for ultrasound imaging, the focal spot should be the

same while the intensity should be kept low to avoid thermal damage.



The transducer interface determines the driving voltage which directly affects the pressure
amplitude as in equation 1.1. The spatial resolution of the beamforming transmitter is deter-
mined by the focal depth (N), wavelength (1), and array size (4), as in equation 1.3. All the
exact values of the affecting variables will be gathered by the simulation results in chapter 2.

res A .

1.4 Prior art and Thesis objective

Efforts have been done in the design of CMOS transmitter using in a 2D phased array during
the past few decades. Aiming in different applications, the achieving methods and perfor-
mance of the transmitter also vary.

A miniature 2D phased array ultrasound transmitter[18] is capable to achieve a maximum focal
pressure over 100 kPa with a 5 V supply at 0.5 cm depth in tissue without any acoustic match-
ing layer. The spatial resolution could reach 200 pym level. This work is using a 10 MHz ultra-
sound wave and 26x26 transducer array, aiming for neuromodulation, and the total size of the
CMQOS chip is 5x4 mm?. However, the stimulation output waveform is only a continuous wave,
which is not compatible with imaging applications. An additional mode of wave could be in-
cluded in this transmitter to have real-time surveillance of the focal spot. Besides, the pressure
amplitude and spatial resolution could be further improved. For the human primary visual cor-
tex, the excitation pressure level is in the MPa range[19], which might differ for the vagus
nerve, but a higher upper limit for the pressure is always preferred. Controlling signals could
tune the actual output pressure by turning off some of the array channel circuits.

Another transmitter system for ultrasound imaging[13] contains up to 4 types of pulses for
different imaging functions. A 32x32 2D array is implanted in this work, which achieves an
imaging depth of up to 7.5 cm and 60V driving voltage. Although the penetration is much
deeper, the emphasized performance of this work is not on spatial resolution and only 64 of
the transducer elements are connected with transmitting circuits. The transmitter of this work
is mainly digital, containing some large area consuming digital blocks, such as a 10-bit com-
parator, which would also be an obstacle to implement both transmitter and receiving circuits
inside one channel.

In our proposed system, the ultrasound VNS device is desired to be attached to the neck and
conduct both neuromodulation and ultrasound imaging. Aiming for a wearable device, the
transmitter design would have some severe requirements on the chip area and power. The
heat dissipation must be carefully controlled to avoid any thermal damage. The limited area is
a huge obstacle for integrating both transmitter and receiver inside one channel, which calls
for some arrangement techniques such as the sparsity control of array channels. The precise
geometrical focusing ability and pressure amplitude still need to be ensured under a small-
sized chip. Both the physical understanding of the vagus nerve stimulation and the circuit
design for a valid transmitter to achieve the VNS functions are required for this thesis work. A
list of general specifications are given in the table below, further design variables will be



derived based on the MATLAB simulation in the next chapter. Although the final aim of this
system is the VNS for human, currently our work is only targeting the animal models (mice
and rats). The specifications below are also based on the research data of mice.

Performance Specifications
Focal depth 5-7mm
Pressure at focal spot >1 MPa

% Spatial resolution ~100 um
ultrasound frequency >10 MHz
Power of each channel <1l mwW

Figure 1.9 proposed device and the general specifications
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Figure 1.10 Transmitter design blocks

This thesis work presents the design of an ultrasound transmitter system for vagus nerve
stimulation, which includes the MATLAB system-level simulation and the design of four circuit
block, the coarse delay generation clocks, the stimulation CW wave generation block, imaging
function block, and the transducer interface block. Containing the introduction chapter, there
are seven chapters in total. The other chapters are:

Chapter 2 demonstrates the MATLAB simulation for the whole stimulating system. In this chap-
ter, the neuromodulation and imaging function will be simulated in MATLAB to get the detailed
values for the required design variables, including frequency, array size, geometrical focal
depth, and the time delay configuration.



Chapter 3 illustrates the design of the coarse phase control block, which is a delay-lock loop
including a phase detector, a charge pump, and a voltage-controlled delay line.

Chapter 4 discusses the fine delay control generation. Here the phase interpolator is chosen.
Chapter 5 introduces the embedded ultrasound imaging function block which is fully digital.
Several digital components are included, such as counter, comparator, multiplexer, and regis-

ter.

Chapter 6 shows the interface circuit for the transducer. It is responsible for driving the delayed
signal to a higher level to activate the transducer.

Chapter 7 demonstrates the whole system and concludes the contributions and future per-
spective of this thesis work.
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Chapter 2 Stimulation model and Matlab
simulation

In this chapter, a MATLAB simulation model that could achieve the transmitter functions are
built and simulated. Based on the research data of the vagus nerve, specific design require-
ments for the circuit design and signal properties setting are derived, including the values of
ultrasound frequency, array size, focal depth, and delay time. Additionally, the study of array
sparsity is also tested to provide a potential solution for output pressure control and area sav-

ing.

2.1 Stimulation model
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Figure 2.1 MATLAB simulation model

As shown in Fig 2.1, the whole process and its 3D space model from beamforming to pressure
sensing in the ultrasound neuromodulation are built by MATLAB code using the k-wave
toolbox. In Fig.2.1(a), the electrical domain is the signal generating section, where the code
sets the transmitter properties (wave modes, array size, frequency, focal depth). In the acous-
tic domain, which is also shown in Fig.2.1(b), it corresponds to the medium where the acoustic
wave propagates. We assume the medium is soft tissue and isotropic, with sound speed ¢ =
1540 m/s, medium densityp = 1063 kg/m3, and attenuation coefficient « = 1dB/cm-MHz.
The transducer array is located in the y-z plane of medium space, and the acoustic wave,
which propagates in all directions, is sensed by a sensor area in the x-z plane (the red square
in the middle of the medium space). The whole space is composed of small-block grids with
dimensions 30um*30um*30um. This grid size allows the configuration of each transducer el-
ement to be a 3x3 block and the pitch size (distance between the centre of two adjacent ele-
ments) to be 120um. The configuration for grid and pitch size is the same as previous work in
[18] and is reused here in the consideration of simulation time, channel area, and fabrication
process. Smaller dimensions such as 15um have been tested for the grid, but the simulation
time is increased to several hours. In [18] only neuromodulation function is implemented, but
in this work, more circuit components should be included in one channel. Keeping the pitch
size to be 120um, which means a channel area of 120um*120um, is an appropriate and con-
servative consideration. Additionally, the transducer must be diced into several elements to
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allow the different time-delay settings for each channel, which requires a fabrication process
on a single piezoelectric material. The dimension of the edge between two elements could not
be too small to fabricate, and 30um is proved to be an achievable value as in [18]. The main
limitation of the pre-set pitch size is on the ultrasound frequency. As mentioned above, the
pitch size should be smaller than half-wavelength to avoid side lobes. If so, from equation 2.1,
then the ultrasound frequency could only be smaller than 6.4 MHz.
c="1A (2.1)

However, according to simulation, if the pitch size is larger than half-wavelength but smaller
than one-wavelength, the existing side lobes do not have a significant effect on the focusing
performance, especially in a large array. The limitation of the 120um pitch size now is mitigated
and allows a frequency range from 6.4 MHz to 12.8MHz. Figures of simulation results will be
shown later in this chapter. After introducing the model, the variables we need to simulate and
their requirements are explained below.

2.1.1 Variables under simulation

In the simulation model, the ultrasound frequency (f), size of the phased array (4), geometrical
focal depth (N), and the time delay should be simulated to get appropriate values to fulfil the
specifications mentioned in chapter 1.

2.1.1.1 Frequency
The ultrasound frequency (f) is the essential variable affecting the performance of both neu-
romodulation and imaging function. The following equations illustrate the relationship between
frequency and each performance factor.

NA

Sspatial = T (2.2)
P=pe ™ (23)
a=af’ (2.4)

In Eq 2.1 and 2.2, frequency is directly related to the spatial resolution of the focal spot. Spatial
resolution is defined as the -3 dB dimension of the focal spot width as in Fig 2.1 (a). A smaller
value of the Sg,4:iq; Means a higher spatial resolution. Since the speed of sound is fixed,
higher frequency gives a shorter wavelength and thus a finer spatial resolution. Eq 2.3 is the
amplitude of focal pressure, where p, is the original amplitude, « is the attenuation coefficient
and x is the displacement (penetration depth) of the ultrasound wave. Here the equation is for
the ultrasound wave sent by every single element, and the total focal pressure is an accumu-
lated value of all the waves. Because the distance from each element to the focal spot is
different, the attenuation for the ultrasound wave from different elements is also different and
has to be considered separately. Attenuation is highly frequency dependent and mainly caused
by absorption. Since the acoustic wave causes compression and rarefaction when it is prop-
agating in soft tissue, higher frequency gives rise to more vibration which is partly converted
to random vibrational heat energy. This process is defined as absorption. Additionally, other
effects such as scattering and beam divergence also contribute to the attenuation and are
frequency-dependent. The attenuation coefficient is proportional to the frequency as in Eq 2.4,
where a and b are material-related coefficients. As mentioned above, the medium in our
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model is soft tissue thus the attenuation coefficient is « = 1dB/cm-MHz. In the propagation of
ultrasound waves, the higher the frequency, and the deeper it propagates, the more attenua-
tion on the pressure amplitude. The simulation of frequency should find a high-frequency value
but not cause too much attenuation.

2.1.1.2 Array size
In the MATLAB model, the grid system we used only determines the dimension for each trans-
ducer element, but the array size is the dimension of the whole array which relates to the
number of elements included. In this work, to achieve a 3D volume space stimulation, a 2D
phased array is chosen, and its shape is square. The Array size (4) is given in NxN formation.
In the future development, the different shape of the array could be used in different applica-
tions. The performance factors related to array size are the spatial resolution in Eq 2.2 and
the focal pressure in Eq 2.5.
Py o M
N
Here the p; is the accumulated pressure amplitude in the focal spot and p, is the amplitude
for each element. Alarger array contains more transducer elements, which means more waves
will be sent to the focal spot, and hence the increased pressure. In the focal spot, the highest-
intensity area has a more rapid increase than the surrounding region, which results in a finer
spatial resolution. Increasing the array size is a boost in both spatial resolution and focal pres-
sure. However, there are several upper limits for increasing the array size. Firstly, our proposed
device is a tiny and wearable one, aiming for the VNS for humans but will start with tests on
mice. The dimension of the array would be better on the few-millimetre scale. The circuit de-
sign also suffers from a larger array. The distance between the focal spot and the centre trans-
ducer elements in the array is different from the distance between the focal spot and the corner
elements. This difference increases with the rising of the array size. In pulsed-wave mode, the
centre elements should send the wave much later than the corner ones to ensure all the waves
reach the focal spot at the same time. So the larger array requires a large delay time which is
processed and stored in the circuit components. The number of circuit components or the size
of them will also be increased. Additionally, a large delay time value occupies more bits in the
data transfer and processing, so the time of one pulse transmit in all channels will be longer
and the rate of imaging will be affected. In the simulation, we should find the minimum array
size which fulfils the spatial resolution and pressure specifications.

(2.5)

2.1.1.3 Focal depth

The actual focal depth of the phased array is different from the geometrical value we set in the
MATLAB code. This difference is called the focal shift. To ensure the actual focal spot is in
the pre-set location, an appropriate geometrical value is needed to be simulated. The focal
shift is inevitable for a focusing system with a low Fresnel number Ng,..; < 100. The Fresnel
number reflects the relative contribution of focusing and diffraction effects for an aperture fo-
cusing model and is defined [20]:

2
New =75 (2.6)

Here r is the radius of the aperture, and it corresponds to the dimension of the array in our
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system. 1 is the wavelength and N is the focal depth. The focal shift is explained in the model
of an aperture system in Fig 2.2. The focal shift will always exist if the focusing wave is not a
perfect full spherical wave as in Fig 2.2 A. The red point in the middle is the source of the blue
waves and the red waves are the reversed signal. The red wave will always focus on the
middle position because of its circular symmetry. When this symmetry is broken such as the
red focusing wave is only part of a spherical wave, the focusing position will change since
there is information lost [20]. This partial wave focusing situation is similar to the aperture
focusing model and our phased array focusing system. As shown in Fig 2.2B, the conver-
gence and diffraction both exist in the spreading out of a wave in the aperture focusing model.
The ratios of them are 6.,,, = r/N and 6,;;r = A/r separately. If the convergence is dominat-
ing, the output waveform is more focusing and the actual focal spot will be close to the geo-
metrical value. Otherwise, the focal spot will shift more back to the aperture as in Fig 2.2C.

A C

=2
M

Envelope waist

Al Diffracting . Focusing
AT AW W

Input beam size r

Figure 2.2 Focal shift model [20]

In our case, assuming the minimum geometrical setting is 5mm and the minimum wavelength
is 120um (corresponding to 12.8MHz) and the diameter of the array is 2.5mm as in [18], the
ration 8.onv/0airr = 10.4. The output is more focusing but the actual focal depth will always
be smaller than the geometrical value. The simulation aims to find the appropriate geometrical
value which allows the actual focal depth to meet the specification.

2.1.1.4 Time delay

As mentioned in chapter 1, for neuromodulation, the input signal should be a burst of contin-
uous wave and the phase difference among different channels is 0~1T. For imaging, the input
signal should be the pulsed wave and the phase difference is larger than one period
(nT,n=1,2,3...). After setting a fixed f, A, and N, the delay values for each channel will be cal-
culated in MATLAB and have to be achieved in the circuit design. In MATLAB, these delay
values are calculated in a continuous value range, which gives the exact phase each channel
needs. However, in the circuits, the generated delay time is based on a unit delay value, and
all the delay should be integer multiples of this value. The unit delay value (At) is defined as
the minimum delay or the time resolution. A computation step called quantization should be
conducted to convert the continuous values to quantized values. As shown in Fig 2.3, before
quantization, the delay time for each element is a precise value in a continuous curve, while
after quantization, the delay time is an approximate number to the precise value and is the
integer times of At.
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Figure 2.3 Quantization (a)before quantization (b)after quaantization

At is given by:
At:%,nzl,z,?:... (2.7)
T is the period of the ultrasound wave, and n should be simulated. The quantization process
will degrade the spatial resolution if n is small, but a large n will increase the complexity and
area of the circuit. The appropriate value for n is the minimum integer to keep the spatial
resolution the same as the value before quantization. After deriving the minimum delay from
the quantization bit n, all the delay values could be expressed using At as the unit. The delay
time for neuromodulation and imaging could be given by:
0<ty,, <2" At (2.8)
0<ty, <a-T+b-At, a,b=123.. (2.9
Eq 2.9 is for imaging, where a - T + b - At indicates the largest phase difference among all the
channels. Normally this difference is between the centre element and the corner element, but
the exact value for a and b depends on the array size and focal depth. Also, to achieve a 3D
volumetric focusing ability, a +15° range from the middle of the sensing plane is simulated.
The largest phase difference should cover different steering angles.

2.1.2 Simulation setup

Since the spatial resolution and pressure are affected by several variables mentioned above,
it would be hard to simulate all the variables at the same time. Each variable will be simulated
in a reasonable range while the other variables will be fixed to constant values. The frequency
will be simulated first because it determines the wavelength which affects the performance of
A and N. Due to the pitch size limitation, the frequency will be swept from 7MHz to 12MHz
with a step of 1MHz. The other factors are fixed at A = 25 x 25 (the array is 25*25), N = 7mm
(the setting focal depth).

The array size will be simulated next, from 25*25 to 75*75 increasing by 10 elements each
time. The other factors are fixed at f = 12MHz, N = 7mm. The actual focal depth is affected
by both the wavelength and the array dimension, so it will be simulated after f and A. The
geometric value is tested from 3mm to 8mm with 1mm per step. The other factors are A =
25 x 25,and f = 12MHz.
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After all of these variables are fixed, the quantization bit will be simulated from n = 1 until the
appropriate value is found. Then the minimum delay and the largest delay difference could be
extracted from the time delay matrix in MATLAB.

2.2 Simulation results

2.2.1 Output figures on the sensing plane (f, 4, N)

The performance factors are extracted from the output figure of the sensing plane which is
placed in the middle of the 3D model. The figure illustrates the pressure amplitude distribution,
where the pressure value is normalized to the amplitude of a single element p,. The highest
value of this dimensionless pressure appears at the focal spot and is defined as pr. Another
factor called pressure gain is defined as py/pq,rq, Which illustrate the pressure amplification
from the total phased array to the focal spot. With this pressure gain, how much of p, is re-
quired to achieve the desired focal pressure will be easy to calculate. The spatial resolution is
measured as the -3dB dimension of the focal spot width. The distance from the array to the
focal spot is the actual focal depth.
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Figure 2.4 Output figures of the sensing plane

From a general perspective, in the simulated frequency range, the size of the focal spot de-
creases with higher frequency, while the pressure gain is increased. The side lobe appears to
be an issue although the beam size is reduced with higher frequency. However, after the array
size simulation, it was found that the focusing performance improved dramatically with a larger
array. The side lobe becomes acceptable when the array dimension is larger than 45. It is
because the array size has a larger tuning range which allows more elements to focus at the
focal spot. The pressure at the focal spot is boosted more than the regions of side lobes, thus
the relative ratio of psigeiopes/Procar is reduced. As for the focal depth, the actual value does
increase according to a larger geometrical value, but the focusing performance is worse due
to a deeper position suffers from more attenuation. A set of more analytical figures will illustrate
the detailed variations of the focusing performance using the data extracted from Fig 2.4.

2.2.2 Detailed analysis of focusing performance
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Figure 2.5 Performance variations

In Fig 2.5, the data for three output performance factors are extracted from the figures of
sensing plane. The variation curves demonstrate how the performance factor varies according
to different variables. The comparison between the slope of the variation curves and the linear
fit lines illustrates the variation speed.

The spatial resolution gets improved with either higher frequency and larger array, but the rate
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of improvement is reduced gradually. The reduction is due to the attenuation both for the fre-
quency curve and the array size curve. Higher frequency causes more vibration hence more
energy converted to heat and lost. For a larger array, the transducer elements at the corner
have the longest path to the focal spot, so these elements suffer from more attenuation be-
cause of the long distance. However, the slope of the focal depth curve does not change too
much. Except for the attenuation due to a deeper penetration depth, the focusing ability is also
changed. As discussed above, the ratio of convergence and diffraction 8.4,,,/84:f is affected
by the wavelengths, diameter of the array and the geometrical focal depth. Here only the focal
depth is changed which results in a smaller 8.4, /8455, SO the output pattern is more diffract-
ing with a deeper depth. From the result of spatial resolution, the frequency and array size are
expected to be as large as possible while the focal depth should be kept minimum as long as
it reaches the depth of the vagus nerve.

The pressure gain shows an obvious trend with the array size or the focal depth while it varies
little with the frequency. It has been mentioned above that a larger array contains more ele-
ments for focusing and a deeper focal spot will suffer more attenuation on the pressure ampli-
tude. Considering the limited tuning range for the geometrical focal depth, a large array is the
best approach to get a higher pressure gain among these three variables. A higher pressure
gain will release the requirement on the original pressure p, produced by a single element.
Since p, is determined by the transducer material and the circuit inside the channel, it will be
discussed later in chapter 6.

The result of the actual focal depth is mainly based on the ratio 6.y, /0girr, Where O¢opn,, =
r/N and 84;s = A/r. When the frequency is swept from 7MHz to 12MHz, the wavelength is
reduced from 220um to 128um and 6, becomes smaller, hence the actual focal depth
moves to a deeper position. The array size is increased from 25*25 to 75*75, corresponding
to the diameter from 1.5mm to 4.5mm. However, the actual focal depth only increases when
A spans from 25*25 to 65*65 and it drops when A becomes 75*75. Extra tests using 85*85
and 95*95 arrays are conducted. The focal depth has a reduction of 30um and 90um com-
pared to the 65*65 array. One possible reason for this phenomenon would be the precision of
the measurement of the focal spot. Because the output figure is composed of several
30um*30um grid points, the actual highest intensity point might be smaller than this scale.
When the array size is increased, the total area of the focal spot becomes smaller and the
highest intensity point shifts to a smaller and more precise position. When the neuromodula-
tion is conducted, a -3dB dimension area of the focal spot is recognized as the stimulation
region, so this shift will not affect the modulation process. Further understanding of this phe-
nomenon would require the experiment using the actual device. Also, according to the simu-
lation result, the key parameter of controlling the actual focal depth is the geometrical value,
not the array size.

After all these simulations, the ultrasound frequency is chosen to be 12MHz. The array size is
65*65 which also considering the simulation time. When the array is increased from 65*65 to
75*75, the spatial resolution only improved 6um but requires an extra 40% of the simulation
time. The total dimension of the array would be 7.8mm*7.8mm with a 65*65 array which is
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relatively large. Further increasing the array size does not have a significant improvement and
will increase the burden on circuit design and wire routing. When the f and A are determined,
further test on the geometrical focal depth has been conducted. To achieve the expected focal
depth from 5-7mm, the geometrical value should be 6.2mm(resulting in 5.01mm depth and
130um resolution) and 8.7mm(resulting in 7.05mm depth and 160um resolution).

2.2.3 Time delay extraction

As mentioned above, the values of delay time created by the MATLAB code should be quan-
tized in the form of integer multiples of the minimum delay At. The period of the ultrasound
wave is based on the 12MHz frequency and is approximated to 84ns for a convenient calcu-
lation in circuit design. After the simulation, the quantization bit is chosen to be 6, so the
minimum delay is:

At

_ 84ns

26

=1.3125ns

(2.10)

The simulation figures with quantization bit = 6 are shown below:
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Figure 2.6 delay time before and after quantization (a)before quantization (b)after quantiza-
tion (c)zoomed-in before quantization (d) zoomed-in after quantization

From Fig 2.6, the zoomed images show that after quantization the values of delay time are
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multiples of the minimum delay. From a general view in (a) and (b), the overall delay curves
are similar to those before quantization, so the performance factors will not be degraded by
the quantization. The data in Table 2.1 proves that the performance especially the spatial res-
olution is similar to the one before quantization.

Table 2.1 Performance before and after quantization

Quantiza-  Fre- Array Depth(geomet-  Depth(ac- Spatial resolu- = Pressure
tion quency  size rical) tual) tion gain
Before 12MHz 65*65 7mm 5.7mm 138.63um 11.18
After 12MHz 65*65 7mm 5.7mm 138.31um 11.17

After quantization, the range of delay for the neuromodulation is 0~(2¢ — 1)At with a resolu-
tion of At. For imaging, the delay resolution is also At and the largest delay value is 22T —
7 - At. These are the actual requirements for the circuit design.

All the variables from MATLAB simulation have been determined and listed below:

Table 2.2 Values for the simulated variables

Variables Symbol Value
Frequency f 12MHz
Period(approximated) T 84ns

Array size A 65*65
Focal depth(geometrical) N 6.2~8.7mm
Delay resolution At 1.3125ns
Maximum delay 22-T—7-At 1.83us

2.3 Sparsity

The channel area is a strict requirement for the circuit design, especially for the phased array
with both transmitting(Tx) circuit and receiving(Rx) circuit. From some previous work such as
[13] and [21], the Tx and Rx circuits are not embedded in the same channel. Also, for ultra-
sound imaging, the required spatial resolution and focal pressure are not as high as for the
neuromodulation. Separating the Tx and Rx in different channels would be a good approach
to release the area requirement for circuit design in each channel. The sparsity simulation is
set to discover the performance factor variations when some of the transmitting channels are
randomly turned off. These turned-off channels could be used to embed only Rx circuits if the
spatial resolution and pressure are not reduced too much. The simulation has bee conducted
by setting randomly 5% to 95% of the transducer element to be turned off. The other variables
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are fixed at f = 12MHz, A = 65 * 65, N = 7mm.
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Figure 2.7 Output figures of the sparsity simulation

From Fig 2.7 it could be seen that with the increase of sparsity extent, the focal spot does not
change the position, while the intensity is getting lower. The exact values of the performance
are compared to the original one(no sparsity) to indicates the deviation in Fig 2.8. The spatial
resolution and focal depth barely change in a range of +2%, and the pressure gain changes
in a range of =£15%. However, the actual focal pressure is linearly controlled by turning off
some of the channels, without a change in the driving voltage. From this simulation, the ran-
dom sparsity only modulates the focal pressure but keeps the focusing ability unchanged. The
arrangement of separating Tx and Rx in different channels is allowed as long as the highest
pressure for neuromodulation is adequate. It is even possible to leave some channel blank
and use the area for adjacent channel interface circuit if that circuit occupies a large area.
Another benefit of neuromodulation is the efficacy could be easily controlled by turning some
of the channels for different patients. Further development of sparsity could be conducted on
different positioning of the Tx and Rx channels or integrating Tx channels with different fre-
quency.
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Chapter 3 Coarse delay generation

From this chapter, the circuit design to achieve the expected time delay will start. Chapter 3
and 4 are the circuits to generate the delay for neuromodulation, while chapter 5 is responsible
for the circuit to generate the delay for imaging function. In this chapter, firstly the arrangement
of coarse delay section and fine delay section will be introduced. Then the fundamentals of
the delay locked loop (DLL) will be explained. The design of the DLL will be separated into
three sections, each section containing one main component of the DLL. At last, an output
simulation for the whole DLL will be shown.

3.1 Delay/phase map arrangement

As discussed above, the required delay range for the neuromodulation is 0~(2° — 1)At where
the resolution At = 1.3125ns. Because in the neuromodulation, the wave signals are continu-
ous, this delay range is corresponding to a phase map from 0 to 2m. To achieve 2° values of
the delay time, dividing the 2w phase into a coarse section and a fine section is essential.
Because the channel area is limited, it would be impossible to implement all the delay values
inside the channel. Generating all the delay values outside the channel faces the obstacle of
complicated wire routing. A reasonable arrangement of the phase map is shown in Fig 3.1,
where the coarse delay is from 0° to 180° with a step of 45" and the fine delay is in a 45 range
with a step of 5.625°. The five clocks from 0° to 180" will be generated outside the channels as
the reference clocks and then are sent to each channel, where two adjacent reference clocks
will be selected to generate a finer delay. A polarity control bit could be used to invert the input
reference clocks for each channel which completes the phase map from 0 to 27.

90°

135° .
45 26.125°

16.375°
fine delay At
11.25°

coarse
delay

5.625°

Oo

180°

Polarity
control =
1

Figure 3.1 Phase map of delay generation

The requirements for the reference clocks in the coarse delay generation are the precision
and stability. The minimum delay for the transmitter is At = 1.3125ns, so the maximum delay
error should be At/2 = 656.25us to avoid the delay value changing to the next step. The power
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and area limitations are relatively low because the coarse generation block is placed outside
the channels and shared by all of them. The DLL is chosen to generate these reference clocks
in our design, due to its advantages of low phase noise, no jitter accumulation and multiple-
phases output generation.

3.2 Fundamentals of DLL

3.2.1 Architecture and operating principle

DLL is a precise delay generation circuit widely used in many timing applications, such as
clock generation and signal synchronization[22]. Similar to the phased-locked loop(PLL), DLL
is also using negative feedback to align the phase of a delayed output signal to a given input
signal. The main difference between the DLL and the PLL is the architecture of how the output
signal is delayed. In PLL, a voltage-controlled oscillator(VCO) is implemented while in DLL a
voltage-controlled delay line(VCDL) is utilized. Due to the absence of the VCO, the DLL can
provide a more excellent jitter performance than the PLL since the random timing error does
not accumulate from cycle to cycle. As a first-order loop circuit, the DLL is also more stable
and easy to design than the PLL. A block diagram illustrating all the components of a DLL is
shown below.

A A A

Qut_phase1 Out_phase?2 Out_phase3

& CLK_fb
CLKﬁref »| delay delay | delay >
Voltage Controlled Delay Line
Vetrl
> ClN
Phase Detector DN Charge Pump »  Loop Filter
—> >

Figure 3.2 The block diagram of DLL

Atypical DLL contains mainly three blocks, the phase detector(PD), the charge pump(CP) and
the voltage-controlled delay line(VCDL). The loop filter is normally a single capacitor and it is
considered together with the charge pump. The operation principle of a DLL is: The original
clock (CLK _ref) first propagates through the VCDL to generate a delayed clock (CLK_fb) which
will be sent back as one of the inputs of the PD. The PD will compare the phases of two input
clocks and convert the phase difference to UP and DN signals which indicate the direction and
magnitude of the phase error. This phase error will be converted in either voltage or current
form in the CP to charge or discharge the loop filter capacitor. The voltage accumulated on
the LF capacitor, also the control voltage for the VCDL, will increase or reduce based on the
magnitude of the phase difference. The VCDL is composed of several delay stages as in Fig
3.2, and the delay time of each stage is equal and controlled by the Vctrl. Thus the total delay
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on the CLK_fb will also vary according to the Vctrl until the CLK fb is aligned to the CLK_ref
at a certain phase difference. The phase difference should be nm,n = 0,1,2... when the
CLK fbis aligned, and the exact value is dependent on the application. Once the output signal
CLK fb is aligned, each delay stage inside the VCDL could provide a delayed signal and the
phases are equally distributed with a step of nt/N, where N is the number of stages.

From the architectures, there are two types of DLLs. The difference between them is the input
signal of the VCDL. One architecture is shown in Fig 3.2 where the input signal of VCDL is the
same clock signal of the phase detector. This architecture is often used for frequency synthesis,
clock generation and signal synchronization. In the other architecture, the CLK_fb is generated
by a signal CLK ref1 through the VCDL and then compared to a separate CLK_ref2 through
the PD. This architecture is often used for clock recovery circuits. In our design, the purpose
is to generate reference clocks with multiple phases, so the first type is preferred.

From the circuit implementation, the DLLs could be divided into analog DLLs and digital DLLs.
In Fig 3.2 it is a typical analog DLL. The digital DLL is also based on the negative feedback
loop but the function blocks are made of digital circuit elements. For example, in a digital DLL,
the charge pump is replaced by a control logic circuit such as a counter. The counting bits
adds or reduces according to the UP/DN signal and then change the delay time of the delay
line. The delay time variation of a digital DLL is also quantized which requires large bits of
digital components to have a fine delay resolution. A low-bit digital DLL will result in great jitter
at the output clocks. In an analog DLL, the delay control inside VCDL is continuous and sen-
sitive to the control voltage, which allows more precise control of the output signals. Although
the power consumption of an analog DLL is higher than a digital one and the design complexity
is much enhanced, the analog DLL could provide a better jitter performance which is essential
for our reference clocks generation. The problem of power consumption is released because
the DLL is located outside the transmitter channel which results in a relatively low average
power in each channel. Thus, an analog DLL is preferred in our design.

A loop dynamics model of the analog DLL is shown below for further analysis[23]. In Fig 3.3,
the input phase @, is the original phase of signal CLK_ref, and the output phase ®,,; is the
phase of the delayed signal CLK_fb. K, is the gain of the phase detector with a unit of
Volts/rad. Ip is the charging current in the charge pump and Tggr is the period of CLK_ref.
Kpp is the gain of voltage-controlled delay line with a unit of rad/Volts. The loop filter is as-
sumed as a single capacitor with its transfer function as F(s) = 1/sC.

PD CP LF VCDL

®in
—>

-

Dout
Kep —> lcp/Trer —> 1/sC > KyeoL >

Figure 3.3 Loop dynamics of analog DLL[23]
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The output phase could be written as:

Icp
Dout = (Pour = Pin) * KppKyepr Y " frEF 3.1
The transfer function of this loop is:
Dour 1 Icp
H(s) = q)oi: = 1 S ywy = KppKyepy, ﬁ WREF (3.2)
Wy

It can be seen that the DLL is a single-pole system thus is unconditionally stable. The loop
bandwidth wy is linear to the frequency of input signal CLK_ref as long as the other parame-
ters are constant. If the input signal frequency is variable, higher wggr Will cause a higher wy,
resulting in a faster acquisition speed of the system. The acquisition speed, or the lock-in time,
is the time DLL takes to correct any disturbance in the loop and reaches a stable state (the
output CLK _fb is aligned to CLK_ref). However, choosing the loop bandwidth is a trade-off
between output phase noise, size of the filter and the lock-in time. A higher wy will bring a
shorter lock-in time at the expense of more phase noise at the output. In our design, a shorter
lock-in time means the focusing ultrasound wave could be generated faster. Although a short
lock-in time is desired, it is not at the top priority. The delay time precision of the output clocks
is the most essential, but several non-idealities in the operation will degrade the timing perfor-
mance of DLL.

3.2.2 Non-idealities of DLL

In any realistic circuit, the rising/falling stage of a clock signal will not perfectly occur at the
ideal point. The short-term, random fluctuations in the signal phase which causes the signal
deviated from its ideal points, is defined as the phase noise(PN). It is usually normalized to a
1 Hz bandwidth at some offset frequency away from the signal frequency and relative to the
amplitude of the signal. In the time domain, jitter is the corresponding equivalent of PN and
could intuitively illustrate the timing deviation. In general, jitter contains deterministic jitter and
random jitter. Deterministic jitter is caused due to duty-cycle distortion and device mismatch.
Random jitter is caused mainly due to random noise sources in the circuit such as MOSFET
thermal noise, substrate noise and supply noise. From the measurement methods of a peri-
odic clock signal, jitter could be divided into three types: edge-to-edge jitter (J,.), cycle jitter
(J.), and cycle-to-cycle jitter (/).

Input signal Output signal
Reference edge Ideal edge Actual edge
— L | —
1
1
- Ide‘la}f ' 63;’ -

Figure 3.4 Edge-to-edge jitter

The edge-to-edge jitter is characterized by the deviation of every actual single stage from its
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ideal position (8t;), as in Fig 3.4, and it is also one of the main performance evaluation factors
of our design.

From the block diagram Fig 3.2, the noise sources in a DLL are mainly the phase noise of
reference signal CLK_ref, limited detecting resolution of PD, current sources mismatch of CP
and the delay stage mismatch of VCDL. The PN of the CLK ref is unavoidable and depends
only on the purity of the input signal since it is the original clock of the whole design. The
limited detecting resolution of PD is shown in Fig 3.5.

CLK ref

CLK_fb

- ) \
SO i

Figure 3.5 Output of PD under different phase difference

When the phase difference of CLK ref and CLK fb is huge (now the CLK ref is ahead of
CLK_fb), the UP signal has much more on-time than the DN signal which results in a large
and positive value of the average voltage V,,,;, = UP — DN. If the two input clocks are aligned,
both UP and DN give the same pulses which result in a zero average voltage. However, if the
phase difference is extremely small, as the red-dot line indicated, the UP has a slightly longer
on-time than the DN. The average voltage should be positive but has a small value. This small
output voltage would be insufficient to open the charging switch of the CP, which means the
control voltage will not be changed when the phase difference is smaller than a certain value
A@. The minimum value Ag is the limited detecting phase resolution of the PD. Considering
the parasitic capacitance, the output voltage of PD does not rise or fall with an extremely sharp
edge, the actual on-time of UP or DN signal is even smaller which gives a larger Ag.

As for the CP, the charging current and discharging current are normally from different current
sources. If the two current sources charge or discharge the loop filter capacitor with the same
current, the output control voltage will be like the black curve in Fig 3.6. When the UP signal
equals the DN signal, the control voltage will keep at a constant value. However, both PMOS
current sources and NMOS current sources are implemented in a CMOS circuit, which could
not ensure a perfectly matched current source pair. The green dot curve indicates the variation
of control voltage when the PMOS current source (I_UP) drives a larger current than the
NMOS current source (I_DN), and the blue dot curve shows the opposite situation. With the
negative feedback, the control voltage will finally oscillate at a subtle range which results in a
rippled curve. The delay time is controlled by V.., and will also keep varying.
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Figure 3.6 Current sources mismatch of CP

Except for the variation from the control voltage, inside the VCDL each delay stage suffers
from the mismatch among them. The delay time is sensitive to the parasitic capacitance, so
the surroundings of each delay stage should also be designed the same as each other. With
dummy components, this problem could be mitigated. All these noise sources will result in
jitter at the output clocks, and the requirement of our design is the edge-to-edge jitter should
be smaller than At/2 = 656.25us. The following sections will be the design sections of the DLL.

3.3 Phase detector

The function of the PD is to generate two output signals, UP and DN, which represent the
phase difference between CLK ref and CLK_fb. Then these two signals will be sent to CP for
the control of charging/discharging the LF capacitor. The characteristic curve of PD is shown
in Fig 3.7.

For an ideal PD, the average voltage of the UP and DN signals should be linearly proportional
to the phase difference through the whole detection range. Linearity is the first key perfor-
mance factor to ensure the proper transition of the phase difference information from PD to
CP. The slope of the characteristic curve is the gain of PD, Kpp, which indicates the sensitivity
of PD to the phase change. The detection range is how large the phase difference between
CLK _refand CLK_fb could be properly recognized, and is expected to be as large as possible.
In this figure, the detection range of the ideal curve is [-2m,2n]. There are two blind zones
near —2m and 2 for the red curve. During the blind zone, the PD still have an output but it
does not reflect the actual phase difference of the input signals. The dead zone is related to
the detecting resolution. During the dead zone, the phase difference is too small to be recog-
nized. Some possible factors causing the dead zone could be the path delay of the circuit,
charging the parasitic capacitance etc. In the dead zone, the PD output keeps zero and it is
impossible to transfer information to CP. Besides, as mentioned above, even a small phase
difference could be detected, the output voltage of PD should be adequate to enable the CP.
In the design, the dead zone should be reduced as small as possible.
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Figure 3.7 Characteristic curve of PD

Another problem in the PD design is the false locking or harmonic locking problem, which
means the output CLK _fb is aligned to CLK_ref at a wrong phase difference value. As men-
tioned above, the CLK fb could be aligned to CLK_ref with a phase difference Ap = nm,n =
0,1,2 .... In our design, with the largest output phase as 180°, the Ap = 2 is an easy-achieva-
ble value as the phase difference when DLL is locked. The CLK_fb in our design would be an
inverted signal of the 180° output clock. As in Fig 3.8, the proper locking situation is the rising
edge 4 on CLK_fb aligned to edge 2 on CLK_ref. The lock-in state could be achieved when
the edge 4 is aligned to edge 1 or edge 3, but it will result in a phase difference of Ap = 0 or
A@ = 4m. The output clocks from VCDL will all reach the wrong delay time. The false locking
must be avoided and it is related to the output delay range of the VCDL and the initial delay
state. A start-up control circuit and a limited delay range could help to avoid false locking.

CLK _ref 1 2 3

Qutput_180

; 4
CLK_fb :

_

Figure 3.8 Phase locking diagram

In a conclusion, the design of PD should focus on the curve linearity, a large detection range,
small dead zone and avoid the false locking problem.
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3.3.1 Start-controlled phase detector
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Figure 3.9 Phase detector architecture
(a) Conventional edge-triggered PD (b) Start-controlled PD[24]

A widely-used topology for PD is the conventional edge-triggered one shown in Fig 3.9(a). The
positive edge-triggered D flip flop(DFF) allows the UP or DN signal to switch to high when
meeting the rising edges of the input clocks. Once the UP and DN are both high, the AND gate
output becomes high and send the RST signal to drive both UP and DN signal to low. With the
falling stages triggered by the same signal RST, the difference of rising edge between UP and
DN indicates the phase difference of CLK ref and CLK fb. If the CLK ref and CLK fb are
aligned, the UP and DN signal would both have a short pulse because of the gate delay from
input of AND to its output. An appropriate design could utilize the short pulse to turn on the
switch of CP, which avoid that the phase difference is too small to generate an adequate output
voltage. Although the dead zone could be reduced in the edge-triggered PD, the conventional
topology still suffers from the false locking problem. Due to the periodic property of a clock
signal, the conventional PD could not identify the difference between Ap = 0 and Ap = 2.
Thus an extra DLL is added to implement a start-control function, along with two NAND gates
instead of the AND gate.

Vdd_

| —
R - L

(]

Data

(a) (b)
Figure 3.10 DFF topologies (a) Conventional digital DFF (b) TSPC DFF[24]

Before introducing the working principle of the start-control function, the DFF used in this
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topology should be illustrated first. Instead of a conventional digital DFF composed of 6 NAND
gates, a true single-phase clock (TSPC) DFF is implemented. The conventional structure
would introduce a long gate delay from input to output which will degrade the detection reso-
lution of PD. It will increase the dead zone and must be avoided. The TSPC DFF has a fast
speed of operation either from input CLK to output Q or the RST to output Q, and the number
of MOSFETs is also reduced. Through simulation, the delay from CLK to Q only has 70ps
delay and RST to Q has a delay of 165ps.

A simulation with Ap = 74ns (1.76m) is shown in Fig 3.11(a) to explain how the start-control is
working. In our design, the delay difference between CLK ref and CLK fb should be Ap =
84ns (2m) to have proper output clocks. The DN signal should have a 10ns on-time longer
than the UP signal. If a conventional PD is implemented, the current situation would have an
output that the UP signal has a 74ns longer than the DN. Because the first rising edge of UP
will be triggered earlier than the DN signal. In order to have a proper output waveform, the DN
signal should have a rising edge earlier than the UP which means the first rising edge of UP
should be ignored. Before the start signal is set to high, no output is generated either in UP or
DN. When the start signal is set to low, a ready signal will be generated at the next rising edge
of CLK ref, activating the DFF which controls the UP signal. Although the ready signal and
UP both tracking the CLK ref, the ready signal has a rising edge later than the CLK ref
through the DFF. The first rising edge of UP will always be one clock cycle later than the ready
signal. Thus the first rising edge of UP is ignored and a proper output of UP and DN is ensured.
When in Fig 3.11(b), the CLK _fb is later than the expected position, the UP will have a rising
stage before the DN since the ready signal has been set to high at the second clock period.
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Figure 3.11 PD output simulation
(a) Ap = 74ns (1.76m) CLK_fb ahead of the expected position
(b) Ap = 94ns (2.24m) CLK_fb later than the expected position
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Figure 3.12 Characteristic curve of start-controlled DFF

The characteristic curve shows a good linearity in the (0, 4m) detecting range which allows a
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proper transition of the phase difference information from PD to CP. The non-zero value of the
average voltage at Ap = 84ns (2m) is due to an error from input clocks which is shown below
in Fig 3.13. The CLK ref and CLK_fb have a 7ps error between them when the setting of the
phase difference is 84ns, which leads to a bit of mismatch between UP and DN. It illustrates
that even few-picoseconds phase difference could be detected, resulting in an extremely small
dead zone. As mentioned above, the UP and DN will have a short pulse period during which
the charge pump switch could be turned on. The time of this pulse contains two parts of delay,
the NAND gate delay and the DFF delay. In the circuit design, the NAND gate delay (from
UP/DN to RST) is expected to be as small as possible which could increase the operation
speed. The balance of delay from NAND gate input to its output is also of great importance.
The RST will be triggered either by UP or DN signal, which could have a different NAND gate
delay with a conventional NAND gate topology. To avoid the error causing by NAND gate, a
balanced topology in Fig 3.14 is implemented. Unlike the NAND gate delay, the DFF delay
(from RST to UP/DN) should be kept as a relatively high value. Because the ready signal in
the start-control function should be later than the rising edge of CLK ref. If the DFF delay is
short,(<80ps in simulation), the first rising edge of the UP signal could not be ignored to have
a proper output. According to simulation, the NAND gate delay is 84.4ps and the DFF delay is
158ps. The power consumption of start-controlled PD is 20.3uW.
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Figure 3.13 PD output with a phase difference Ap = 84ns (21)
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Figure 3.14 Balanced-delay NAND gate

3.4 Charge pump

The function of the CP is to convert the phase difference information to the control voltage on
the LF capacitor. The working principle has been shown in Fig 3.6. Two switches responsible
for the current sources I;p and Ipy are controlled by UP and DN signals separately. The on-
time difference between UP and DN would decide the direction of output current which is either
charging or discharging the LF capacitor. The current value of either I;p or I,y affects the loop
gain, bandwidth and lock-in time of DLL. When the CLK_fb and CLK_ref are aligned, the ideal
output current should be zero. In the design of PD, the topology implemented in this design
delivers a short pulse for both UP and DN when CLK_fb is aligned. During the period of this
short pulse, the switches of two current sources in CP will both be opened. The requirement
is more strict for PMOS current source to match the NMOS current source, also considering
the effects from the two switches. The non-idealities in the design of CP are listed below.

3.4.1 Non-idealities in the Charge pump

The first one is the current source mismatch as mentioned above. The two switches are also
implemented by PMOS and NMOS separately, which have different switching speed. During
the turn-on time, the error from the current sources and switching speed would result in a
variation on the control voltage V., and affect the VCDL. Using the transmission gate to re-
place the single MOS switch could help to minimize the error. In the PD design, the generation
path for UP and DN signals are identical, so the error on the triggering time by either UP or
DN signal is small.
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Charge injection and clock feed-through are shown in Fig 3.15. When the MOSFET switches
are turned on, there is a certain amount of charge Q. held in the channel inversion layer. The
stored charge will inject into the drain and the source port when the MOSFET is turned off.
Both drain ports of two switches are connected to the LF capacitor, so the injected charge will
cause the variation in the control voltage. Another issue between the drain port and the node
of the LF capacitor is the clock feed-through. The switching behaviour of the UP/DN signal will
be coupled to the output node because of the gate-drain parasitic capacitors Cg;p. A step error
occurs on the control voltage during the transition of UP/DN. Reducing the size of the MOS
switches could reduce the charge stored in the channel. To avoid the clock feed-through, the
control switches should be placed away from the output node.
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Ced

Vctrl

DN

Figure 3.15 Charge injection and Clock feed-through

The charge sharing is also an issue that happens during the transition of UP/DN. As in Fig
3.16, the two current sources M1, M2 have the parasitic capacitors Cy and Cy. When the
UP/DN controlled switches are turned on, the charge on Cy will flow out and the Cy will start
to charge. The charge which should be sent to the output capacitor Cp are shared by the three
capacitors. With a high-frequency signal, the glitches caused by charge sharing will be obvious
on the output control voltage and result in the phase change in VCDL.
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Figure 3.16 Charge sharing[25]
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3.4.2 Design of Charge pump circuit

Current mirror

uP—-
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Vdd Vdd ]
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DN—>

Current mirror

Figure 3.17 Concept of the charge pump in this design[26]

The block diagram of the proposed charge pump is shown in Fig 3.17. Unlike the conventional
structure with only one pair of current sources, two extra stand-by current sources are added.
The operation of this charge pump is similar to the conventional one. When the UP and DN
are at the same state, either on or off, the total output current is kept as zero. Only when the
UP and DN are in a different state, the output current will be generated. In this topology, the
switches are not directly connected to the output node, which reduce the effect of clock feed-
through. The current sources Iy;p, Ipy and Ig,n4 are copied from the same current source to
achieve a better match among them. These two I;,,4 Current sources are used to speed up
the response of CP. Because there is always a current pass through the output node, any
change in the current value will be quickly transferred to the output capacitor. Besides, an
always-on path from VDD to GND eliminates the effect of charge sharing when UP/DN is
switching. The detailed circuit of the CP and the standard current source are shown in Fig
3.18.

The transistors M1, M2, M11 and M12 are the current mirrors copying Iyp, Ipy and Igtgna 10
the output node. When UP and DN are in the same state, the current on these four transistors
are equal to Iy 4,q- When the UP and DN are in a different state, the current changes to
Inimz = Istana + Ipns OF Iy11.m12 = Istana + Iyp- The switches are implemented with two trans-
mission gates to minimize the effect of different switching speed for NMOS and PMOS. Tran-
sistors M13, M14, M15, M16 and the resistor R1 compose a Widlar current source as a stand-
ard for Iyp, Ipy and Ig,nq- The current is given by:

Lt = s :(VGSIS _VGSl4)/R1 (3.3)
The reference current created by the Widlar current mirror is stable and only depends on the
gate-source voltages of MOSFET and the value of resistor R1. The main problem of this cur-
rent reference is the multiple operating points. Except for the value in Eq 3.3, the Widlar current
source has another stable operating point at zero ;13 = Iy14 = 0. It could happen because
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the current of M14 is copied from M15 through M16, while the current of M15 is the same as
M13 which is generated from M14 an R1. A start-up circuit is required to break the stable state
at 13 = Iy14 = 0 by injecting current into this loop. Transistors M17, M18 and resistor R2
form the start-up circuit. When the loop of M13 to M16 are locked in a zero-current state, the
gate-source voltage of M13 is zero which forces the source terminal of M17 to zero as well.
The gate-source potential of M17 is not zero now and turns on M17 to inject current into the
loop of M13 to M16. With the current injection, the gate-source voltage of M13 gradually in-
creases while the gate-source voltage of M17 is reduced. When the loop reaches the stable
point L..r = (Vgs13 — Vis14)/R, the transistor M17 is totally off and does no effect on the loop.
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Figure 3.18 Charge pump in this design

The performance of the CP is shown in Fig 3.19. The input signals UP and DN are from the
PD with a phase difference from 0 ns to 168 ns (0 — 4m). It can be seen that the output voltage
V.t could reach a stable value at a high speed, most of the curves smaller than 0.5 us.
Because the simulation is conducted only with PD and CP, the CP is always charging or dis-
charging due to the PD output. When V., is from 0.5V to 1.5V, there is a relatively flat period
in the curve which indicates the UP and DN are in the same state. With the increase or de-
crease of the output voltage, the curve is not flat during the same state for UP and DN, which
is caused by the unbalance of current sources. The curves on the top-half plane indicate the
situation that UP>DN. In the PD design, the first rising edge of UP is later than the DN signal,
which makes all the curves for UP>DN are triggered later. The weird green curve is a delay
difference(4m) out of the detecting range, which gives an incorrect response.
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Figure 3.19 CP simulation result, Ap = 0 to4n

A DC simulation of the output voltage has been down to analyse the matching of current
sources. The output voltage is swept from 0 to 1.8V, and the source terminal current of M2
and M12 are tested. If the two switches for UP and DN are turned off, the simulation result is
Fig 3.20. Only the standby current sources I;;4,4 are mirrored to the output node. These two
current sources show a good matching from 0.5V to 1.5V, which is related to the flat period in
Fig 3.19. When the output voltage is out of this good-matching range, the standby current
sources are unbalanced. Thus the flat period of the output voltage does not exist outside the
range from 0.5V to 1.5V. However, in Fig 3.19, the curve in the middle indicating the lock-in
state also suffers a subtle shift even the output voltage is around 1V. As mentioned above, the
output of PD, UP and DN would have an equally short pulse when the system is in the lock-in
state. The switches for I;;p and I, are turned on during the short pulse. The simulation with
turned-on switches is shown in Fig 3.21. Because now the current mirror copies both currents
from Iyp and 4,4, the matching performance is degraded. Although the pulse period is short,
after several cycles of operation, the output voltage gradually drifts a bit from the original value.
The benefit is that when the output voltage is far from the balance point, such as at 1.8V, the
attenuated value of I;p will increase the speed of CP to reach the balance point. For the total
performance of CP and DLL, if the DLL is in the lock-in state, more than 99% of the time both
UP and DN switches are off which indicates the matching of two I ,,4 sources shown in Fig
3.20. The poor matching situation in Fig 3.21 only happens in the short pulse period during
which both switches are turned on. Thus the current sources matching for this CP is generally
good.

The total power consumption of the CP is 87uW under 1.8V supply.
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3.5 Voltage-controlled delay line

The VCDL is of great importance in a DLL since the delay signals are all directly generated by
the VCDL. The function of VCDL is to modify the delay time of each stage inside VCDL based
on the control voltage from the CP. Unlike the VCO in the PLL, a VCDL itself is an open-loop
configuration and thereby has no oscillation and less jitter. With analog control, the VCDL is
typically a chain of cascaded delay elements. Basically, all the delay elements are designed
to be identical. The number of stages is normally decided due to the number of output in the
application. The main purpose of our DLL is to generate four reference clocks, thus four stages
of delay elements are required. The output clocks range from 0° to 180° with 45” as one step.
Therefore, the delay time of each delay element should be:

At = % =10.5ns (3.4)

delay —

Delay element is the core of a VCDL. Two typical technique for designing delay elements are:
shunt capacitor delay element and current-starved delay element. Their topologies and the
delay range are shown in Fig 3.22. Both of these two types of delay elements are based on
the inverter. However, the main contributor to delay time in the shunt capacitor method is
transistor M2, acting as a capacitor. The current charging or discharging M2 is controlled by
transistor M1 whose gate voltage is the control voltage V.. The benefit of the shunt capacitor
topology is the linear delay transfer curve in a whole range of V.,,. However, the delay time
of the shunt capacitor delay element is small, normally less than 1ns under a 1.8V supply. To
further increase the delay time, large devices are required which consumes more power and
area. Besides, the shunt capacitor approach also suffers from a narrow tuning range of the
delay which limits the speed of DLL to reach the lock-in state.
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Figure 3.22 Typical delay elements and their delay range[23]
(a) Shunt capacitor (b) Current-starved (c) delay range

The current-starved delay element is composed of two inverters. The delay time is dependent
on the current charging or discharging the parasitic capacitance between the two inverters.
The first inverter containing M4 and M5 are connected to two current sources, M3 and M6.
The output current of this inverter is limited by the current sources, unlike the second inverter
containing M7 and M8, which could drive as much as current from the supply. Both current
sources are controlled by V.., either directly or through the current mirror. The current-starved
topology achieves a wider delay tuning range compared to the shunt capacitor. However, the
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control voltage in the current-starved one should be higher than the saturation voltage for M1
and M3 because the current source should be kept in the saturation region. When the V;,; is
smaller than the saturation voltage, the VCDL does not have any output and the DLL will not
work. Thus an initial value should be set for V.., to keep the whole device out of the shut-
down situation. In this design, the current-starved topology is preferred to generate the 10.5ns
delay time.
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Figure 3.23 Delay element in this work
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Figure 3.24 The VCDL structure

The architecture of the delay element and the VCDL in our design are shown in Fig 3.23 and
Fig 3.24. An extra inverter is added to a normal current-starved delay element. The extra in-
verter is to compensate for the duty-cycle variation caused by the second inverter stage in the

43



delay element. The variation is affected by the process corners and degrades the precision of
the output clocks and the jitter performance. However, the extra inverter inside the delay ele-
ment will invert the signal, which requires an outside inverter(INV) to achieve the final output
signals. Thus the 45° and 135" clocks are the outputs of the inverter, while the 0°, 90" and 180’
clocks are the outputs of the buffer which does not invert its input signal. Since the delay time
in VCDL is highly sensitive to the node capacitance, extra INVs, buffers and the dummy delay
element are all added to achieve the same node-capacitance for each delay stage. Besides,
the PD in our design only compares the rising edges of CLK_fb and CLK_ref, which ignores
the effect caused by the falling edges. Using a signal-inverted delay element, the error from
losing falling-edge control is reduced. The delay time of both rising edge and falling edge are
simulated in Fig 3.25.
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Figure 3.25 Delay time of the single delay stage and the whole VCDL
The V., could vary from 0.8V to 1.8V, according to a 10ns to 180ns delay range for the whole
VCDL. When the V.., = 1.043V, the delay time meets the requirement and both rising edge

and falling edge have a good match. Simulation under different corners is conducted in the
whole DLL in the next section. The total VCDL consumes a power of 53.5uW.
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3.6 DLL performance
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Figure 3.26 The whole architecture of DLL

In this chapter, the DLL providing the reference clocks for the transmitter channel are designed.
Including the original clock, in total five clocks ranging from 0° to 180" with a step of 45" are
generated. The block diagram of the whole architecture of this DLL is shown in Fig 3.26. The
operation simulation is shown in Fig 3.27.
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Figure 3.27 Operation of DLL

The DLL reaches the lock-in state in less than 0.5us (<6 cycles). When it is locked, four
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reference clocks are generated and the control voltage becomes stable. Compared with Fig
3.19 where the V,,,; suffers from drifting, the negative feedback of DLL retrieve the V., back
to the balanced value. The power consumption of the total DLL and all the components are
listed in Table 3.1.

Table 3.1 Power consumption of DLL

Biasing and other DLL Power Consumption

auxiliary components
2%

Phase detector
2%

Current Power

Phase detector 11.29uA  20.3uW
Charge pump 48.3uA  &7uW
VCDL 29.74uA 53.5uW
Biasing and other auxil-

iary components 11.87uA  21.4uW
Total DLL 101.2uA  0.18mW
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Figure 3.28 Edge-to-edge jitter of DLL

The peak-to-peak value of the jitter is J,, = 272.294ps < (LSB/2) = 656.25ps which meets the
requirement. The corner simulations are also conducted, both the delay time variation and the
duty-cycle variation.
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Figure 3.29 Duty-cycle variation

Each output clock is simulated under all the corners at both 0°C and 50°C. Except for the SF
and SS corner at 50°C, the duty-cycle variation is smaller than 1% in other situations. The
delay time variation has a similar trend as the duty-cycle variation. A plot for the control voltage
under different corners indicates the problem. The change in the control voltage might be
caused by a mismatch in CP at 50°C. Although the control voltage has a big ripple, the function
of the whole DLL is still valid and keeps retrieving the V., back, as shown in Fig 3.31.
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Figure 3.30 Delay time variation
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Figure 3.31 Control voltage under all corners
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Chapter 4 Fine delay generation

After the reference clock signals are provided by the DLL, they are sent to each channel where
two adjacent phased clocks are selected to generate a finer delay. According to the MATLAB
simulation in chapter 2, the resolution of the minimum delay for our proposed system is
1.3125ns. Moreover, this fine delay is generated inside one channel, where the power and
area are limited. The design of the precise delay device is quite challenging with these re-
quirements. Instead of using delay elements, a phase interpolator(Pl) is implemented in this
design to achieve the precise delay generation. The arrangement of the fine delay generation
for the VNS will be introduced. Then the design of the Pl and the thermometer decoder for Pl
are explained.

4.1 Fine delay generation for the VNS

Inside channel 45°

=
CLK0°-135° __) g clk_fast

Continuous
K wave 28.125°
% Phase R
clk_slow| Interpolator 292.5°
CLK45°-180° = , 16.375°
letrio:71 polarity fine delay At
11.25°
Thermometer 5.625°
Decoder
7Y 0°

Reg<0:1> Reg<2:4> Reg<5>

Figure 4.1 Block diagram of the fine delay generation section

As mentioned in Chapter1, the continuous wave is required for the neuromodulation because
it could provide a high focal pressure to stimulate the vagus nerve. In a 2D array, the time
delay among different channels to get the expected spatial resolution is only limited in one
time period [0, 1T) for the continuous wave. The accuracy of spatial resolution depends on the
delay-time resolution which is At = 1.3125ns(5.625°) after quantization. Thus the fine delay
generation is the core circuit of a VNS transmitter channel. The channel area is limited there-
fore a delay circuit like DLL is not suitable to be implemented inside the channel. Without a
negative feedback loop, the error in the delay elements is hard to control. Therefore, a phase
interpolator(Pl) is implemented instead of using delay elements. Pl receives two input clocks
of the same frequency with phase ¢, and ¢z respectively, and generates a clock output
whose phase is the weighted summation of the two input phases. The weighted summation
could be easily controlled by a digital input. With a polarity control to invert the input signals,
the PI could cover the whole range of delay from 0° to 360°.

In Fig 4.1, the fine delay generation block in our work contains two 4-to-1 multiplexers(MUXs),

a Pl and a thermometer decoder. Two adjacent reference clocks(clk_fast and clk_slow) with
45° phase difference are selected by the MUXs as input signals for Pl. Two register bits
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Reg<0:1> are responsible for the input signal selection. According to the register setting, the
Pl could generate 8 levels of output with a phase delay ranging from 0° to 39.375° compared
to the clk_fast. The polarity control is also set by the register and will be set to high when the
output delay is in the range from 180" to 360°. The design of MUXs and register are included
in the next chapter, and this chapter will focus on the design of the Pl and the thermometer
decoder.

4.2 Phase interpolator

Although both delay elements and the PI could generate a delayed signal, the working princi-
ple between them is quite different. In chapter 3, either the shunt capacitor delay element or
the current-starved delay element could really delay the input signal to a certain value. Thus
the larger delay time would require larger devices for the delay elements. However, the PI
interpolates a phase/delay level between two clock signal with the same frequency but differ-
ent phases without adding any delay stage. It allows the Pl to generate a delayed signal with
smaller devices and thus less area consumption, but the PI must have two input signals. More
input signals would increase the burden of routing from the DLL to each channel, especially
for a large phased array. Therefore a polarity control inside the PI is beneficial to achieve a
full-phase range of output. A typical current weighted Pl [27] is shown in Fig 4.2. There are
two input signal paths and each one has an integer N number of unit cells. Each unit cell has
a pair of input MOSFETSs, two control switches and a common current source. The value for
the current sources are I,,;; and I,,;» which have the same magnitude but different phases.
To control the output phase, the total current of the Pl is kept stable while the number of unit
cells connected to different input signal paths is changed by enabling or disabling the control
switches 1.
The total output current is:

o =N 1oy F(N =) o, Withn=0:N 4.1)
With N unit cells, the Pl could interpolate N-1 number of phase levels in-between two input
clocks and the amount of total output levels is N+1.

— Clk0
—— Clk 90

Ictl[N-1:0] o H-o Icti[N-1:0]

clko o+ H—o ko k90 o—H H-oclk 90

Unit cell Unit cell
(x N) (x N)

Figure 4.2 Typical current weighted Pl and the expected output voltage[27]

As shown in Fig 4.2, if N=8, 7 green curves are interpolated between the input CLK_0 and
CLK_90. The slope change of the green curves could intuitively illustrate the different amount
of connected unit cells for two input paths. In real operation, the output nodes are connected
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to a large capacitor and the transition is smoother than the green curves in Fig 4.2.

The linearity of phase change is the most essential performance factor for the Pl. The current
sources in the current-weighted Pl should be kept identical because any mismatch would di-
rectly translate to a phase error at the output. The switching behaviour of input clock signals
would cause oscillation of the output voltage. A large output capacitor could help to mitigate
this problem but the drawback is the reduced output swing. The output voltage is proportional
to e~t/7 with T = R, C,y:- The output capacitor would enlarge the time constant and reduce
the magnitude of the output voltage. An inverter could be added as a buffer at the output node
to retrieve the waveform back to a square wave. There are some other approaches to improve
the linearity such as a better control or a feedback loop, but they are not suitable for the area-
limited channel in our design.

M2 W1 17 Qg

Yon

3 MY L i3 h2
CLK _fast _ | GND | SU<_fast N GHD

| | | | | | | |
HE ] ] Ui
polar_N GMND polar polar_N | GHD |
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Wiz<d. 7>

M13<BT>

IeH_M<@:7 > [ctl<@: 7>
Wi<BT W1g<BT
W W
n—-—l b n—-—l 4

GND

GHND

Figure 4.3 Pl in this work

The Pl in this design has been shown in Fig 4.3. Two Pl unit are included in this topology, and
each unit has two input signal pairs and eight current source branches. With a polarity control,
two pairs of input signal could share the same current source branch[18]. Only the current
source and its switch are duplicated, which reduces a huge amount of MOSFETs. With a res-
olution of At = 1.3125ns(5.625°), 7 extra levels should be interpolated into two input clocks.
When the control bits of the |_ctrl switches are set to either all low or all high, the output phase
of Pl is the same as CLK_fast or CLK_slow, which makes the total phase levels of Pl output
to be 9. To represent the 9 phase levels, 8 current sources are required for each PI unit. The
9 phase levels and the control bits are illustrated in Table 4.1. However, the last phase level
with all bits set to high does not need to be conducted in the real operation. Because when
the input clocks are shifted to the next state (0° and 45° to 45° and 90°), the control bit 0000
0000 represents the output phase the same as 1111 1111 in the previous state. Thus, in the
control of PI, the Ictrl<7> could always be set to low and only Ictrl<0> to Ictri<6> is generated
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from the thermometer decoder. This setting could reduce the register bits for thermometer
decoder and therefore increase the data loading speed for the whole system.

Table 4.1 Control bits of current sources and related phase variation

Ic- Phase varia-
Ictri<7> Ictrl<6>  lctrl<5>  trl<4> Ictri<3> Ictrl<2> Ictrl<1>  Ictrl<0> | tion(degree)
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 5.626
0 0 0 0 0 0 1 1 11.25
0 0 0 0 0 1 1 1 16.375
0 0 0 0 1 1 1 1 22.5
0 0 0 1 1 1 1 1 28.125
0 0 1 1 1 1 1 1 33.75
0 1 1 1 1 1 1 1 39.375
1 1 1 1 1 1 1 1 45

4.3 Thermometer Decoder

Reg<4> Reg<3> Reg<2>

il

WHUNAY ’

lein<0> legr<1> letn<2> letn<3> letn<4> len<5> letn<6>
Figure 4.4 3-to-7 Thermometer decoder

Because the output levels are reduced, 3 bits are adequate for the decoder to generate all the
output control bits for the current source switches. For each channel, the delay time is deter-
mined in the computer and will be sent to the register. The control bits for Ictrl<0:6> will not
change during the operation unless the focal spot is changed and require a new delay time
setting. Thus the decoder does not transfer any error or switching behaviour to the Pl. The
structure of the thermometer decoder is shown in Fig 4.4. All the digital gates are customized
from the transistor level, so the topology, power and area might be further improved if the
Verilog synthesis approach is conducted.
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4.4 Performance

The simulation for all the output phase from 0° to 360° is shown in Fig 4.5(a)&(b). In Fig 4.5(c)
is the output curve before adding the inverter. Due to the large output capacitor, the swing of
the output voltage is reduced to a range from 0.3V to 1.6V. However, the linearity is set to best
at a level of 0.9V where is the measurement point for phase delay. The switching decision
point of the inverter is also set around this value thus the final output has good linearity. Be-
sides, since the Pl is a differential structure, the negative output could be directly used as a
delay range from 180° to 360°, which is the same for the continuous wave in the stimulation
mode. However, the imaging function might require a different delay setting so the improve-
ment would require future verification in the data and clock control design.
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Figure 4.5 Simulation of Pl output voltage
(a) Output voltage of Pl from 0° to 180° (b) Output voltage of Pl from 180° o 360°
(c) Output voltage of Pl before the inverter

DNL

Digital input

Figure 4.6 DNL of the Pl

Both rising edges and falling edges are measured to evaluate the linearity of the Pl. The dif-
ferential nonlinearity(DNL) is shown in Fig 4.6. The periodicity in the DNL is due to the phase
levels are repeated when the input signals are switched to the next state. The power con-
sumption of the fine delay generation block is shown below. The biasing of the Pl could be
extracted to the outside-channel area as a sharing circuit for all the channels.
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Table 4.2 Power consumption of the fine delay generation block

Current Power
Phase interpolator 150.4uA 0.27mW
Thermometer decoder 157pA 0.28nW
MUXs 43nA 77.4nW
Biasing 95.47uA 0.17mW
Inside channel 150.4uA 0.27mwW
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Chapter 5 Pulse wave mode function Design

Since the position of the vagus nerve is different from individuals to individuals, and it might
move a bit from the original location during the stimulation, a real-time ultrasound imaging
function is required. In many works[13] [28] [29], the PW mode function is achieved by digital
devices considering the small area and power consumption. This design also uses a fully
digital block, but the final output is based on its embedded stimulation function and without
using a large counter or comparator.

The general way of generating digital PW mode function will be introduced first. Then the
concept of using the continuous wave to trigger output is illustrated, followed by the double
DFF architecture of the digital imaging block in this design. Each device inside this digital block
and its simulation results will be demonstrated at last.

Since all the devices in this chapter are digital, the MUXs and the register inside the channel
are also included in this chapter.

5.1 TX pulse wave mode using digital circuit
Electrical . Acoustic
domain ' domain

Imaging mode: single pulse (width=1T)

JUL Lt

Transducer =

T Focal spot

A

>
N: Focal Depth

Figure 5.1 Pulsed-wave for ultrasound imaging

As shown in Fig 5.1, for focused ultrasound imaging, a pulsed-wave needs a long-range of
delays with precise resolution. In each channel, the pulse-wave delay time should be exactly
in the form of a- T + b - At where a,b = 0,1,2 .... To achieve this, a high-frequency clock and
large-bit counter and comparator are normally used, such as in Fig 5.2. An outside-channel
counter is counting the delay and the trigger time is determined by the 10-bit comparator. The
delay time resolution is determined by the counter frequency.

For small size transmitter array and short channel delay time, it is convenient to use this to-
pology. However, when the number of elements increases, the delay time for channels at the
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edge of a 2D phased-array increases rapidly, which requires large digital devices. The clock
frequency is also increased if the resolution needs to be improved (1GHz for 1ns resolution).
To support these digital devices, the size of the required registers will also be increased.

In our proposed system, the delay resolution is At = 1.3125ns, and the maximum delay among
all the channels is delay,,,, = 22 - T — 7 - At. Since the counter is working in the binary system,
to achieve the desired resolution and the maximum delay, a 760MHz clock and an 11-bit coun-
ter under this frequency are required if using the traditional digital counter scheme. This high-
frequency clock should be added externally and it will increase the switching power dramati-
cally. The large counter also squeezes the channel area for other components. Both of them
are not suitable for a wearable device.

An alternative option instead of the high-frequency clock and large counter is inspired by the
fine delay block. In chapter 4, a continuous wave with the required delay resolution is already
generated from the phase interpolator, which could be used to trigger the pulsed-wave output.
The main issue is the control of triggering the output to a long-range of delays.

2b Counter Mux
out Trigf—Out Ext Trig.__¢ Ext. Trigger
Int Trig.
Sel Transducer Element

Reset
Ext. Sel b—l
Reset

Sel

Memory 10b Comparator One Shot Pulser
1 MEM A . 8
Delay Input == In e Out l—ed A Equal || out outl—| Flip-Chip
CLK Phase 1pp— @1 MEM C. B Bond Pad

MEM D) 3
CLK Phase 2 pp—{ 2 Reset Ramp Current
Ll In_b
Count One-shot current -|

Figure 5.2 Digital Tx circuit for ultrasound imaging[13]

5.2 Continuous wave triggered output

5.2.1 Direct approach

As shown in Fig 5.3, the counter is working at the ultrasound frequency(12MHz) with a count-
ing unit equals to one time period(T = 84ns). Compared to the counter working on 760MHz,
this counter only has to count 2° times to cover the maximum delay time delay,,,, = 22T —
7 - At. This reduces the size of the counter and comparator to 5 bit. After the comparator giving
a high output when the counting number matches the pre-set delay value, the Pl output with
proper delay resolution will trigger the final pulsed-wave output. Thus the delay a-T + b - At
is achieved separately by the counter and PI. The EN_N signal for the counter is utilized to
freely control the time when users need to conduct the imaging function. The EN signal for the
comparator is the inverted signal of EN_N and it can avoid the always-high output when the
register value is 0 and the counter is not activated.
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But this approach requires extremely accurate control of the Equal signal and PI output signal.
As shown in Fig 5.4, the two red arrows indicate when two types of Pl output signal have to
be to properly trigger the final output. The black wave is the PI output with a delay of zero
which is the minimum delay for the phase interpolator. The red wave is the Pl output with a
delay of 27-LSB which is the maximum delay. Two colors of the final output illustrate the

Register<6:10>

>

Comparator

Equal

’—> CLK

Pl output

DFF

Inside channel

Pulse Signal:
(aT+baAt)

-

proper triggering wave for these two Pl output signals.

Equal Signal

Pl output

Final output

Figure 5.3 Pl output trigger Pulsed-wave

Figure 5.4 Triggering time for Pl output and Equal signal

Due to the working principle of a rising-edge triggered DFF, to have the proper Final output
signal, the two transition edges of the Equal signal should be ahead of the zero-delayed PI
output while later than the 27-LSB delayed PI output. The error range is indicated using black
arrows, which is =LSB/2. Considering the delay error accumulated from the counter and com-
parator, and the different path which the Pl output passes through, this approach requires an
accurate delay control unit to arrange the zero-delayed PI output and the Equal signal inside

the error range, which is hard to implement.
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5.2.2 Double DFF approach

EN_N EN
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CLK_90° N ——>|

polar (Reg<5>) Pl output

Figure 5.5 the double DFF approach

To release the strict requirement on transition edges of the Equal signal, an extra DFF is added,
along with a MUX. This double DFF structure creates two different Equal signals from the
original one. As shown in Fig 5.6, the timing diagram illustrates these two Equal signals. In the
phase interpolator design, the reg<5> bit is used to determine the polarity of the Pl output
wave, which also indicates that the output phase range of the phase interpolator is from 0°to
180° or from 180°to 360°. Depending on the polarity, the CLK_90° from the DLL or CLK _
90° _N will generate a one-period pulse from the first DFF, which are the Equal with 90° and
the Equal with 90° _N. The PI output from 0 to ~ will trigger the second DFF under the Equal
with 90° _N, while the Pl output from = to 27z will trigger under the Equal with 90°. Now the
Pl output triggering edge is in the middle area of the Equal signal instead of the edge, which
increases the error range from =LSB/2 to T/4. This approach releases the design require-
ments on the counter and the comparator. The error on the transition edges does not transfer

to the final output.
cLK
o ]|

Equal

Equal with 90°

Equal with
90°_N

PLO
PI_pi
PI_2pi

Figure 5.6 Timing diagram of the double DFF approach
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5.3 Counter design

Since the error from the counter does not transfer to the final pulsed-wave output, the counter
could use a simple asynchronous topology. To save the area, all DFF in the counter uses a
TSPC structure. The whole counter structure is in Fig 5.7.

Counter<0> Counter<1> Counter<2> Counter<3> Counter<4>
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CLK »|CLK
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RST—
RST—
EN_N—H
RST—
EN_N—
EN_N—

EN_N—

RST—H

Figure 5.7 The 5-bit asynchronous counter

From Fig 5.8, the logic function of this counter could work properly under every corner and
temperature 0°and 50°. Although the transition edges accumulate delay from the first DFF
to the last, and these delay values changes according to PVT variations, this delay error will
not affect the final output.

A 5-bit counter could count from 0 to 31, but due to the control signal EN_N, the first output
code after the counter is enabled is 00001. To have a full counting range, the output code
00001 is recognized as number 0 for the comparator, while the code 00000 which will appear
after the code 11111, is recognized as number 31. This adjustment is for the control signal
setting in the future application.
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Figure 5.8 The transient simulation of the counter
(a)TT corner at 27°C (b)All corners at 0°C and 50°C

5.4 Comparator design
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Reg<9> Reg<9>

Counter<4> z Counter<4>

Reg<10> Reg<10>

(L]

(a) (b)
Figure 5.9 Comparator topology (a) Three stages (b)large fan-in

The comparator is set as the same bit size as the counter. The output of this comparator only
becomes high when all the counter output bits are equal to the register bits. Compared to the
dynamic comparator in [29], although the dynamic logic reduces many areas, the output wave-
form is always high after the matching point is reached, which is not desired for our double
DFF topology. Normally, a clock signal is needed for the dynamic logic and it will increase the
design complexity to get the output waveform incorporating with the Pl output signal we used.
Thus for the comparator, a static logic is preferred.
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In Fig 5.9, two static logic topologies are shown. The large fan-in topology uses less number
of transistors, but this 6-input NOR gate suffers from a much longer delay. Pseudo-NMOS
technique could be applied but the static current increases and thus the power. If using differ-
ential cascade voltage switch logic (DCVSL) to solve the static current problem, the number
of transistors is doubled, and the two compensated arrangement of transistors makes the
design more complicated. The three-stages topology is much preferred here.

To reduce the area consumption in the three-stages topology, the five XOR gates are designed
using the transmission gate. The architecture is shown in Fig 5.10. Considering the extra in-
verter needed for complementary inputs, using the transmission gate still reduces 4 transistors
for each XOR(a normal CMOS logic XOR contains 12 transistors), which is 20 transistors in
total for the whole comparator.

Vdd

>»A . . B—i >o——TB j
B>§ |

1
3|
H
o
|

(a) (b)
Figure 5.10 XOR gate (a)CMQOS logic (b) Transmission gate

Considering the counter is asynchronous, the output delay is accumulated from the least out-
put bit Count<0> to the largest one, Count<4>. However, in the NOR gate inside the compar-
ator, the PMOS which is the furthermost to the output suffers the largest delay. This PMOS
could be utilized to compensate for the delay difference of the counter output. Hence, the
Count<0> is set at the input port with the longest delay path and the Count<4> is set at the
least one.

The comparator is tested with different input codes: 00001,00010,00100,01000,10000,00000.
These codes representing 0,1,3,7,15 and 31 times of one clock period. Because each Count<i>
is capable to trigger the comparator output to high, these codes are chosen to represent all
different situations. The simulation results are in Fig 5.11. All these codes are tested in TT at
27°C and all the other corners(FF, FS, SF, SS) at 0°Cand 50°C.

Although some spikes might happen when the counter bits are switching, this will not cause
an error output. Because the Equal signal will then pass through one DFF with either CLK_90
or CLK_90_N. The position of rising edges of these two clock signals is at least T/4 away from
the spikes.
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5.5 MUX design

There are two kinds of MUXs inside each channel, one is 2-to-1 and the other is 4-to-1. The
4-to-1 MUX is used to select the input clocks for the phase interpolator. The 2-to-1 MUX has
been used in two positions, one is in Fig 5.5 for the clock signal in the double DFF structure.
The other 2-to-1 MUX is in the transducer interface, where it selects either the continuous
wave or the pulsed wave is sent to the transducer.

To save area, the MUX is designed using the transmission gate. 8 transistors are reduced for
a 2-to-1 MUX. The 4-to-1 MUX is composed of three 2-to-1 MUX, thus 24 transistors are re-
duced.
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Figure 5.12 MUX using CMQOS logic gate
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5.6 Register design

Depending on the operations, registers could be divided into four types: Serial-In Serial-Out
(SISO), Serial-In Parallel-Out (SIPO), Parallel-In Serial-Out (PISO), and Parallel-In Parallel-
Out (PIPO). But the register cell is similar for all these four types, normally is a DFF. In this
section, the design of a transmission gate based register cell [29] is demonstrated, and two
types of operation (SISO and PIPQO) are shown to prove that the register cell could be applied
in different registers.

As shown in Fig 5.14, the register cell is composed of two CMOS transmission gates and three
inverters. The CLK_1 controls the data loading, while the Load signal decides whether the
output will be updated or not. In the PIPO mode, all register cells have an independent data
input line so the loading time is extremely short. While in the SISO mode, each register cell is
connected one by one, and only one data line is required, but the loading time is several times
of the PIPO structure. For future applications, the operation mode will be decided by the con-
trol system. In this work, all the simulations using the register are based on the PIPO structure.

Register cell : PIPO Qo a
Q : | |
Load — — Load Load — —— Load
H Register e Register
: cell cell
: CLK —— — CLK CLK — —CLK
f i [ |
Load —{ }— Load . Do D11
Qo Q2
sIso Qi
|
Load — — Load Load — —— Load Load — — Load
- : Register Register . Register
CLK_1 CLK_1 : cell cell cell
B 4{ }7 B : CLK —] — CLK CLK — —— CLK CLK — — CLK
D | L1 10

Data

Figure 5.14 Register cell and two operation modes

In Fig 5.15, these two operation modes are simulated. In PIPO, the output is synchronized to
the data when the Load signal is high, the final value of the output depends on the data value
when the Load signal is turned off. In SISO, the data is load into each register one by one with
the cycle of the clock signal. The 1001 data appears at the third register cell output after three
clock periods.
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Figure 5.15 Two operation modes (a)PIPO (b)SISO

5.7 Performance

The simulation for the whole US imaging function of this work is presented in Fig 5.16. The
delay value is randomly chosen: 00101 (which represents 4 because the code for O is set as
00001) for the comparator and 20 times of LSB for the Pl output. After then EN_N is off, the
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counter starts counting and the Eq signal goes to high after four clock periods. Then the first
DFF generates a new Eq signal according to the CLK_90 N. The PI_output triggers the sec-
ond DFF to have the final output. The second DFF is the only device that affects the final
output accuracy, and it is the same for all the channels. So the pulsed-wave error among
different channels only depends on the PI_output which comes from the phase interpolator.
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Figure 5.16 All corners simulation for the imaging function

Table 5.1 Power consumption of the devices in the pulsed-wave path

Inside Channel
Register
Clock buffer 12%
2%

Comparator Current Power
27%

MUX Counter 389.4nA 0.7uW
0% Comparator 161.2nA  0.29uW
1st DFF 179.5nA  0.32uW
2nd DFF 176.6nA  0.32uW
MUX 57.33pA 10.3nW
2nd DFF Clock buffer 14.26nA  25.7nW
29% Register 73.46nA 0.13uW

Inside channel
(Except Counter)  605.1nA  1.1uW

1st DFF
30%

= Comparator ® 1stDFF = 2nd DFF MUX = Clock buffer = Register

Table 5.1 illustrates the power consumption of all the devices in the pulsed wave path. Except
for the counter, the other devices are inside the channel and are shown with a pie chart. From
Fig 5.16, the DFF output has periodic spikes even its value is zero, so a two-inverter based
clock buffer is added after the second DFF to have a clean final output.
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Chapter 6 Transducer interface

Following the two modes of waveforms are generated, these low voltage (0-1.8V) wave has
to be shifted to a higher voltage (30V according to the specification) to drive the transducer.
This chapter introduces these circuits interfacing with the transducer. First, the devices in-
cluded in the transducer interface block will be explained, followed by the design of the level
shifter and HV driver.

6.1 Devices required in the transducer interface

5V

J1

Pulse wave

Level
shifter

HV Driver

30V

Transducer

Y

Continuous wave

Reg<11>

A

Figure 6.1 block diagram of the transducer interface

In Fig 6.1, the high voltage devices we used is 36V MOSFET in the TSMC 0.18.:m HVBCD
library, which requires a 5V gate-source voltage. Thus the input wave has to be first shifted to
the 5V domain by a level shifter. Since the 36V MOSFET occupy a large area, the design
should consider using as few transistors as possible. Fig 6.2 illustrates the area of a minimum-
sized 36V NMOS occupies compared to 5V and 1.8V NMOS.

Figure 6.2 1.8V, 5V, and 36V NMOS

To match with the design of the receiving circuit, the transducer is chosen to use the same
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material, Pb(Mg1,3Nb23)Os-PbTiOs (PMN-PT). Compared to lead zirconate titanate(PZT) used
in previous work[18], PMN-PT is preferred due to its higher piezoelectric coefficients and cou-
pling coefficient. Two commercial products of piezoelectric materials are listed in Table 6.1.
The higher ds; and k33 means the PMN-PT could convert electrical energy to mechanical
placement more efficiently than PZT.

Table 6.1 piezoelectric properties[30]

symbol  PZT(Navy typell) PMN-PT

Piezoelectric coefficient
(Coulomb/Newton) d; 390x107%2 1285x1012

Coupling coefficient Kz 0.72 0.89

Dielectric

,,,,,,,,,,,,,,,,,,,,

Figure 6.3 Electrical model for piezoelectric transducer[31]

The PMN-PT, like the other piezoelectric materials, could be modelled using a lumped-element
model. This model is composed of two parts, one is an RLC branch representing the mechan-
ical property of the material. The other one is a shunting capacitor which describes the dielec-
tric property. Each element in this model could be calculated precisely using the equations
below [32].

WL

Cp :ngs (1—k321) (61)
R _ |Z|min (62)
e,

2 6.3
L _pt(sh ©3
° 8w\ d,
c _8Lwd} (6.4)
4

Here, W and L are the dimensions of the transducer, with t as its thickness. £I;is the permit-
tivity under constant stress, £, is the elastic compliance under a constant electric field. w is
resonance angular frequency, p is the mass density. ds; and k3, are piezoelectric coefficient
and coupling coefficient, which would be d35; and k55 in our case. These values should be ob-
tained from the impedance spectrum by experiments. But in the design, several assumptions
are made for our simulation.
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As for the transmitter design, the transducer model is recognized as a load impedance. With-
out a real product to test, a commercial product PMN-PT from [33] is taken for the calculation.
First is the shunting capacitor. As discussed in chapter 2, the size of each transducer element
is set to be 90 umx90 um. The operating/resonance frequency is 12 MHz . With these spec-
ifications and parameters from the commercial product, the shunting capacitor could be cal-
culated as 1.5 pF. As for the RLC branch, it is dominated by the resistor and its impedance is
normally larger than 30 k€2[32]. Finally, the load impedance is dominated by the shunting
capacitor and the value is 1.5 pF. These assumptions are made currently for circuit design.
Further experiments will be conducted to get the exact parameters when the real product of
the transducer material is ready to use.

6.2 Level shifter design

VddH

(a) (b) (c)
Figure 6.4 Three types of Level shifter[34]:
(a)Conventional (b)Single supply (c)Contention mitigated

Since the HV transistors require 5V input control, firstly the low voltage 1.8V signals need to
be shifted to 5V. Three types of level shifters are shown in Fig 6.4. The first one is the conven-
tional level shifter. The top two PMOS, P1 P2, forms a latch. When the input is high, N1 is off
and N2 is on, which pulls downs the gate voltage of P1. Due to the positive feedback, the gate
voltage of P2 is pulled up to VddH, and the gate voltage of P1 is pulled down to VSS, which
gives a high output after the inverter. This structure requires two supply voltages and strong
NMOS for N1 and N2, since they have to overcome the PMOS latch. Another disadvantage is
the contention problem, which is the different current driving capabilities of NMOS and PMOS.
Delay variations and more power consumption are caused by contention[35].

As for the single supply topology, it uses fewer transistors and only needs one supply voltage.
When the input is low, P2 is open. With the diode-connected N1, the input port of the inverter
is pulled up. The output goes to VSS and forces the half-latch P1 to further pull up the inverter
input port to VddH. However, the biggest disadvantage of the single supply topology is leakage
power. In our case, VddH is 5V and the VddL is 1.8V. When the input is high, P2 is expected
to be off. But its threshold voltage is 1.2V, while the gate-source voltage of P2 is larger than
2V even the diode-connected N1 creates a lower “Vdd” for P2. So N1, P2, and N2 form a
direct path from VddH to VSS while the input is high, consumes more static current. A simula-
tion result more intuitively shows the static current driven by P2, in Fig 6.5.
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Figure 6.5 P2 current curve in single supply topology

Contention mitigated level shifter is modified based on the conventional level shifter. By intro-
ducing two extra PMOS above the N1 and N2, two quasi-inverters are formed and the logical
values on the source terminals of NMOS are established faster than that in the conventional
level shifter[36]. When the input of N1 is high, it pulls down the gate voltage of P2. While the
P4 is opened by the inverted input signal, which along with P2 pulls up the source terminal of
N2. Now the P1 is off and leaves no static current to P5 even the input of P5 is a 1.8V low
voltage. The source terminals of P1 and P2 do not directly connect to the NMOS, thus the
NMOS does not drive the terminal voltage from the high voltage source, which mitigates the
large dimension requirements for NMOS. Besides, the inverter before the output node could
act as a buffer or a 5V transducer driver if the transducer does not require a 30V high voltage.
With these benefits, the contention mitigated level shifter is applied in this work.

6.3 High voltage driver

Normally an HV driver is also using a level shifter to convert the input signal from the low
voltage domain to high voltage to have a better performance[28, 37]. In Fig 6.6(a), a pulse-
triggered level shifter is introduced, but the left branch resistor always draws static current
from the 60V supply. In Fig 6.6(b), a whole level shifter is under high voltage supply, which
means six HV MOSFETs are required. This structure directly transfers the signal from the 1.8V
domain to the 32V domain, which would use a 1.8V gate-source voltage controlled HV
MOSFET. As for the Fig 6.6(c), it only requires two HV MOSFETs and could allow any arbitrary
high pulse to pass through. However, an extra high voltage pulse generator is needed, which
will occupy more area inside our channel.
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Figure 6.6 Three types of High voltage driver (a)[28] (b)[37] (c)[38]

Recalls the larger area occupied by one HV NMOS, from a conservative perspective, it would
be more implementable using only two HV MOSFETs. But the control signal on a floating
voltage for the high side PMOS is a problem. AC coupling could help shift a 0-5V signal to a
higher level. In Fig 6.7, with a diode that limits the gate voltage of MHV2, no extra 25V voltage
is needed.

Vdd3ov

D1 R1
0-5v

I1 — E MHv2

Tl Cemn-pT
Il _"; MHVI =

Figure 6.7 AC coupling level shifter

The diode D1 has a 5V break-down voltage. The resistor R1 and C1 form a high pass filter,
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the cut-off frequency is below 1MHz, leaving a safe region for the input signal operating at
12MHz. The AC simulation of the RC filter is shown in Fig 6.8.
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Figure 6.8 RC high pass filter ac simulation

6.4 Performance

The whole transducer interface block is simulated with two different input waveforms. Fig 6.9
is the continuous wave and Fig 6.10 is the pulsed-wave. These figures illustrate the procedure
of transferring the 1.8V signal to 5V then to 30V. For each channel, the path from 1.8V to 30V
is the same, so the main consideration for the output wave is the duty cycle. The 30V output
has been tested under all corners and two temperature conditions. From Table 6.2, the maxi-
mum duty cycle variation is +2.3%.

Table 6.2 Duty cycle of 30V output wave under different conditions

Corner

& TT, FF, FS, SF, SS, FF, FS, SF, SS,
Temp 27°C 0°C 0°C 0°C 0°C 50°C 50°C 50°C 50°C
Duty

cycle 49.74% | 49.59% | 47.68% | 51.49% | 49.68% | 49.90% | 48.03% | 52.09% | 50.30%
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Figure 6.9 Continuous wave mode
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Figure 6.10 Pulsed-wave mode
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Figure 6.11 All corners under 0°C and 50°C for the whole driver

As for power consumption, the 30V driver is power-hungry. To save the average power it con-
sumes, several approaches are available. First is the on-time for the transducer, the value in
Table 6.3 is based on an always-activated input. For the continuous wave mode, if the on-time
of the transmitter is less than 5.3%, then the average power of each channel is less than 1mW.
The second approach is based on the sparsity technique. As chapter 2 introduced, randomly
shut down some of the channels would not affect the resolution, only the focal pressure is
reduced. In our design, a 65x65 phased array, if only one channel is activated among every
19 channels, the average power will also be smaller than 1mW. There are still over 200 chan-
nels are activated, which is enough for imaging operation. The last approach is to avoid using
30V MOSFETSs. In previous work[18], a 5V output wave under 10MHz gives a 100kPa pressure.
With a good matching layer for the transducers, the 12MHz output wave in this design might
be adequate with a 5V driver or a less-than-30V driver for the ultrasound stimulation.

Table 6.3 Power consumption for each device in the Transducer interface

(a) Continuous wave (b) Pulsed wave
VDD Current Power vDD Current Power
30V Driver 30V 632uA 18.9mW 30V Driver 30V 105.5uA 3.165mwW
5V Level shifter 5V 18.75uA 93.75uW 5V Level shifter 5V 4.62uA 23.1uW
MUX 1.8V 4.44nA 8nw MUX 1.8V 1.87nA 3.37nW
Input inverter 1.8V  370nA 0.67uW Input inverter 1.8V 71.3nA 0.13uW
Total(with 30V Driver) 18.9mW Total(with 30V Driver) 3.19mwW
Total{without 30V Driver) 94.4uW Total(without 30V Driver) 23.2uW
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Chapter 7 Conclusions

7.1 The whole design of the transmitter

Channel 1 l
Channel 2 ’

Channel 656"65
Reg<6:10=

>
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Addr _>| Data Load : 1

Data

Figure 7.1 Complete block diagram of the whole design

The whole circuit design of this ultrasound transmitter is shown in Fig 7.1. The shared sections
are the DLL, the global counter, and data loading line. The circuits inside channels are the
same for each channel. The circuit design could be divided into four blocks.

The first block is the coarse delay generation which is a DLL, containing a phase detector, a
charge pump, and a VCDL. Five reference clocks from 0° to 180° with a step of 45" are gen-
erated by this block.

The second block is the red outlined fine delay generation path. This block is mainly composed
of a phase interpolator and its supporting devices(MUXs and the Thermometer Decoder).

The third block is the blue outlined PW mode function path. This block is responsible for a
single pulsed-wave generation.

The last block is the transducer interface containing the level shifter and the high-voltage driver.

7.2 Thesis contribution

My contribution to this thesis work includes:
- Literature study on the vagus nerve, mechanism and devices for VNS, and phased
array beamforming
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MATLAB simulation for 2D-array VNS system, and the array sparsity simulation
DLL circuit design

Channel circuit arrangement and design (for both stimulation and imaging function)
A new approach in the digital circuit for pulsed-wave generation

Level shifter and High-voltage driver design

7.3 Future work

The circuit design should be processed to the layout design and verification. After that, the
post-layout simulation results could be extracted to the MATLAB simulation model to have a
full array function simulation. PCB implementation and test are expected to be done in the
future. This work is focused on the transmitter design, which is only part of the whole ultra-
sound VNS system. In the future, the transmitter channel needs to be implemented together
with the receiver channel in the total array. The control system and transducer array fabrication
are also required. Besides, the arrangement of transmitter channels and receiver channels
using the sparsity is of great potential to achieve a power-efficient and high focusing perfor-
mance system.

The other future improvements to this design are listed below:

The charge pump could use a differential topology to improve the match of PMOS
current source and NMOS current source. Now the current sources only have a good
match in a limited voltage range. Out of the matching area, the control voltage keeps
changing even the DLL is locked in.

A duty-cycle recovery circuit and an extra loop to tune the VCDL could be implemented
to have a better duty-cycle and jitter performance. The DLL in this design only com-
pares the rising edge of the reference signal and VCDL output signal. The error on the
falling edge should also be processed since the duty-cycle will be affected.

The fine delay generation could consider a pipelined structure to reduce the number
of current sources, which could reduce the power consumption. The control bit for po-
larity control might also be deleted if the imaging function could using the differential
output signal.
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