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Abstract

Ultrasound therapy has a long history of novel applications in medicine. Com-
pared to high-intensity ultrasound used for tissue heating, low-intensity ul-
trasound (LIUS) has drawn increasing attention recently due to its ability to
induce therapeutic changes without significant biological temperature increase.
To enable feasible therapeutic applications, small and light devices are needed.
However, current commercially available LIUS devices are bulky and expen-
sive. In this thesis, a battery-powered highly-integrated system is proposed to
generate low-intensity therapeutic ultrasound for wearable applications.

As interfacing with ultrasound transducers generally requires a higher volt-
age than the battery supply voltage, one challenge of designing the battery-
powered highly-integrated LIUS system is to design a DC-DC boost converter
with a high output voltage while delivering sufficient output power, and meet-
ing the small size constraint at the same time. Another important block of
the LIUS system is the transducer driver. A half-bridge driver is utilized for
the proposed LIUS system to drive the ultrasound transducer due to its com-
pact design and the capability of high-speed switching. However, a high-voltage
(HV) level shifter is needed for the high-side operation of the half-bridge trans-
ducer driver. The performance of the HV level shifter affects the speed, power
consumption, and robustness of the half-bridge circuit. Therefore, the design
of the high-performance HV level shifter presents another challenge.

The challenges have been effectively solved in this thesis. Charge pumps

(also known as switched-capacitor DC-DC boost converters) with high current
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drive capability and high power conversion efficiency are proposed to overcome
the design challenge of the DC-DC boost converter. Undesired charge transfer,
which has a direction opposite to that of the intended current flow, presents a
significant source of power loss in charge pumps. The proposed charge pumps
utilize charge transfer switches with a complementary branch scheme to signif-
icantly reduce undesired charge transfer, thereby improving power conversion
efficiency and increasing current drive capability effectively. Additionally, an
HV level shifter with short propagation delay and low power consumption is
proposed in this thesis to enable the high-performance operation of the half-
bridge transducer driver. The proposed HV level shifter achieves high-speed
switching and low energy dissipation with the approach of pulse triggering.
Additionally, fully symmetrical switching avoids signal skew. Compared with
other HV level shifters implemented in the same process, the proposed circuit
shows both shorter propagation delay and lower power consumption.

Based on the proposed charge pumps and half-bridge transducer driver, a
proof-of-concept miniaturized LIUS device is designed and developed to gener-
ate low-intensity therapeutic ultrasound for wearable applications. The minia-
turized LIUS device consists of a battery supply, a custom Application-Specific
Integrated Circuit (ASIC), an off-chip digital control block, and a piezoelectric
transducer. The ASIC, which integrates the proposed charge pump and trans-
ducer driver, is implemented in TSMC’s 0.18-pm Bipolar-CMOS-DMOS Gen2
process. The digital control block is used to generate the control signals for
the ASIC. The piezoelectric transducer is a customized transducer with a reso-
nance frequency of 1.5 MHz. At this frequency, the proof-of-concept miniatur-
ized LIUS device can generate continuous-wave ultrasound with a therapeutic
power intensity of 32 mW/ cm”. Pulsed ultrasound can also be obtained at a
lower power intensity. To further improve the miniaturized LIUS device, three

improvements have been proposed in this thesis and a monolithic-chip solution
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is obtained. An improved ASIC has been designed in AMS’s 0.35-pm HVC-
MOS process, and simulation results have verified its improved performance.

Compared to current commercially available LIUS devices, the proposed
highly-integrated LIUS system is low-cost, compact, and light-weight, which

enables affordable and wearable applications.
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Act in such a way that you treat humanity, whether in your own person or in
the person of any other, never merely as a means to an end, but always at

the same time as an end.

— Immanuel Kant
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Chapter 1

Introduction

1.1 Low-intensity ultrasound (LIUS) and its
therapeutic effects

Ultrasound is a form of acoustic energy at frequencies above the limit of human
audibility (greater than 20 kHz) [1], [2]. The use of ultrasound for medical ap-
plications, including diagnostics, surgery, and therapy, has been investigated
for decades [3]. As early as the late 1920s, ultrasound therapy began to be ex-
plored by Wood and Loomis [4]. Early therapeutic applications focused on the
thermal effects of high-intensity ultrasound to selectively raise the tempera-
ture of particular tissues [5], [6]. Recently, low-intensity ultrasound (LIUS) has
drawn increasing attention due to its non-thermal effects [7]. The non-thermal
effects of LIUS are attributed primarily to a combination of cavitation, acoustic
streaming, and mechanical stimulation, which are able to induce therapeutic
changes without significant biological temperature increase [8].

The LIUS waveform pattern is in accordance with the generalized ultra-
sound waveform pattern shown in Figure 1.1. Important parameters of LIUS
include its frequency, pulse duration, pulse repetition period, and duty ratio
(defined as the pulse duration divided by the pulse repetition period). Ultra-
sound power intensity, which is defined as the acoustic power divided by the
transducer radiating surface area, is another important parameter.

Many researchers have explored the therapeutic effects of LIUS with dif-
ferent parameters. For example, continuous-wave (a duty ratio of 100%) LIUS

at a frequency of 1 MHz and intensities of 30 mW/ cm?, 70 mW / cm?, and 100
1



Pulse Repetition Period

Pulse Duration

1/Frequency

Figure 1.1: Generalized ultrasound waveform pattern (modified from [9]).

mW/ cm® have been investigated to show an inhibitory effect on gramicidin
D-induced red blood cell edema [10]. At a frequency of 45 kHz, a signifi-
cant increase in nitric oxide was achieved at three intensities, 5 mW/ cm?, 30
mW/ cmZ, and 50 mW/ cm2, when applying continuous-wave LIUS to human
mandibular osteoblasts [11]. Continuous-wave LIUS at the same frequency has
also been shown to have efficacy in healing osteoradionecrosis [12] and bone
regeneration enhancement [13].

Pulsed LIUS, i.e., low-intensity pulsed ultrasound (LIPUS) has also been
demonstrated to provide a non-invasive therapeutic modality with its ther-
apeutic applications studied both in vitro and in vivo. Results have shown
positive effects of LIPUS and its potential for broad applications including
the areas of bone healing promotion, acceleration of soft-tissue regeneration,
inhibition of inflammatory responses, and neuromodulation, etc. Table 1.1
summarizes the current status of LIPUS for different therapeutic applications.
The acronym FDA in Table 1.1 denotes Food and Drug Administration. NICE
represents National Institute for Health and Care Excellence. SATA denotes
spatial average temporal average, and SPTA represents spatial peak temporal

average.
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LIPUS stimulation at a frequency of 1.5 MHz, a pulse duration of 200 ps,
a duty ratio of 20%, and an intensity of 30 mW/ cm® SATA is an established,
widely used, and FDA approved intervention for accelerating bone healing in
fresh fractures and nonunion [32]. However, more currently, researchers in [33]
showed that various intensities (2 mW /cm?®, 15 mW/cm®, and 30 mW /cm?)
of LIPUS were able to initiate osteogenic differentiation, while the highest
increase of mineralization was with 2 mW /cm®. The study in [34] showed
that LIPUS with an intensity of 10 mW /em®, which is also below the current
clinical standard, was able to improve mineralization in bone cell cultures.
Similarly, the results in [21] demonstrated positive effects on DNA synthesis
and content using LIPUS with intensities of 7.5 mW/cm® and 15 mW /em®.
Other researchers have also shown positive effects of LIPUS with intensities
lower than the current clinical standard [35], [36], suggesting that investigation
on redefining the most effective LIPUS intensity for clinical use is needed.

Applications of ultrasound for medical therapeutic purposes have been
an accepted and beneficial use of ultrasonic biological effects for years [37].
Though requiring further exploration with its doses, LIUS, both in continuous-
wave and pulsed-wave form, provide a promising therapeutic tool for various
medical applications [7]. To bring the benefits of LIUS to various therapeutic
applications, and to facilitate research in vitro and in vivo, clinical trials, and
home-based rehabilitation interventions, developing medical devices to gener-

ate LIUS is in high demand.

1.2 Proposed highly-integrated LIUS system
for wearable therapeutic applications and
its design challenges

To enable feasible therapeutic applications of LIUS, small and light-weight de-
vices are needed. However, current commercially available therapeutic LIUS
devices are bulky and expensive, such as the device described in [38]. These

devices are generally built with discrete components mounted on printed cir-

cuit boards (PCBs). With advances in CMOS technology (including both
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the standard low-voltage (LV) CMOS technology and the high-voltage (HV)
CMOS technology), it is desirable to reduce manufacturing costs and include
flexibility in operation with a highly-integrated solution to enable affordable

and wearable applications.

1.2.1 Proposed highly-integrated LIUS system

To implement wearable therapeutic applications, a battery-powered highly-
integrated system is proposed in this thesis to generate LIUS at therapeutic
intensities. Figure 1.2 shows the block diagram of the proposed system. As
shown, the system consists of five blocks: a battery supply, a digital con-
trol block, a DC-DC boost converter, a transducer driver, and an ultrasound
transducer. The digital control block is used to generate control signals for
the system. The DC-DC boost converter is used to generate the high voltage
required by the system from a battery supply voltage. The transducer driver is
used to generate high-energy HV pulses with the control signals of the digital
control block and the power supply of the DC-DC boost converter. Finally,

the ultrasound transducer converts the electrical pulses to ultrasound waves.

Battery

v v

»| DC-DC Boost Converter ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
Digital

Control gigMigiy High voltage
l \ 4 Ultrasound
Block
/\ Transducer
> Transducer Driver —> -. ))) /’

Figure 1.2: System block diagram of the proposed highly-integrated LIUS
system.

1.2.2 Design challenges

To miniaturize the system for wearable applications, several challenges exist in

developing the battery-powered highly-integrated LIUS system in Figure 1.2:
6



DC-DC boost converter

As interfacing with ultrasound transducers generally requires a higher voltage
than the battery supply voltage [39], a DC-DC boost converter is needed to
generate a sufficiently high voltage for the battery-powered system shown in
Figure 1.2. However, it is challenging to develop a DC-DC boost converter
with a high output voltage while delivering sufficient output power, and meet-
ing the small size constraint at the same time. To achieve the ultrasound
power intensity of the therapeutic LIUS (mostly between 10 mW/ cm” and
100 mW /cm?), the power delivered by the DC-DC boost converter needs to
be up to 100 mW, depending on the transducer radiating surface area and
the transducer transfer efficiency (from the electrical power to the acoustic
power). For this power requirement, traditional inductor-based boost convert-
ers have been widely used [40]. However, the inductor-based solution requires
a bulky off-chip inductor which makes it difficult to meet the size constraint
of miniaturized LIUS devices.

Charge pumps, also known as switched-capacitor DC-DC boost convert-
ers, provide an alternative solution to generate high voltages. Compared to
inductor-based boost converters, charge pumps require only capacitors as pas-
sives, which offer significantly higher energy densities [40]. Another advan-
tage of the charge pump is that it occupies considerably smaller board area
than inductor-based solutions, either fully-integrated with on-chip capacitors
or highly-integrated with a limited number of off-chip capacitors. However,
the use of charge pumps has traditionally been limited to applications requir-
ing an average power of less than 10 mW [41], the power level of which is not

sufficient for therapeutic LIUS applications.

Transducer driver

The transducer driver is used to generate high-energy HV pulses for ultrasound
transducer excitation, with the control signals of the digital control block and
the power supply of the DC-DC boost converter. To drive the ultrasound

transducer with low power dissipation, the transformer push-pull topology



(Figure 1.3) has been widely used [42]. However, there are two drawbacks
regarding this topology. First, transformers generally have limited bandwidth
[43]. As discussed in Section 1.1, different therapeutic LIUS applications re-
quire different ultrasound frequencies ranging from tens of kHz to several MHz,
the bandwidth of which is not easily achieved by transformers. Second, trans-
formers are generally bulky components that will increase the board area and

the weight of the LIUS device, which are not feasible for wearable applications.

o

HV
Input | Gate driving supply
circuits

0 —— Ultrasound
_:I_ transducer

NV

-

Figure 1.3: Transformer push-pull transducer driver (modified from [42]).

An alternative solution for transducer driving is the half-bridge architec-
ture. Figure 1.4 shows the half-bridge transducer driver with one positive
power supply and two n-type switches at the output stage: Q1 is the high-side
(HS) switch, and Q2 is the low-side (LS) switch. The advantage of the half-
bridge driver is that it has wide bandwidth, capable of both low-frequency
operation and high-speed switching [44]. This makes it suitable for vari-
ous therapeutic applications with different ultrasound frequency requirements.
Moreover, the half-bridge circuit can be easily integrated on chip, making it
desirable for wearable devices. However, the design of the gate driving circuits
for the output switches in Figure 1.4 is of great complexity [44], [45]. This

is because a floating gate driving circuit is needed for the HS switch, which
8



operates in a floating domain with respect to the switching node [45]. In the
floating HS gate driving circuit, an HV level shifter is required to elevate the
control signals from the LV domain to the floating HV domain, the design of
which affects the speed, power consumption, and robustness of the half-bridge
circuit [46]. This makes the design of the half-bridge transducer driver complex

and challenging.

A HV
supply
HS Input Floating HS | 01
gate driving circuit
Switching
node

LS Input LS gate driving T—— Ultrasound
circuit | Q2 - transducer

D V4

Figure 1.4: Half-bridge transducer driver with one positive power supply and
two n-type switches at the output stage (modified from [44]).

The challenges described above have been effectively solved in this thesis:

e Charge pumps with high current drive capability and high power conver-
sion efficiency are proposed to meet the power requirement as well as the
size constraint of the wearable LIUS system. The charge pump could be
either fully-integrated with on-chip capacitors or highly-integrated with

a limited number of off-chip capacitors.

e A half-bridge circuit is used as the transducer driver for the proposed
LIUS system due to its capability for wide-bandwidth operation and
its feasibility to be integrated on chip. To achieve high-performance
operation of the half-bridge transducer driver, an HV level shifter with
short propagation delay and low power consumption is proposed in this

thesis.



The rest of the thesis is organized as follows: Chapters 2 and 3 describe
the proposed charge pumps and the transducer driver in detail, including a
comprehensive investigation on current research status, detailed descriptions
of the proposed designs (including operation principles, design considerations,
simulation and measurement results), and the comparison of the proposed de-
signs with previously reported works. Based on the proposed charge pumps
and the transducer driver, a proof-of-concept miniaturized LIUS device is de-
veloped and tested in Chapter 4. Several improvements are also made based
on the miniaturized LIUS device. Finally, conclusions and insights on further

works are drawn in Chapter 5.
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Chapter 2

Charge Pumps with High
Current Drive Capability

2.1 Introduction

Charge pumps, also known as switched-capacitor DC-DC boost converters,
have been extensively used in applications requiring output voltages higher
than the supply voltage, such as writing or erasing the floating-gate devices
of nonvolatile memories [47], [48], actuating radio-frequency micro-electro-
mechanical systems [49], driving LCDs [50], and more recently radio frequency
energy harvesters [51], [52], among many others [53]. For these applications,
charge pumps can produce different DC output voltages by transferring elec-
tric charge in capacitor networks using switches controlled by clock phases
[54].  Compared with traditional inductor-based or transformer-based con-
verters, charge pumps benefit from the significantly higher energy density of
capacitors [40], [55].

Conventional fully-integrated charge pumps have limited current drive ca-
pability (generally < 400 pA) [48], [56], [57]. However, for the application of
the proposed LIUS system, high current drive capability is required to gen-
erate ultrasound at therapeutic intensities. In order to improve the current
drive capability of the charge pump, the power conversion efficiency needs to
be maximized.

In general, the power conversion efficiency (1) of a charge pump can be

expressed as [58]
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o Pout
77 Pout + Ploss

where P,,; is the output load power and P, represents the power loss of the

x 100% (2.1)

charge pump. To maximize the power conversion efficiency, P,,ss needs to be
minimized.

Typically, the power losses of a charge pump can be classified as redis-
tribution loss, conduction loss, switching loss, and reversion loss [58]. The
redistribution loss is caused by the inherent energy loss when a capacitor is
charged or discharged by a voltage source or another capacitor [59] (the energy
is lost in the resistive elements of the circuit, for instance, the equivalent se-
ries resistance of the capacitors). The conduction loss, which is caused by the
non-zero on-resistance of switches, also plays an important role in power dissi-
pation [58]. Figure 2.1 demonstrates the conduction loss of a MOSFET. The
switching loss, which occurs due to the non-instantaneous transitions of the

drain-source voltage and current, is present at each turn-on/off of the switch

[60] (Figure 2.1).
Drain-source

A Drain-source
current

voltage
MOSFET 4 /
waveforms / \ / \
P time

A Turn-on Turn-off
switching loss switching loss

Power Conduction

loss

P time
Figure 2.1: Power loss of a MOSFET (modified from [60]).

Another significant source of power loss in a charge pump is undesired
charge transfer [61] (also known as reversion loss [58]). It is usually caused
by the reverse charge transmitted in the direction opposite to that of the
original current flow [61]. Among these power losses, the power loss caused

by undesired charge transfer depends heavily on the topology of the charge
12



pump. Designing new charge pumps with reduced undesired charge transfer
can effectively decrease the power loss and leads to higher power conversion
efficiency, voltage pumping gain, and current drive capability.

This chapter proposes new charge pumps with improved power conver-
sion efficiency as well as voltage pumping gain and current drive capability
by reducing undesired charge transfer. Charge transfer switches controlled
by auxiliary transistors are utilized in a complementary branch configuration.
Undesired charge transfer caused by the simultaneous conduction of auxil-
iary transistors and delayed turning off of charge transfer switches are both
eliminated or reduced, leading to higher power conversion efficiency, enhanced
current drive capability, and improved voltage pumping gain. The proposed
charge pumps are suited for highly-integrated applications such as battery-
powered systems, where power conversion efficiency is of essential importance
and where current drive capability of several to tens of milli-amperes is re-

quired.

2.2 Current research status

One of the most well-known charge pumps is the Dickson charge pump [62].
The n-stage NMOS-based Dickson charge pump circuit is shown in Figure 2.2.
The NMOS transistors in this circuit function as diodes, so that charge can

only be pushed in the source-to-load direction [63].

T T T ""‘3

¢ b, ‘1’ o V:m
Figure 2.2: N-stage NMOS-based Dickson charge pump circuit [62].

The Dickson charge pump employs a simple two-phase clocking scheme
comprising of two clock phases ®; and ®,, which are out-of-phase and have a
voltage of V;, (generally equal in swing to the supply voltage, i.e., Vpp ). The

voltage gained at the ith stage can be expressed by [58]
13



cv,
C+C,

where 7 is an integer larger than 1 and smaller than n+1. C'is the capacitance

Vi=Vioi= — Vrn[Vss(i)] (2.2)

of the pumping capacitors (C; ~ C,) and Cy is the parasitic capacitance
present at each pumping node. Vyy[Vsp(i)] is the threshold voltage of the
NMOS transistors at the ith stage, which depends on the ith stage source-to-
body voltage Vsp(i). We can see from equation (2.2) that the Dickson charge
pump suffers from the threshold voltage drop across the drain-source terminal
at each stage. Moreover, as the source-to-body voltage increases, due to the
body effect, the threshold voltage increases accordingly resulting in higher
voltage drops at later pumping stages.

In order to eliminate the effects of threshold voltage drop, charge pumps
with complicated clocking schemes have been developed, for instance, charge
pumps with bootstrap gate control strategies [56], [64]-[66]. Similarly, complex
clocking schemes have been used to improve the power conversion efficiency,
for example, a nonoverlapped rotational time-interleaving scheme was applied
in [67], while [68] utilized a four-phase non-overlapping clock, and [69] applied
phase-shifted clocks. However, complex clocking schemes require additional
clock generators, which consume power and increase the circuit complexity.

One effective technique with a simple two-phase clocking scheme is to utilize
the charge transfer switches (CTSs), which can be turned on or off completely,
without incurring a threshold voltage drop [63], [70]-[73]. Researchers in [63]
first devised the CTS charge pump topology. The study in [71] modified it with
PMOS transistors as CTSs in order to eliminate the body effect. The work in
[72] discussed the gate control strategies for the first and last stages. Figure
2.3 shows the n-stage CTS charge pump topology presented in [71]. PMOS
transistors M1~Mout, referred to as CTSs in this topology, are used to direct
charge flow to the output. Floating well structures are used to eliminate the
body effect of the PMOS CTSs. Each of the CTSs is controlled by a CMOS
inverter (for example, MN3 and MP3 controlling the gate of M3). The idea is

to use the lower voltages from the previous stages to effectively turn on PMOS

14



CTSs, enabling the pumping voltage at each stage to be free of the threshold
voltage drop.

3Vpp - 3Vpp--
e
VDD--
Voo M1 M2 @ M3 ® M4 @ Mn @ Mout \Y
—. T — 7 —1 7 — - — 1 7

MN1 MP1 |Vpp MN2 MP2 MN3 MP3 MN4 MP4 MNn MPn MNout MPout
I I ... I I Cou Iload(
-

1 Crmm Cimm C4-‘ [oN— o
T 7 T ]
b, P ¢ v

1

A\

VDD
N

o' 7\

Figure 2.3: N-stage CTS charge pump circuit proposed in [71].

However, a shortcoming with this topology is that it suffers from undesired
charge transfer during clock transitions, which has a direction opposite to that
of the original current flow. An example of the switching waveforms at the third
stage is demonstrated in Figure 2.4. As depicted in Figure 2.4(a), during the
transition when clock ®; decreases from Vpp to 0 and ®, increases from 0 to
Vb, the voltage change at node 1 (V1) is from 2Vpp to Vpp, V3 is from 2Vpp
to 3Vpp and V3 is from 4Vpp to 3Vpp. During this transition, transistor MP3
won’t be turned off until V; reaches V3 — |Vzp|, whereas MN3 already starts to
be turned on as soon as V5 reaches V| 4+ V. This causes MN3 and MP3 to
be turned on simultaneously during the short time period T, as indicated in
Figure 2.4. As voltage V3 is larger than V; during this period, reverse charge
occurs from node 3 back to node 1 through MN3 and MP3.

The energy loss caused by the undesired reverse charge transfer is referred
to as reversion energy loss. The reversion energy loss FE,., during this clock
transition can be expressed by the energy loss caused by simultaneous conduc-

tion F,. as

Erev = Esc> (I)l . VDD =0 CI)Q 0= VDD (23)

Similarly, during the other transition when clock ®; rises from 0 to Vpp and
15



—T—
MP3 is on
MN3 is off VN3 is on

oo \
V;

>3vnn
N7
zvnn<
o

. 1
Simultaneous _ __» xV

Conduction
(a)

MP3 is off

DD

«—T1—
MN3 is on
MP3is off _ MP3 is on

/_ Vo
N

3

MN3 is off

v,
N« .
_/ <-____Simultaneous
VDD

: Conduction
M3isoN | M3 is oFF

—T2—
(b)

Figure 2.4: Switching waveforms of the CTS charge pump circuit shown in
Figure 2.3 during (a) ®1: Vpp = 0 ®3: 0 = Vpp, and (b) ®&1: 0 = Vpp Pa:
Vop = 0.

®, drops from Vpp to 0, lossy discharge caused by the simultaneous conduction
of MN3 and MP3 can also be found, as indicated by the short time period T1
in Figure 2.4(b). Another problem manifesting during the second transition
is that, since the gate-drive signal of the C'TS M3 is controlled by MN3 and
MP3, M3 won’t be turned off until MN3 is turned off disconnecting the gate
terminal of M3 from node 1. Since voltage V3 is larger than V5 during this
transition, the delayed turning off of M3 also causes reverse current flow, which
transfers from node 3 back to node 2 through M3, as indicated by the time
period T2 in Figure 2.4(b). As a result, there are two reverse charge paths

16



during the second clock transition and this reversion energy loss F,., can be

expressed by

Erev = Esc + Edta (I)l 0= VDD (I)Q . VDD =0 (24)

where F,. is the energy loss caused by the simultaneous conduction of the
auxiliary transistors and Eg is caused by the delayed turning-off of the CTS.
Combining equations (2.3) and (2.4) together and assuming that the clock
frequency is fex, the reversion power loss P, of the circuit depicted in Figure

2.3 can be described as

Prev = fck(2Esc + Edt) (25)

We can see from equation (2.5) that with the same clock frequency, the
reversion power loss depends on the energy loss caused by both the simulta-
neous conduction of the auxiliary transistors and the delayed turning-off of
the CTSs. To improve the power conversion efficiency, these two energy losses
need to be eliminated or reduced.

Another charge pump utilizing a simple two-phase clocking scheme based
on a cross-coupled configuration has been proposed by Pelliconi in [74] and
described in [75]. A new control strategy was proposed in [76] to turn transis-
tors in [75] on more effectively by driving NMOS transistors with 3Vpp using
backward control and body biasing PMOS transistors. Figure 2.5 shows the
n-stage Pelliconi cross-coupled charge pump circuit. As shown, this circuit
consists of two cross-coupled branches where the gate-drive signals of these
two branches are intertwined. As an example of the operating mechanism,
in the phase that ®; is low and ®, is high, transistors MPA2 and MNA3 are
turned on with their gates tied to Vs and Vg3 respectively. This pushes charge
transferring from node A2 to node A3 through MPA2 and MNA3 without suf-
fering from threshold voltage drop across either transistor. Similarly, in the
opposite phase when ®; is high and ®, is low, MPA2 and MNA3 are turned
off, preventing reverse charge transmitted from node A3 back to node A2.

However, since this technique applies a CMOS pair as pumping switches at
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Figure 2.5: N-stage Pelliconi cross-coupled charge pump circuit proposed in
[74] and described in [75].

each stage per branch, compared to charge pumps utilizing one pumping switch
per stage per branch, the conduction loss caused by the switch on-resistance of
the cross-coupled charge pump is much higher. As the transistors are operated
in the linear region when turned on, the on-state switch resistance R,, can be

given by [77]

1
uCox%(VGS - VTH)

where 1 is the mobility of the electrons or holes, C,, is the gate-oxide capaci-

Ron = (2.6)

tance per unit area, and W and L are the width and length of the transistor,
respectively. Vg is the gate-to-source voltage and Vg is the threshold volt-
age. We can see from equation (2.6) that, since u, Cy, and Vg are technology
and device constants, with the same switch size parameters, R,, increases
as Vgg decreases. This implies that when driving a high load current, Vgg
decreases causing the increasing of the switch on-resistance, which leads to
higher conduction loss.

Besides, undesired charge transfer also exists in this circuit during clock

18



transitions. Figure 2.6 shows the switching waveforms associated with the

third stage operation of the cross-coupled charge pump circuit.

- —T—
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Conduction
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Figure 2.6: Switching waveforms of the cross-coupled charge pump circuit

shown in Figure 2.5 during (a) ®1: Vpp = 0 $5: 0 = Vpp, and (b) ¢1: 0 =
Vop ®2: Vpp = 0.

As illustrated in Figure 2.6(a), during the transition when clock ®; goes
down from Vpp to 0 and ®5 goes up from 0 to Vpp, the voltage at node
B2 (Vpy) decreases from 3Vpp to 2Vpp and the voltage at node B3 (Vp3)
increases from 3Vpp to 4Vpp. Referring to the intermediate node between
MPA2 and MNA3 as node I, as indicated in Figure 2.5, the voltage at node
I (V) remains approximately 3Vpp during the operation. Therefore, MPA2
starts to be turned on after Vs falls lower than V; — |Vpp|. At this moment,

MNAS3 starts to be turned on as Vg3 reaches Vi + Vi (assuming Viy = |Vip|).
19



Consequently, during the short period time T when V3 is still larger than
V9, undesired charge is generated, transferring from node A3 back to node
A2 through MPA2 and MNAS3. Similarly, during the other clock transition
when clock ®; increases from 0 to Vpp and ®5 decreases from Vpp to 0, the
circuit also suffers from undesired charge transfer due to the simultaneous
conduction of MPA2 and MNA3, as depicted in Figure 2.6(b).

We can see from the analysis above that, except for conduction power loss,
undesired charge transfer exhibits another significant power loss in previously
reported charge pumps. The undesired charge transfer phenomenon inherent
in the charge pump circuits, shown in Figure 2.3 and Figure 2.5, manifests as
a significant source of power consumption, which results in the degradation of
power conversion efficiency as well as voltage pumping gain. It is thus desirable
to develop effective techniques capable of reducing undesired charge transfer,

while also keeping the conduction power loss at a low level.

2.3 Proposed charge pump circuits

We propose a new charge pump that improves the power conversion efficiency,
voltage pumping gain, and current drive capability by reducing undesired
charge transfer. A complementary branch scheme is applied based on the CTS
charge pump topology. Undesired charge transfer caused by the simultaneous
conduction of auxiliary transistors is eliminated with their gate control sig-
nals generated in both complementary branches. The n-stage proposed charge
pump circuit is shown in Figure 2.7.

As we can see from Figure 2.7, this charge pump circuit consists of two
complementary branches. These two branches are identical circuits with com-
plementary clocks and are connected in parallel between the supply voltage
and the output. PMOS transistors are used as CTSs except for the first stage.
The use of PMOS transistors has the advantage that the body effect can be
easily eliminated by connecting the body terminal of a PMOS transistor to
its most positive voltage. Since only one transistor is used as the pumping

switch at each stage per branch, compared to the pumping switch pair in the
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Figure 2.7: N-stage proposed complementary charge pump circuit (CP-1)
based on CTSs.

cross-coupled charge pump (Figure 2.5), the proposed charge pump is able to
keep the conduction loss at a low level, leading to increased power conversion
efficiency and enhanced current drive capability. A simple two-phase clocking
scheme is applied, i.e., the clock signals ®; and ®, are out-of-phase and both
have a voltage swing identical to Vpp. The gate drive signal for each tran-
sistor is internally generated by both Branch A and Branch B. The detailed
operation of the proposed charge pump circuit shown in Figure 2.7, which we

refer to as CP-1, is explained below.

2.3.1 Operation principle
First stage

The first stage in CP-1 can be simplified from the CTS topology in Figure 2.3.

As shown in Figure 2.7, only one NMOS transistor is used for each branch.

For the transistor MA1, during the time interval T1 when ®; is low and ®,

is high, the voltage at node Al (Vy4;) is close to but less than Vpp, while

Vg1, which is generated in Branch B, is about 2Vpp. As a result, MA1 is
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turned on effectively by a gate-source voltage of Vpp enabling charge to be
pushed from the supply voltage to the capacitor Ca;. Instead of the threshold
voltage drop of the NMOS-based Dickson charge pump shown in Figure 2.2,
the voltage drop across MA1 is Vpg, which is much less than the threshold
voltage. During the time interval T2, V4, goes up to 2Vpp while Vg, drops
to Vpp, turning off MA1 to cut off the path from node A1l back to the power
supply.

On the other hand, transistor MB1 operates in an opposite and comple-
mentary way such that it is turned off during the time interval T1 to cut off
the path from node B1 back to the power supply, and turned on during the
time interval T2 enabling charge to be pushed from the supply voltage to the

capacitor Cg;y.

Middle stages

In contrast to an inverter used to control the CTS in Figure 2.3, the two
auxiliary transistors at each stage in CP-1 have different control signals, which
are generated internally by the complementary branches. Since the middle
stages follow the same operating mechanism, we consider the third stage as an
example. During the time interval T1, both V45 and Va3 are about 3Vpp with
Vg slightly higher than V3. Vs and Vgs, which are generated in Branch
B, are approximately 2Vpp and 4Vpp, respectively. As a result, the auxiliary
transistor MNA3 is turned on with a gate-source voltage of Vpp and MPA3
is turned off by the source-to-gate voltage of —Vpp. The ON state of MNA3
leads to the gate terminal of the CTS MA3 connected to node B2 (Vps is
about 2Vpp), which turns on MA3 with a gate drive voltage of Vpp, allowing
charge to be pushed from the capacitor Cps to the capacitor Ca3. During the
time interval T2, the auxiliary transistor MPA3 is turned on while MNAS3 is
turned off. The CTS MA3 is turned off since its gate and source terminals are
connected together through MPA3, cutting off the path from node A3 back to
node A2.

On the other hand, Branch B operates in a complementary manner. Specif-
ically, MB3 is turned off during the time interval T1, cutting off the path from
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node B3 back to node B2, and is turned on during the time interval T2, al-

lowing charge transfer from node B2 to node B3.

Output stage

The output stage of CP-1 features a similar operating principle to the first
stage. Instead of NMOS transistors, one PMOS transistor is used for each
branch. The CTS MAout is turned on and MBout is turned off in one phase,
and MAout is turned off and MBout is turned on in the other phase. The
ON state of MAout enables charge transfer from the capacitor Cp, to the
output capacitor Cgy. Similarly, charge can be delivered from Cg, to Ceyyt

when MBout is on.

2.3.2 Analysis of undesired charge transfer

We can observe from the operation described above that both the body effect
and the threshold voltage drop problem are eliminated in CP-1. Most impor-
tantly, compared to the charge pump circuit shown in Figure 2.3, undesired
charge transfer is reduced in this topology due to the separate gate signals for
the auxiliary transistors. To illustrate this, Figure 2.8(a) depicts the changing
of waveforms when ®; drops from Vpp to 0 and P, rises from 0 to Vpp. As Vo
increases from 2Vpp to 3Vpp and Vg, decreases from 3Vpp to 2Vpp, transistor
MNAZ3 starts to be turned on after Vs reaches Vgy + Vyy. Similarly, with
Va3 dropping from 4Vpp to 3Vpp and Vps rising from 3Vpp to 4Vpp, transis-
tor MPA3 starts to be turned off after Vg3 reaches Vy3 — [Vp|. Since MNA3
and MPA3 won’t be turned on simultaneously during this clock transition, no
reverse current path exists through MNA3 and MPA3 and charge won't be
transferred from node A3 back to node B2. Therefore, the reversion energy
loss caused by the simultaneous conduction of the auxiliary transistors, i.e.,
FE. in equation (2.3), is eliminated in CP-1.

A problem with CP-1 is that, even though the undesired charge transfer is
eliminated during the clock transition depicted in Figure 2.8(a), lossy discharge
still occurs during the second clock transition. As illustrated in Figure 2.8(b),

during the transition when ®; goes up from 0 to Vpp and ®, goes down from
23



—_—
B0
' MNA3 is off

———— MNA3ison
‘—

MPA3 i | '
SON I MPA3 is off !
|

|
|
|
|
|
v N g3
DD |
| VBz |
| |
LN & '
2Vpp —m | |
I Dead time I

(a)

—

I .
| M’: MPA3 is on
‘——_

. | |

MNA3
YRAIBON 1 MNA3 s off !
|

A

(b)

Figure 2.8: Switching waveforms of the proposed CP-1 circuit shown in Figure
2.7 during (a) ®1: Vpp = 0 $5: 0 = Vpp, and (b) ¢1: 0 = Vpp Py Vpp =
0.

Vpp to 0, no reverse charge transfer occurs through the auxiliary transistors
MNA3 and MPA3 since there is no simultaneous conduction of MNA3 and
MPA3. However, reverse charge transfer still occurs with the CTS MA3. With
its gate tied to MNA3 and MPA3, regardless of the OFF state of MNA3, MA3
won’t be turned off until MPA3 is turned on to increase the gate voltage of
MA3. As voltage Vy3 is larger than Vo during this transition, the delayed
turning off of MA3 causes undesired charge transfer from node A3 back to
node A2 through MA3, as indicated by the time period T in Figure 2.8(b).
Consequently, the reversion energy loss during the second clock transition can

be simplified from equation (2.4) such that only E,; exists with Fy. eliminated:
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Erev = Edt; (I)l 0= VDD (I)g . VDD =0 (27)

With the assumption of f. as the clock frequency. The reversion power

loss P,., of CP-1 can be described as

Prev = fckEdt (28)

Comparing equations (2.5) and (2.8), we can conclude that the power loss
caused by undesired charge transfer is significantly reduced in the proposed
CP-1 circuit. However, it is desirable to reduce the delayed turning-off time
of CTSs to reduce Ey4 during each clock cycle in order to further improve the

power conversion efficiency.

Branch A

Branch B

Figure 2.9: Optimized gate control scheme of the third stage for the proposed
CP-2 circuit.

This delayed turning-off time of CTSs can be easily reduced with a simple
modification of the gate control scheme. Taking the third stage in Branch A as
an example (as shown in Figure 2.9), the source terminal of MPA3 is redirected
to node B4 (as indicated by the ellipse in Figure 2.9) instead of being connected

to node A3. The rationale is leveraging an already established high voltage at
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node B4 to effectively turn on the auxiliary transistor MPA3 and then turn
off the CTS MA3 in the second transition, shortening the lossy discharge time
caused by the delayed turning off of MA3.

MPA3ison '
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‘——_
SVop ————_ s off |
V&’ MNA3I1s off | MNA3 is on
‘—

Dead time

(a)

i I
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— AYRD

4Vpp
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Figure 2.10: Switching waveforms of the proposed CP-2 circuit shown in Figure
2.7 during (a) ®: Vpp = 0 P5: 0 = Vpp, and (b) ®: 0= Vpp ®3: Vpp =
0.

The merit of the optimized gate control strategy can be seen in Figure
2.10(b). When &, increases from 0 to Vpp and ®, decreases from Vpp to 0,
the voltage change at node B4 is from 4Vpp to 5Vpp. The high voltage at
node B4 brings the switching time of MPA3 closer to that of MNA3, turning
off MA3 in time to reduce reverse charge flow. The reduced lossy discharge

time is indicated by the time period T in Figure 2.10(b). It can be concluded
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by comparing Figures 2.8(b) and 2.10(b) that the undesired charge transfer
is substantially reduced due to the new gate control strategy. The optimized
gate control strategy can still maintain the dead time between the auxiliary
transistors MNA3 and MPA3, as demonstrated in Figure 2.10.

CP-2 is designated as the charge pump based on CP-1 but with the opti-
mized gate control strategy. Since the architectures of both CP-1 and CP-2 are

completely symmetrical, they can also be used for negative voltage generation.

2.3.3 Design considerations

To ensure the device reliability of the transistors in the CP-1 and the CP-2
circuits, the voltage applied across any two terminals of the transistors can not
be allowed to exceed its maximum allowable value. Table 2.1 lists the maxi-
mum voltages across the gate, drain, and source terminals of the transistors
in the CP-1 and the CP-2 circuits. As shown, the maximum | V4| or | Vil in
the CP-1 and CP-2 circuits are 2Vpp and 3Vpp, respectively. To ensure device
reliability, the supply voltage needs to be lowered. For instance, if the maxi-
mum allowable voltage between | V4| or | V| i8 Vinax, the maximum allowable
supply voltages of CP-1 and CP-2 are V.,/2 and V. /3, respectively. Al-
ternatively, thick gate-oxide transistors, which have a higher voltage tolerance
between terminals, can be used for the charge pumps to operate at a higher
supply voltage.

Table 2.1: Maximum voltages across the gate, drain, and source terminals of
the transistors in the CP-1 and the CP-2 circuits.

Devices Maximum | Vi, | Maximum | V4| | Maximum | V|
Transistors in CP-1 Vop 2Vop 2Vpp
Transistors in CP-2 2V 3Vpp 3Vpp

Considering the body terminals of the transistors, the body terminal of a
PMOS transistor needs to be connected to its source, i.e., the terminal with
the most positive value. For the NMOS transistors, triple-well structures are

preferred to eliminate the body effect of the NMOS transistors.
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There are several parameters involved in designing the proposed charge
pumps, including the number of pumping stages, the operation frequency,
the capacitance of the pumping capacitors and the output capacitor, the
width/length ratio of the CTS transistors and the auxiliary transistors. Nor-
mally, the supply voltage Vpp is fixed in a design. The number of pumping
stages is then designed to meet the output voltage specification. Increasing
the pumping capacitance can effectively increase the current drive capability
of the charge pump. For the output capacitor, increasing the capacitance of
the output capacitor is able to reduce the voltage ripple with the drawback of
a longer start-up transient response time.

At the same capacitance, higher operation frequency leads to higher out-
put voltage, higher current drive capability, and reduced voltage ripple. How-
ever, higher operation frequency also leads to higher redistribution power loss
and switching power loss. For the transistor parameters, the design of the
width/length ratio of the CTS transistors and the auxiliary transistors is a

trade-off between the switching power loss and the conduction power loss.

2.3.4 Simulation results

To compare the performance of the proposed charge pumps with the Dick-
son charge pump, the CTS charge pump (Ref [71]), and the Pelliconi charge
pump (Ref [75]), simulations of 8-stage charge pump circuits were performed
in the GlobalFoundries’ 0.13-pm standard CMOS technology with the Cadence
Spectre Circuit Simulator. Since the proposed charge pump circuits and the
Pelliconi charge pump circuit are composed of two branches, for fair com-
parison, all circuits were simulated under the same branch condition, i.e., two
identical branches with complementary clocks are connected in parallel for Ref
[71] and the Dickson charge pump circuit due to their single branch scheme.
Metal-insulator-metal (MIM) capacitors with a capacitance of 100 pF were
used for the pumping capacitors and the output capacitor for all circuits.

As NMOS transistors are utilized in all circuits, a triple-well structure is
used to eliminate the body effect of the NMOS transistors for all circuits.

All transistors have the same dimensions except that a smaller size is chosen
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for the auxiliary transistors in the proposed charge pump circuits and [71].
All CTSs are designed with small on-resistance to reduce conduction power
loss at high load current conditions. A high clock frequency of 100 MHz is
used to enable the charge pumps with current drive capability of > 5 mA.
As the maximum gate-oxide voltages of the proposed charge pump circuits
and Ref [71] exceed Vpp, thick-oxide MOSFETSs are used in the proposed
circuits and Ref [71] for gate-oxide reliability. As listed in Table 2.1, the
maximum gate-oxide voltages of the proposed CP-1 and CP-2 circuits are
2Vpp and 3Vpp respectively, limiting the maximum allowable supply voltage
to 1.2 V for the proposed CP-2 circuit in this technology. The additional
area introduced by auxiliary transistors and the triple-well NMOS structure
can be ignored as the chip area is dominated by the on-chip MIM capacitors.
The maximum attainable output voltage of charge pumps is limited by the
maximum allowable voltage of the MIM capacitors. Clock signals for charge
pumps are provided by two pulse generator models in the analogLib library
for simulation. A set of simulations has been performed by applying a variable
current sink to the output. The simulations are done under typical conditions
for both the NMOS and PMOS transistors.

Figures 2.11(a) and 2.11(b) show the simulated output voltages and power
conversion efficiency of the proposed CP-2 circuit as the number of pumping
stages increases. The supply voltage varies from 1.2 V to 0.8 V while the load
current is fixed at 5 mA. As can be seen from Figure 2.11(a), the output voltage
shows a linear growth with the increase in the number of pumping stages.
This linearity remains but with reduced voltage gain as the supply voltage
decreases. Power conversion efficiency drops as the number of pumping stages
rises according to Figure 2.11(b). Similarly, the power conversion efficiency
performance also diminishes as the supply voltage is lowered.

The simulated output voltages and power conversion efficiency of the pro-
posed CP-2 circuit with 8 stages for various load currents are described in
Figure 2.12(a) and Figure 2.12(b), respectively. Only the results at the load
current ranging from 5 mA to 10 mA are shown to examine the circuit per-

formance of high current drive capability. Supply voltages of 1.2 V, 1.0 V, 0.8
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Figure 2.11: Simulated (a) output voltages and (b) power conversion efficiency
of the proposed CP-2 circuit as the number of pumping stages increases. The

supply voltage varies from 1.2 V to 0.8 V while the load current is fixed at 5
mA.
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Figure 2.12: Simulated (a) output voltages and (b) power conversion efficiency
of the proposed CP-2 circuit with 8 stages for various load currents under
different supply voltages.
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V are simulated. According to Figure 2.12(a), the output voltage reaches 7.45
V at a 5-mA load current and a 1.2-V supply voltage. With the increase of
the load current, the output voltage is reduced. It is shown in Figure 2.12(a)
that the output voltage of the proposed 8-stage CP-2 circuit still remains over
5V (5.24 V) at the load current of 10 mA, which leads to an output power of
as high as 52.40 mW. Furthermore, as depicted in Figure 2.12(b), the power
conversion efficiency of the proposed CP-2 circuit with 8 stages reaches 58.72%
at the load current [;,,q = 5 mA and the supply voltage Vpp = 1.2 V, and
decreases while still maintaining about 50% for the load current ranging from
5 mA to 10 mA. Both the output voltage and the power conversion efficiency
performance degrade as the supply voltage drops, implying that a sufficient
supply voltage is needed to meet the requirement of high current drive capa-
bility.

Figures 2.13(a) and 2.13(b) compare the simulated output voltages and
power conversion efficiency of Dickson, Ref [71], Ref [75], the proposed CP-1
and the proposed CP-2 circuit as the number of pumping stages increases. The
supply voltage is 1.2 V and the output load current is 5 mA. As demonstrated
in Figure 2.13(a), nearly all circuits show good linearity in output voltage as
the number of pumping stages increases. By comparison, the proposed CP-2
circuit provides the highest output voltage compared to other circuits for any
number of pumping stages, followed by the proposed CP-1 circuit. Likewise,
the power conversion efficiency of the proposed CP-2 circuit is higher than
other circuits at any number of stages as illustrated in 2.13(b). We can also
see from 2.13(b) that the power conversion efficiency of Ref [75] exceeds the
proposed CP-1 circuit at 3 or more stages, while the Dickson charge pump
circuit maintains a stable power conversion efficiency for different pumping
stages and Ref [71] shows a steady decline as the stage number increases.

Simulated output voltages and the power conversion efficiency of Dickson,
Ref [71], Ref [75], the proposed CP-1 and the proposed CP-2 circuit with 8
stages for various load currents at a 1.2-V supply voltage are compared in
Figure 2.14(a) and Figure 2.14(b), respectively. As shown in Figure 2.14(a),

for the same output load current, the proposed CP-2 circuit generates higher
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Figure 2.13: Comparison of simulated (a) output voltages and (b) power con-
version efficiency of Dickson, Ref [71], Ref [75], the proposed CP-1 and the
proposed CP-2 circuit as the number of pumping stages increases. The power
supply voltage and output load current are 1.2 V and 5 mA, respectively.
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output voltages compared with other circuits, followed by the proposed CP-1
circuit, when the output load current varies from 5 mA to 10 mA. The output
voltage of the charge pump in Ref [75] decreases very fast as the output load
current increases, indicating a low current drive capability. Both Ref [71] the
Dickson charge pump circuit show steady voltage decline similar to that of the
proposed CP-1 and CP-2 circuits.

The improvement in power conversion efficiency of the proposed charge
pump circuits is illustrated in Figure 2.14(b). The power conversion efficiency
of the Dickson charge pump circuit steadily degrades due to the conduction
loss caused by the threshold voltage drop across the drain-source terminals of
transistors. Ref [71] has a relatively low conduction loss with threshold voltage
drop problem eliminated, but suffers from large power loss caused by undesired
charge transfer, leading to a stable power conversion efficiency of around 40%
as the load current varies. With a relatively minor undesired charge transfer,
the cross-coupled charge pump circuit in Ref [75] suffers from large conduction
loss at high current loads due to the higher switch on-resistance of the pumping
switch pair used at each stage per branch. The proposed charge pumps are
designed to minimize the power loss caused by undesired charge transfer, while
still be able to keep the conduction loss at a low level with only one pumping
switch used at each stage per branch. As demonstrated in Figure 2.14(b), the
proposed charge pump circuits are able to maintain a high efficiency even at
high values of load current. We can conclude from Figure 2.14(a) and Figure
2.14(b) that compared to other circuits, the proposed charge pump circuits
have higher power conversion efficiency, larger output voltage as well as higher
current drive capability.

The effectiveness of the proposed charge pump circuits in reducing the
output voltage ripple is demonstrated in Figure 2.15(a) under the conditions
of 1.2-V supply voltage, 5>-mA output current loading, and 8 pumping stages.
We can see from Figure 2.15(a) that the proposed charge pump circuits present
a smaller output voltage ripple compared to those of other circuits. Detailed
waveform performance can be found in Table 2.2. Except for the enhancement

in voltage gain, the output voltage ripple is reduced to less than 1% for both
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proposed CP-1 and CP-2 circuits according to Table 2.2.

In addition, comparison of start-up responses of all circuits is shown in
Figure 2.15(b) with start-up response time demonstrated in Table 2.2. High
average voltage slew rates at start-up can also be expected with proposed CP-
1 and CP-2 circuits. We can see from Figure 2.15(b) and Table 2.2 that the
proposed circuits can obtain a start-up response time of around 0.7 ps, which
is preceded only by that of the Dickson charge pump circuit.

Table 2.2: Simulated output voltage performance of five different charge pump
circuits.

. . Pelliconi
Characteristics Dickson | Ref [71] CP-1 | CP-2
(Ref [75])
Load current (mA) 5
Number of stages 8
Supply voltage (V) 1.2
Output voltage (V) 5.73 6.19 6.39 712 | 7.45
Voltage gain 4.78 5.16 5.33 5.93 | 6.20
Output voltage
292 334 310 65 73
ripple AV (mV)
Output voltage
ripple percentage 5.10 5.40 4.85 0.91 | 0.98
AV/V (%)
Start-up response
0.55 1.11 1.20 0.75 | 0.77
time (ps)

2.4 Characterization of a 7-stage CP-2 circuit
in a standard CMOS process

For a proof of concept, a 7-stage CP-2 circuit was physically implemented

and tested in GlobalFoundries’ 0.13-um standard CMOS process. A complete

circuit structure is shown in Figure 2.16. The parameters of all components

are shown in Table 2.3. Thick-oxide transistors are used for all transistors for

gate-oxide reliability. A triple-well structure is applied to all NMOS transistors
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to eliminate the body effect. The sizes of the transistors were chosen to obtain
small on-resistance so as to reduce conduction power loss at high current load,
as well as keeping the switching power loss low when operating at a clock
frequency of tens of megahertz. MIM capacitors with a capacitance of 100 pF

were used for all pumping capacitors and the output capacitor.

Table 2.3: Component parameters of the 7-stage CP-2 circuit implemented in
GlobalFoundries’ 0.13-um standard CMOS technology.

Function Component Type Size or Value

Thick-oxide

W=200 pm
NMOS CTS MA1, MB1 triple-well
L=0.4 pm
NMOS transistor
MA2~ MA7Y, . .
Thick-oxide W=400 pm
PMOS CTS MB2~ MB?7,

PMOS transistor | L=0.4 pm
MAout, MBout

Thick-oxide
. MNA2~ MNAT, W=20 pm
Auxiliary NMOS triple-well
MNB2~ MNB7 L=0.4 pm
NMOS transistor

MPA2~ MPATY, Thick-oxide W=150 pm
MPB2~ MPB7 | PMOS transistor | L=0.4 pm

Auxiliary PMOS

Pumpin Caq ~ Car,
pie Al AT MIM capacitor 100 pF

capacitor Cg1 ~ Cp7
Output capacitor Cout MIM capacitor 100 pF
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Figure 2.17 shows the micrograph of the die. The total die area is 2.0
mm?. Both branches and the MIM capacitors are indicated. As shown in
Figure 2.17, the silicon area is dominated by the on-chip MIM capacitors.
A set of measurements have been performed by connecting the output to a
variable current sink generated by an electronic load. The supply voltage is
fixed at 1.2 V, which is the maximum allowable value to ensure gate-oxide
reliability. No additional off-chip capacitors are used for the charge pump.
For the clock signals, external clock driving circuits are used to amplify the

power of the clock signals so as to provide sufficient input power to the charge

pump.

One pumping
capacitor

Output capacitor

Figure 2.17: Die micrograph of the 7-stage CP-2 circuit implemented in Glob-
alFoundries’ 0.13-pm standard CMOS technology (area: 2.0 mm?).

Figure 2.18 shows the measured output voltage with increasing clock fre-
quencies at no-load condition. As shown, the output voltage increases with
increments in the clock frequency. The output voltage value is 5.5 V for 2
MHz and 7.2 V for 20 MHz. Since the clock signals are generated externally,
due to 1/O speed limitations, only operation up to 20 MHz could be mea-
sured. However, higher output voltages can be expected at higher operating
frequencies.

Figure 2.19 plots the measured output voltage with the increase in load

current at a clock frequency of 20 MHz. As can be seen in Figure 2.19, the
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Figure 2.18: Measured output voltage as a function of the clock frequency of
the 7-stage CP-2 circuit. No load current is applied to the output.
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Figure 2.19: Measured output voltages as a function of the load current of the
7-stage CP-2 circuit. The clock frequency is 20 MHz.
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charge pump is able to maintain an output voltage of 7.2 V as the load current
increases to 1.4 mA. The output voltage then drops with further increases in
load current. The power delivered to the output (P,,) has a maximum value
of 18 mW, which occurs at a load current of 3.6 mA. As the clock signals
are generated by external clock drivers, the input power can not be accurately
measured, thus the power conversion efficiency with the increase of load current
is not shown.

The measured output voltage waveform at the clock frequency of 20 MHz
under no-load condition is shown in Figure 2.20. Observing the waveform
in Figure 2.20, we can see that the voltage ripple has a period of around
25 ns, even though the operation period of the charge pump is 50 ns (the
operation frequency is 20 MHz). This is because the proposed charge pump is
composed of two branches, and power is delivered alternately to the load by
the two branches. The value of the output voltage ripple is 1 V. The voltage
ripple can be effectively reduced by increasing the capacitance of the output

capacitor.

72V M/V\/WVWWWV”\WW/‘WW\

1) 2 V/div
50 ns/div

Figure 2.20: Measured Output voltage waveform of the 7-stage CP-2 circuit
under no-load condition. The clock frequency is 20 MHz.

Table 2.4 compares the measured performance of the test chip with the
other charge pumps implemented in standard CMOS processes with milli-
ampere current drive capability. As shown, the proposed 7-stage CP-2 circuit

has the highest voltage conversion ratio. Even though the peak power con-
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Table 2.4: Performance comparison with other charge pumps implemented in
standard CMOS processes with milli-ampere current drive capability.

SCPC4 in [78] [79] This work
0.18-pm 0.13-pm 0.13-pm
Technology
standard CMOS | standard CMOS | standard CMOS
on-chip on-chip on-chip

Pumping capacitor
260 pF per stage | 400 pF per stage | 200 pF per stage

Supply voltage 1.8V 1V 1.2V
Maximum 5.4V 1.8V 72V
output voltage @ 10 MHz @ 20 MHz @ 20 MHz

Voltage gain 3 1.8 6
Peak power 83% 82% around 60%
efficiency Mmax @ 10 MHz @ 20 MHz @ 20 MHz
Maximum P, around 3.4 mW | around 2.7 mW 18 mW
Chip area - 2.25 mm? 2 mm?

version efficiency of this work is lower than other charge pumps, the power
delivered to the output is much higher compared to other charge pumps.
One note is that the clock signals for the 7-stage CP-2 circuit are generated
by external clock drivers. This causes the ringing of the clock signals, which
was introduced by the parasitic inductance and capacitance from the packages
and the PCB. This ringing can cause the peak voltage of the clock signals to be
over 1.2 'V, which degrades the reliability of the circuit. Therefore, integrating

the clock drivers on the same die with the charge pump is highly recommended.

2.5 Characterization of a 4-stage CP-1 circuit
in an HVCMOS process

As listed in Table 2.1, the CP-1 circuit and the CP-2 circuit suffer from a
maximum | V| of 2Vpp and 3Vpp, respectively. This significantly limits the
maximum allowable supply voltage. Improving the supply voltage of a charge
pump is able to increase the output power effectively. This is desirable as
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it includes more flexibility for the proposed LIUS system to be applied for
different therapeutic applications with different ultrasound power intensity
requirements.

To improve the supply voltage, HV devices provided by HVCMOS pro-
cesses can be used. Many modern HVCMOS processes provide HV devices
with high breakdown voltages across drain and source terminals, while the
gate-source voltage | V| is limited. The high breakdown voltage across the
drain-source terminal enables the charge pump to operate at a higher supply
voltage, thus effectively improving the output power.

In this Section, a 4-stage CP-1 circuit is designed, implemented, and tested
in TSMC’s 0.18-um Bipolar-CMOS-DMOS (BCD) Gen2 process. The CP-1
circuit structure is utilized instead of the CP-2 circuit structure. This is be-
cause the CP-2 circuit suffers from a maximum |V, of 2Vpp, which limits
the maximum allowable supply voltage, while the CP-1 circuit has a maxi-
mum | V| of Vpp, enabling the supply voltage to operate up to the maximum
allowable |V,|. Therefore, when implemented in HVCMOS processes, the
CP-1 circuit structure is preferred than the CP-2 circuit structure in terms of
improving the supply voltage.

Figure 2.21 shows the structure of the proposed 4-stage CP-1 circuit imple-
mented in an HVCMOS technology. Unlike the devices of the charge pump cir-
cuit in Figure 2.16, which only utilizes LV transistors from a standard CMOS
process, all transistors in Figure 2.21 are HV transistors, which offer high
breakdown voltages across drain and source terminals, while the gate-source
voltage is limited. For a better illustration, HV devices are indicated with two
bars at the drain terminals.

Similar to the circuits implemented in standard CMOS processes, the cir-
cuit in Figure 2.21 consists of two complementary branches. Each branch
consists of transistors for charge transfer (for instance, MA1, MA2, MA3,
MA4, and MAout in Branch A) and auxiliary transistors for gate control (for
example, MNA2 and MPA2 controlling the gate of MA2). The body diodes
of auxiliary transistors are not shown in Figure 2.21. Same as the circuits im-

plemented in standard CMOS processes, a simple two-phase clocking scheme
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Figure 2.21: Structure of the 4-stage CP-1 circuit. All devices in this figure
are HV devices.

is used for the circuit in Figure 2.21, i.e., Clockl and Clock2 are out-of-phase
and both have voltage levels between Vpp and the ground.

Different from the charge pumps implemented in standard CMOS pro-
cesses, which only utilize LV devices, charge pumps implemented in HVCMOS
processes need to be taken with extra design considerations. This is because
the drain and source terminals of the HV transistors are not exchangeable.
Besides, compared to the LV transistors, HV transistors suffer from parasitic
body diodes. For the charge pump implemented using HV devices, we have
taken advantage of the body diodes of the HV transistors. To explain this,

the detailed operation of the circuit in Figure 2.21 is described below.
Operation principle

For the first stage, during the time interval T1 when Clock1 is low and Clock2
is high, the voltages at the nodes Al and B1 are close to but smaller than
Vpp and 2Vpp, respectively. HVNMOS MBI in Branch B is turned off with
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its gate connected to node Al, cutting off the path from the high voltage node
B1 back to the power supply. While in Branch A, desirable charge is pushed
from the power supply to the capacitor Ca; through both the body diode and
the channel of MA1. It is crucial to connect the source terminals of HVNMOS
MA1 and MBI to the power supply, so that they are able to cut off the reverse
charge from high voltage nodes back to the power supply when they are turned
off. The first-stage operation is intuitively depicted in Figure 2.22. Devices
that are turned off are indicated in grey and the arrows in Figure 2.22 indicate

the flow of charge.

Clockl Clock2

JCMJ- = CAZJ-

MA1 MA2

S

MBI
Cgi BZ

;
> MBZ c _L

Clock2 Clockl

Figure 2.22: Circuit operation of the 4-stage CP-1 circuit during the time
interval T1 when Clockl is low and Clock2 is high (devices that are turned off
are indicated in grey and the arrows indicate the flow of charge).

To describe the operation of the middle stages, taking the second stage as
an example. During the time interval T1, the voltages at the nodes A2 and
B2 are about 3Vpp and 2Vpp, respectively. This turns the auxiliary transistor
MPA2 on with a source-gate voltage of Vpp. The on-state of MPA2 connects
the gate terminal of HVPMOS MA2 to its source terminal, turning off MA2
and thus preventing the reverse charge from the high voltage node A2 back
to the low voltage node A1l. On the other hand, HVPMOS MB2 in Branch
B is turned on with its gate terminal connected to node A1l through MNB2,
charging the capacitor Cgy, with a high voltage at node B1 through both the

body diode and the channel of MB2. The circuit operation at the second stage
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during the time interval T1 can also be intuitively seen from Figure 2.22.
Similar to HVNMOS MA1 and MB1, the connection method of HVPMOS
MA?2 and MB2 is able to cut off the reverse charge from the high voltage
nodes back to the low voltage nodes while maintaining the desirable charge
flow by taking advantage of their body diodes.

For the output stage, only one HVPMOS device is used, i.e., MAout for
Branch A and MBout for Branch B. During the time interval T1, MAout is
turned on, enabling the high voltage at node A4 to charge the output capacitor
Cout, while MBout is turned off to cut off the reverse charge transfer. Intuitive
demonstration of the circuit operation at the output stage during the time
interval T1 is also shown in Figure 2.22.

The operation of the proposed charge pump during the time interval T2
works in a complementary fashion compared to that of the time interval T1.
Capacitors Cpg, Cay, Cpy, Cps are charged, while capacitors Cp1, Caz, Cpgo,
Cpy are discharged, and the charge is delivered to the output from node B4.

Figure 2.23 intuitively shows the circuit operation during the time interval T2.

Clock1 Clock2 Clock1 Clock2
A, Q . SSy= Cpomm :)j CMQ:%

/ MA: 'I- MA4 MAout
Lol

out

J \%
Cout| Lioad

MBout

e =T

Clock2 Clockl Clock2 Clock1

Figure 2.23: Circuit operation of the 4-stage CP-1 circuit during the time
interval T2 when Clockl is high and Clock2 is low (devices that are turned off
are indicated in grey and the arrows indicate the flow of charge).

The maximum voltages of | V|, | Vyal, and | V| for all transistors in Figure
2.21 are Vpp, 2Vpp, and 2Vpp, respectively. Though with limited gate-source

voltage, the HV transistors offer high breakdown voltage across drain-source
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terminals (hence high breakdown voltage for gate-drain terminals). This en-
ables the circuit to operate at a supply voltage up to the maximum allowable

| Vsl
Clock drivers

Most of the input power of the charge pump is supplied by Clockl and Clock2.
In order to provide sufficient input power to the charge pump, two clock drivers
are designed and integrated on the same die with the charge pump. The circuit

structures of the clock drivers are shown in Figure 2.24.

Clock Driverl

\Y%
Dead Gate —IE

time drivers

—>H[T

e |
Clockl_HS || |
|
| Clock1
|
|

|
|1 | |
11 | | q
11 | |
11 | |
ClockI_LS | L —D>—|
Il 11 Il
11 11 Il
I 11 Il
11 11 Il
Il 11 Il
|1 11 (W]
! it H Clock Driver2
b Vob
|1 I Il -1
I 11 Il
|1 11 Il
11l 11 1 <+
ClockZ_HS_:—l_l_:_rL [D | _/_\_/—
| | |
X I | Clock2
11 | |
11 | |
Clock2 LS ||

Figure 2.24: Structure of the two clock drivers.

As shown in Figure 2.24, the clock drivers for Clockl and Clock2 have the
same structure but use different control signals. The clock drivers apply a
half-bridge topology. Each half-bridge driver utilizes a PMOS device as the
high-side switch and an NMOS device as the low-side switch at the output
stage. For its parameter design, each output switch needs to be designed

with wide transistors with low on-resistance to reduce conduction power loss.
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However, wide transistors tend to have high switching power loss. To optimize
the power performance, the trade-off between the switching power loss and the
conduction power loss needs to be considered.

As demonstrated in Figure 2.24, two clock control signals are used for each
clock driver, i.e., Clock1_HS and Clock1_LS for Clock Driverl, and Clock2_HS
and Clock2_LS for Clock Driver2. For each clock driver, dead time is generated
between the high-side and low-side control signals to prevent shoot-through
current from Vpp to the ground. Clock control signals between the two clock
drivers are also correlated in terms of dead time, as shown in Figure 2.24, in
order to generate out-of-phase Clockl and Clock?2.

The gate drivers for the output switches apply a inverter-chain structure,
also known as tapered buffer structure. Figure 2.25 shows the tapered buffer
structure used for the gate drivers of the output switches in Figure 2.24. The
tapering factor of the tapered buffer in Figure 2.25 is 4, meaning that the
transistors channel width has a scale of 1 to 4 in any two consecutive inverters.
It is also generally known as the driving strength being 4 times higher for each

added inverter, as demonstrated in Figure 2.25.

Driving Voo
strength X 1 x 4 x 16 x 41
<+ <+ <+ <+
Control _— _— L To the gate of the
signals output switch
> —> — —>

v NV YV

Figure 2.25: Tapered buffer structure used for the gate drivers of the output
switches.

As all transistors operate at a low supply voltage of Vpp, standard LV

transistors are used for all devices in Figures 2.24 and 2.25.
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Measurement results

The 4-stage CP-1 circuit shown in Figure 2.21 has been implemented with the
HVCMOS technology provided by TSMC’s 0.18-pm BCD Gen2 process. The

design parameters are shown in Table 2.5. Additionally, the parameters for

the output switches of the clock drivers are designed with width/length ratios
of 10 mm/0.6 pm for the NMOS transistors and 20 mm/0.5 pm for the PMOS

transistors, which have an on-resistance of around 200 mf). The parameters

are designed by optimizing the power conversion efficiency when operating at

a clock frequency of 20 MHz while delivering an output power of up to 100

mW (output voltage of around 10 V and output current of around 10 mA).

Table 2.5: Component parameters of the 4-stage CP-1 circuit implemented in
TSMC’s 0.18-pm BCD Gen2 process.

Function Component Type Size or Value
. W=10 mm
NMOS CTS MA1, MB1 HVNMOS transistor
L=1.3 pm
MA2~ MAA4,
W=20 mm
PMOS CTS MB2~ MB4, HVPMOS transistor
L=0.4 pm
MAout, MBout
MNA2~ MNA4 W=40
Auxiliary NMOS " | HVNMOS transistor Hm
MNB2~ MNB4 L=1.3 pm
MPA2~ MPA4 W=300
Auxiliary PMOS " | HVPMOS transistor Hm
MPB2~ MPB4 L=0.4 pm
P i Car ~C
HIPIS AL AL, MIM capacitor 132 pF
capacitor Cp1 ~ Cpy
Output capacitor Cout MIM capacitor 264 pF

Figure 2.26 shows the micrograph of the chip. As shown in Figure 2.26,

the chip size is dominated by the on-chip MIM capacitors.

Since the unit

capacitance of the MIM capacitors in an HV technology is generally several

times less than that in a LV technology [49], the silicon area is quite large (5.0
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mm? excluding bonding pads).
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One pumping
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Figure 2.26: Micrograph of the test chip, including both the charge pump and
the clock drivers (total area: 5 mm?).

A set of measurements was performed applying a variable current sink
(generated by an electronic load) to the output. A supply voltage of 3.7 V was
used. However, the proposed circuit could operate with a supply voltage of up
to 5V, which is the maximum allowable voltage for | V| of the HV transistors.
A higher output voltage can be expected with a higher supply voltage.

The control signals Clock1_HS, Clock1_LS, Clock2_HS, and Clock2_LS for
the clock drivers are generated externally by a Field-Programmable Gate Array
(FPGA), which have a frequency of 20 MHz and a dead time of 5 ns. Figure
2.27 shows the measured control signals. The voltage ringing in Figure 2.27
is caused by the parasitic inductance and capacitance from the package leads
and the PCB. A slight waveform distortion can be observed from Figure 2.27.
This is mostly caused by the differences of the oscilloscope probes, which get
more apparent at high frequencies.

The measured output voltage and power conversion efficiency with the
increase in load current are shown in Figure 2.28 and Figure 2.29, respectively.
As shown in Figure 2.28, the output voltage drops with increases in the load
current. The proposed 4-stage charge pump is able to maintain an output
voltage of over 10 V as the load current increases to 10 mA. From Figure 2.29,
it can be seen that the power conversion efficiency increases with the load
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Figure 2.27: Measured control signals Clock1_HS, Clock1_LS, Clock2_HS, and
Clock2_LS generated by an FPGA.

current until it reaches its maximum. The peak power conversion efficiency is
29% at a load current of 11 mA, considering both the power loss of the clock
drivers and the charge pump. output power at the peak efficiency is 105 mW.
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Figure 2.28: Measured output voltage of the 4-stage CP-1 circuit with the
increase in load current at the clock frequency of 20 MHz.
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Figure 2.29: Measured power conversion efficiency of the 4-stage CP-1 circuit
with the increase in load current at the clock frequency of 20 MHz (power
losses of both the clock drivers and the charge pump are considered).

The power losses mainly consist of the conduction power loss and the
switching power loss contributed by both the clock drivers and the charge
pump. Since all transistors of the charge pump are HV transistors and the
on-resistance of HV transistors is generally larger than that of LV transis-
tors, the proposed charge pump has a higher conduction power loss compared
to the loss in charge pumps that are implemented in standard technologies.
Moreover, since MIM capacitors are used for all the pumping capacitors as
floating capacitors, and MIM capacitors in HV technologies have a higher de-
gree of non-ideality (the parasitic parameter can be up to 0.4 [49]), this leads
to higher power consumption of the proposed 4-stage CP-1 circuit. The large
on-resistance of the HV transistors and the non-idealities of the HV capacitors
also limit the value of the output voltage. The power conversion efficiency and
the output voltage can be effectively improved by using off-chip capacitors
with the drawback of increased board size.

Figure 2.30 shows the output voltage waveform of the charge pump under
no-load condition. Similar to the output voltage waveform shown in Figure

2.20, it can also be observed from Figure 2.30 that the voltage ripple has
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a period of around 25 ns, due to the complementary branch scheme of the
proposed charge pump. The value of the output voltage ripple is 2.2 V. The
voltage ripple can be reduced by enlarging the output capacitor of the charge
pump. On another note, the load current in the results shown in Figure 2.28
and Figure 2.29 is continuous current. When driving a pulsed current load,
which is the case of the proposed LIUS system, the proposed charge pump is
able to deliver a higher peak current, but the average output power delivered

by the charge pump is similar, i.e., up to 100 mW.
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Figure 2.30: Measured output voltage waveform of the 4-stage CP-1 circuit at
a clock frequency of 20 MHz under no-load condition.

To compare the performance of the proposed charge pump circuit with
other recent charge pump circuits implemented in HVCMOS technologies, Ta-
ble 2.6 summarizes the results of the proposed circuit and the data reported in
[80] and [81]. The supply voltages of all circuits are low voltages. The number
of stages used for [80], [81], and the proposed circuit is 7, 36, and 4, leading to
a maximum output voltage of 32 V, 120 V, and 14 V, respectively. The charge
pump capacitors for all circuits are on-chip capacitors. Compared with [80],
the proposed circuit has slightly lower power conversion efficiency. However,
the output power delivered by the proposed circuit is significantly higher than
that of [80]. Compared with [81], both the power conversion efficiency and the

output power of the proposed circuit are much higher than those of [81].

o4



Table 2.6: Comparison with other charge pumps implemented in HVCMOS
technologies.

Parameters [80] 81] This work
0.18-pm 0.35-pum 0.18-pm
Technology
HVCMOS HVCMOS HVCMOS
Supply voltage 5V 3.7V 3.7V
Number of stages | 7 36 4
Maximum
32V 120 V 14V
output voltage
Frequency 60 kHz 10 MHz 20 MHz
. . On-chip 100 pF | On-chip (no exact | On-chip 264 pF
Pumping capacitor
per stage value given) per stage
Maxi 12.6% ludi
aximum power 35% 0 (excluding 20%
efficiency 7Myax clock drivers)
Output
bt power 160 pW 13.7 mW 105 mW
Q Nmax
Chip area 1 mm? 21.84 mm? 5 mm?

2.6 Conclusion

This chapter presents two new charge pump circuits with high current drive
capability for the application of the proposed LIUS system. These two circuits
employ a complementary branch scheme based on the CTS topology to mini-
mize the reverse charge transfer in previously reported charge pump circuits.
A two-phase clocking scheme with internally generated control signals is uti-
lized to reduce circuit complexity. In the first proposed charge pump (CP-1),
undesired charge transfer caused by simultaneous conduction of the auxiliary
transistors is eliminated using gate control signals that are generated in both
complementary branches. To further improve the design, the second proposed
charge pump circuit (CP-2) optimizes the gate control strategy to reduce the
reverse charge transfer caused by delayed turning off of CTSs. Simulations of
an 8-stage case of the proposed CP-2 circuit implemented in a 0.13-pm stan-

dard CMOS technology show an output voltage of 7.45 V with a 5-mA current
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load from a 1.2-V supply voltage at a 100-MHz clock frequency while achieving
a power efficiency of 58.72%, where both the voltage pumping gain and the
power conversion efficiency are higher than those of previously reported charge
pumps simulated under the same condition.

A 7-stage CP-2 circuit was physically implemented and tested in a 0.13-pm
standard CMOS process. Measurement results show that at a clock frequency
of 20 MHz, the proof-of-concept test chip has high voltage conversion ratio
(1.2 V to 7.2 V when driving a load current of up to 1.4 mA) and high current
drive capability (up to 4 mA).

Device reliability is analyzed for the proposed CP-1 and CP-2 circuits,
showing that the maximum | Vis|/| Vyal/| Vas| is Vop/2Vop /2Vpp for CP-1 and
2Vpp /3Vpp /3Vpp for CP-2. This limits the maximum allowable supply voltage
of the charge pump when implemented in standard CMOS processes.

This problem can be solved by implementing charge pumps in HVCMOS
processes. A 4-stage CP-1 circuit was designed, implemented, and tested in
a 0.18-pm HVCMOS process that supports a higher supply voltage so as to
improve the output power level. The HV transistors in the HVCMOS process
provide high break-down voltages across drain-source/gate-drain terminals,
while the gate-source voltage is limited. The CP-1 circuit structure is uti-
lized instead of CP-2 as the first design can operate at a supply voltage up
to the maximum allowable | V. Measurement results of the 4-stage CP-1
circuit show that a maximum output voltage of 14 V is achieved with a supply
voltage of 3.7 V. The peak power conversion efficiency is 29 % (considering
both the power losses of the charge pump and the clock drivers) and the out-
put power at this point is 105 mW. The high output power of the charge
pump offers more flexibility for the the proposed LIUS system to be applied
for different therapeutic applications with different ultrasound power intensity

requirements.
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Chapter 3

Half-Bridge Transducer Driver
with a High-Speed
Low-Power-Consumption HV
Level Shifter

3.1 Ultrasound transducer models

As the load of the transducer driver, the model of the ultrasound transducer
is first examined. For therapeutic applications, most systems utilize piezoelec-
tric transducers, mostly lead zirconate titanate (PZT) transducers. Recently,
capacitive micromachined ultrasonic transducers (CMUTSs) have been studied
and shown to provide an alternative solution for therapeutic applications [82].
However, since the efficacy of using CMUTSs for therapeutic applications still
needs further investigation, we applied a PZT transducer as the load for the
proposed LIUS system.

The PZT ultrasound transducer is a type of electroacoustic transducer
that is able to convert electrical energy into acoustic energy [83]. One popular
model of the PZT transducer is the Butterworth-Van Dyke (BVD) circuit [84],
[85], as depicted in Figure 3.1(a). This circuit consists of an R-L-C circuit
corresponding to the motional arm, shunted by a static capacitance C,, which
is the parallel plate capacitor [86]. The resistance R; in the R-L-C circuit
represents the mechanical consumption (both the dissipation and the acoustic

emission into medium), while the inductance L is the oscillatory mass and the
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capacitance Cj is its compliance [87]. The impedance of the PZT transducer

model in Figure 3.1(a) can be derived as

WQClLl —1- ijlCl
Ww?RC,Cy + j(w3C,Ch Ly — wC,y — wCh)

where w is the angular frequency and j is the unit imaginary number. At

7 —

(3.1)

the mechanical resonance frequency of a piezoelectric transducer, the series
inductance and capacitance cancel each other out and a simplified equivalent
circuit can be obtained, as demonstrated in Figure 3.1(b) [88]. The PZT

transducer impedance is thus simplified as

_ Lleq
1+ jwCeyRey
where C.y = C, and R, = R;. For the proposed LIUS system, the PZT

(3.2)

transducer operates at its resonance frequency. Therefore, the PZT transducer

model in Figure 3.1(b) is used to simplify the system design.

j_ ) | _|_

Co L Ceq Ry3
T " T
— —

(b)

Figure 3.1: PZT transducer models: (a) the BVD model (modified from [84],
[85]) and (b) the simplified model at the resonance frequency (modified from
88]).

3.2 Half-bridge transducer driver

To drive a PZT transducer with the models shown in Figure 3.1, a half-bridge
driver is used for our proposed LIUS system. This is because half-bridge drivers
have the capability for wide-bandwidth operation, which is desirable for the
proposed system to generate LIUS with different ultrasound frequencies for

different therapeutic applications, as discussed in the Chapter 1. Half-bridge
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drivers can also be easily integrated on chip, reducing the board area of the
proposed LIUS system.

Figure 3.2 shows the block diagram of the transducer driver. It has the same
circuit structure as in Figure 1.4 but is presented here with more detail. The
high voltage Vpp in Figure 3.2 is connected to the output of the charge pump
proposed in Chapter 2. The transducer load is connected between the switch-
ing node of the half-bridge circuit and the ground. Two n-type switches Q1
and Q2 are utilized at the output stage. Similar to the HVNMOS devices used
in the charge pump in Figure 2.21, these two n-type switches are HVNMOS
devices with a high breakdown voltage across drain-source terminals while the
gate-source voltage V is limited (the body diodes of the HVNMOS devices
are not shown). One advantage of utilizing an n-type switch at the high side
is that the half-bridge circuit can tolerate the voltage ripple of Vpp when the
high-side (HS) switch is on. This is because a stable voltage is applied across
the gate-source terminals of the HS switch using a bootstrap circuit to turn
it on completely, regardless of the voltage ripple of Vpp. However, a more

complicated gate control scheme is needed for the HS switch.
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Figure 3.2: Block diagram of the half-bridge transducer driver.

The control signals LIUS_HS and LIUS_LS in Figure 3.2 are generated by
the digital control block in the LV domain (0 ~ Vpp). The low-side (LS)
control signal LIUS_LS is fed to the gate of the LS switch Q2 through the LS
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gate driver. The HV level shifter elevates the HS control signal LIUS_HS from
the LV domain to the floating HV domain (Vsw ~ Vpoor) and drives the gate
of the HS switch Q1 through the HS gate driver. Vgy is the voltage at the
switching node, while Vzpor is generated by a bootstrap circuit consisting of
a diode Dgoor and a capacitor Cgoor, generating Vgoor = Vsw + Vpp. Both
Vsw and Vpor are at floating levels, i.e., their voltage levels change during
the operation rather than a fixed level like a power supply rail.

During the operation when the LS control signal LIUS_LS is high (i.e.,
equal to Vpp) and the HS control signal LIUS_HS is low (i.e., equal to 0), the
LS switch Q2 is turned on with a gate-source voltage of Vpp and connects the
switching node to the ground.

The HS control scheme is more complicated because the gate and source
terminals of the HS switch Q1 are at floating levels. When the HS control
signal LIUS_HS goes high and the LS control signal LIUS_LS is low, the HS
switch Q1 is turned on, pulling up the switching node voltage Vsy toward
Vep (Vsw = 0 at the beginning of changing). The bootstrap voltage Vpoor in-
creases accordingly such that Vzoor is kept at Vg + Vpp during the operation
to maintain a positive voltage for Vg of Q1. In the end, Vg has a maximum
swing of 0 ~ Vpp, while Vppoor has a maximum swing of Vpp ~ Vpp 4+ Vpp.

To reduce the conduction power loss caused by the on-resistance of the
output switches, switches Q1 and Q2 need to be designed with a large width-
to-length ratio. However, this increases the switching power loss. Therefore,
the trade-off between the conduction power loss and the switching power loss
needs to be considered to minimize the power dissipation of the half-bridge
transducer driver. Furthermore, to prevent the shoot-through current from
Vpp to the ground caused by the simultaneous conduction of Q1 and Q2, dead
time between LIUS_LS and LIUS_HS is needed, as shown in Figure 3.2.

3.3 HYV level shifter

From the operation described above, we can see that the HV level shifter is

an essential block of the half-bridge transducer driver shown in Figure 3.2. As
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the communication bridge between different voltage domains, the performance
of the HV level shifter affects the speed, power consumption, and robustness
of the half-bridge circuit [46]. An HV level shifter with short propagation
delay and low power consumption is proposed in this chapter for the high-
performance operation of the half-bridge transducer driver shown in Figure
3.2.

Level shifters are categorized into two types: the full-swing level shifter
and the floating level shifter. Figure 3.3 shows the level shifting behaviours
of these two types of level shifters. The difference between these two level
shifters is that the full-swing level shifter shown in Figure 3.3(a) is able to
shift an input signal from Vgg;, ~ Vppr to Vssy, ~ Vppy, while the floating
level shifter shown in Figure 3.3(b) elevates the input signal from Vgs, ~ Vppy,
to Vssg ~ Vppr. The HV level shifter in our works refers to the floating level

shifter depicted in Figure 3.3(b).

Voo Vobu

Vopu------------1
Veerg — ——— ——————— ]
s INL | Full-Swing
Vv Level Shifter
§2))) 2

Vsst. | Vssu

(a)

Voor.  Voou

Voou---=-------—-{ " }--- :I—J: Vopu
[ —— 1Ly
s INL Floating  |OUT H ssH
Vv Level Shifter ' v
ppL—" [ ‘|~ ~~"—""7@"M™ T/ ===~ DDL
VSSL —CL I I VSSL
Vss. [ Vssu
(b)

Figure 3.3: The level shifting behaviour of (a) a full-swing level shifter, and
(b) a floating level shifter (refered to as HV level shifter in our works). This
figure is modified from [89].
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3.3.1 Current research status

To sustain the high voltages in the circuit, most HV level shifters are imple-
mented in HVCMOS processes with HV transistors, while researchers in [90],
[91] presented a stacked-transistor structure, which is able to be implemented
in LV standard CMOS processes. This has the advantage of decreasing the die
area and process cost caused by HV devices. The stacked-transistor structure
proposed in [90] is depicted in Figure 3.4. The operating principle is to use
multiple layers of inverter stacks to sustain the high voltage Vppg, so that the

voltage across each device is lower than its breakdown voltage.
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N
:
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:
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Figure 3.4: The stacked-transistor HV level shifter implemented in LV stan-
dard technologies (modified from [90]).
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A disadvantage of the stacked-transistor HV level shifter is that it requires
an extra bias voltage for each stack layer, for instance, Biasl~Biasb shown in
Figure 3.4. This increases the circuit complexity and power consumption as
additional circuits are needed to generate the bias voltages. Another draw-
back of the stacked-transistor HV level shifter is that the switching speed is
limited due to the large propagation delay of the transistor stack. According
to [90], the circuit in Figure 3.4 needs to operate at a frequency lower than 1
MHz. Moreover, more stack layers are needed to ensure the device reliability
at higher Vppy. This further increases circuit complexity, die area, and power
consumption, and decreases the circuit switching speed. Therefore, for appli-
cations with a high Vppy and requiring a high switching speed, such as our
proposed LIUS system, the stacked-transistor structure in LV standard tech-
nologies is not desired, and HV level shifters implemented in HV processes are
preferred.

For HV level shifters implemented in HVCMOS processes, most topologies
are based on the structure proposed in [92], as depicted in Figure 3.5. Tran-
sistors M1 and M2 in Figure 3.5 are HVNMOS transistors, while transistors
M3~M6 are standard LV PMOS transistors. Note that HV transistors are in-
dicated with different symbols than those used for LV transistors, i.e., as noted

in Chapter 2, HV transistors are shown with two bars at the drain terminals.
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Figure 3.5: Conventional HV level shifter (modified from [92]).
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For this circuit, when the input signal IN_L is high (has a voltage of Vppy),
HVNMOS M1 is turned on, while HVNMOS M2 is turned off due to the
existence of the inverter. The on-state of M1 pulls down the voltage at node
A. The diode-connected PMOS M3 is utilized to clamp the voltage at node A
to be no lower than Vssy (Vssy = Vppr — Vppr) to prevent the source-drain
breakdown of PMOS M3 and M4. The voltage at node A turns on PMOS M5
with a source-gate voltage of Vppr. The on-state of M5 pulls up the output
signal OUT_H to Vppg (logic 1 in the HV domain), which is the same logic
state as the input signal. Similarly, when the input signal is low, HVNMOS
M2 is turned on, pulling down the output signal to Vssy (logic 0 in the HV
domain) with the clamp of the diode-connected PMOS transistor M6.

One major drawback of the HV level shifter shown in Figure 3.5 is that
constant static current floating from Vppy to Vggr, exists during the operation,
either through M3 and M1 (when IN_L is high) or through M6 and M2 (when
IN_L is low). This results in significant power consumption. To reduce this
power consumption, different current limit strategies have been presented in
[93]-[95]. For instance, the current limit enforced by a current mirror proposed
in [95] is shown in Figure 3.6. As shown, a current mirror composed of M1
~ M4 is added. The diode-connected transistor M4 functions as the load
transistor of the current mirror. Transistors M3 and M4 can be sized to limit
their on-current to the micro-ampere or even nano-ampere level so as to limit
the current going through M1 and M2. However, even though the power
consumption is reduced with the current limit shown in Figure 3.6, static
power consumption still exists due to the constant current (at a much lower
level compared to that of Figure 3.5) floating from Vppr, to Vgsr, as well as
from Vppg to Vagr,.

To eliminate the static power consumption, a modified structure is shown
in Figure 3.7. As shown, this circuit also uses a cross-coupled latch (consisting
of M7 and M8), but without the diode-connected load. For its operation, when
the input signal IN_L is high, NMOS transistor M1 is turned on pulling down
voltage Vp; to Vssr. This turns on M3 with a gate-source voltage of Vppy,

and in turn pulls down the voltage Vps to Vgsr. This then pulls down Vg,
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Figure 3.6: Conventional HV level shifter with current limit (modified from
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Figure 3.7: Conventional HV level shifter with no static power consumption
(modified from [96]).
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close to Vggy, i.e., the floating ground of the HV domain. PMOS transistor
MS8 is turned on with its gate terminal connected to Vsgy and source terminal
connected to Vppy. The on-state of M8 pulls up voltage Vss to Vppy. The
high voltage Vs, turns M7 off completely, avoiding static current flowing from
Vopu to Vss, through M7, M5, M3 and M1. The circuit operation at the
other phase when the input signal IN_L is low can also eliminate static power
consumption, such that transistor M8 is turned off completely, cutting off the
current path from Vppy to Vsgy, through M8, M6, M4, and M2.

We can conclude, from the operation described above, that the circuit
shown in Figure 3.7 is free of static power consumption compared to the circuits
in Figure 3.5, and Figure 3.6. However, there still exist several drawbacks. For
instance, even though the gates of HVPMOS M5 and M6 are biased by Vsgy
to prevent the voltages Vg; and Vg, from dropping below Vggy, the leakages
of M5 and M6 can still pull Vg; and Vs, down by several volts, weakening or
destroying the gate oxides.

To further improve the performance of the HV level shifter shown in Figure
3.7, researchers in [96] proposed several improvement techniques. Figure 3.8
shows the “active clamping” HV level shifter proposed in [96]. In Figure 3.8,
the HVNMOS transistors M1 and M2 are used directly as pull-downs rather
than as cascodes in Figure 3.7 to save some die area. Additional transistors
M7 and M8 are connected to actively pull down the voltages Vg; and Vgs to
Vssy. This speeds up the circuit dynamic operation. Transistors M7 and M8
also have the function of preventing voltages Vg; and Vg, from dropping below
Vssy caused by the leakage of M3 and M4.

One common disadvantage of the circuits in Figure 3.4 ~ Figure 3.8 is
that their switching is asymmetrical, which results in undesired signal skews.
To explain this, we take the dynamic operation of the circuit in Figure 3.8 as
an example. At the transition when the input signal IN_L goes high, the left
branch triggers, and the voltage Vy; is pulled down to Vgsy. The voltage Vg
is fed into the input of an inverter and a clean logic high of the HV domain
(Vppn) is obtained for the output signal OUT_H. We can see that the change

of the output signal during this transition depends mainly on the left branch
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Figure 3.8: The “active clamping” HV level shifter proposed in [96].

of the circuit. At the other transition when the input signal IN_L goes low,
the right branch triggers and pulls down the voltage Vg, to Vgsy. However,
the voltage Vso can not directly change the state of the output signal and
extra steps are needed. Extra steps include turning on M5 and pulling up the
voltage Vs; to Vppy. Then the output signal OUT_H flips its state through
the inverter operating at the HV domain. The change of the output signal at
the second transition involves the actions of the right branch of the circuit as
well as the left branch. We can see from the circuit dynamic operation that
the switching of the output signal costs different time at the rising and falling
edges of the input signal due to the extra steps introduced at the falling edge
of the input signal. We refer to this phenomenon as asymmetrical switching.
The asymmetrical switching problem introduces undesired signal skews to the
input signal.

To illustrate the signal skew problem in detail, Figure 3.9 shows the input

and output signals of an HV level shifter with or without signal skews.
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Figure 3.9: The input and output signals of an HV level shifter (a) with signal
skews and (b) without signal skews.

For an HV level shifter without signal skews (Figure 3.9(a)), the propaga-
tion delays (PDs) between the input signal and the output signal are similar
at the rising and falling edges of the input signal, and the signal integrity is
maintained. For an HV level shifter with asymmetrical switching, signal skews
are introduced. Its input and output signal waveforms are shown in Figure
3.9(b). As shown, the signal skew enlarges the propagation delay at the falling
edge of the signal. What’s worse, the pulse width of the output signal is in-
creased compared to the input signal due to the existence of the signal skew.
When applied to a half-bridge circuit, for example, the circuit shown in Fig-
ure 3.2, the increased pulse width could dissolve the dead time between the
gate signals of Q1 and Q2, and result in large shoot-through current from Vpp
to the ground. This problem gets more severe at high operation frequencies.

Therefore, symmetrical switching of HV level shifters is needed to keep the
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signal integrity of the input signal and ensure the high performance of the
half-bridge driver.

To achieve symmetrical switching, a simple improvement was made in [96]
based on the circuit in Figure 3.8. Figure 3.10 demonstrates the improved HV
level shifter with symmetrical switching (referred to as the “fast” mode HV
level shifter in [96]). The disadvantage of asymmetrical switching in Figure 3.8
is overcome by the addition of custom inverters and a NAND gate latch in the
HV domain in Figure 3.10. The first-stage inverters are sized to be sensitive
to the initial dip in the source voltages of M3 and M4 to speed up the circuit
dynamic operation. The two-stage inverters also function as buffers to increase
the pulling strength (using low-impedance path) of the source voltages of M3
and M4. The NAND gate latch delays switching until both branches of the
level shifter have changed state. The addition of the extra gates in the HV
domain achieves symmetrical switching and ensures the signal integrity of the

input signal.
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Figure 3.10: The “fast” mode HV level shifter proposed in [96].
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The HV level shifter in Figure 3.10 is a level-triggered design, meaning
that the gate signals of M1 and M2 in Figure 3.10 need to be kept low or
high in order to maintain the state of the output signal. The HV level shifters
in Figure 3.4 ~ Figure 3.8 are also level-triggered designs. Compared to the
pulse-triggered designs (circuits in Figure 3.11 and Figure 3.12), the circuit
speed and power performance of level-triggered designs are less efficient [97].
The reason is that for the pulse-triggered designs, for instance in Figure 3.11,
only pulses at the rising and falling edges of the input signal are needed to
charge the gates of HNM1 and HNM2 to flip and maintain the state of the
output signal. This is more efficient as power is mainly consumed during the
short triggering pulses so that a low average power dissipation can be easily

achieved.
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Figure 3.11: The “optimized” HV level shifter in [97].

For the operation of the circuit shown in Figure 3.11, a pulse generator is
used to generate the pulses at the rising and falling edges of the input signal.
At the rising edge, the left branch triggers with HVNMOS HNM1 turned on.
Transistor PM5 mirrors the current through PM1 and pulls up the voltage at

node N2. A latch composed of two inverters latches the voltages at the nodes
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N1 and N2 to be Vssy and Vppg, respectively. These two voltage levels were
held by the inverter latch after HNMI1 is turned off. The output signal OUT
switches its state from low to high during this transition and is held high after
the transition. The circuit operation at the falling edge of the input signal
features a similar principle, such that the right branch triggers and the output
signal OUT flips from high to low.

One disadvantage of the pulse-triggered design in Figure 3.11 is that it
has relatively high circuit complexity with the use of two additional circuit
blocks (as indicated by the dashed boxes) to avoid asymmetrical switching
and current mirror mismatch. Another drawback is the use of relatively bulky
on-chip resistors. Their values cannot be accurately controlled and they could
increase the die area depending on their values and the fabrication process.

Figure 3.12 shows another pulse-triggered HV level shifter. It also exhibits
high circuit complexity where diode stacks connecting Vppy to Vp,s and Vp,y
are needed to provide extra current paths for transistors Ma7 and Ma8. Fur-
thermore, an additional bias voltage higher than Vggy is required for the gates

of Ma3 and Ma4, in order to protect the LV transistors in the HV domain.
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Figure 3.12: The fast low-power HV level shifter in [98].

VSSL

71



In this chapter, we propose a simple HV level shifter based on Figure
3.10 [96] but with a pulse-triggering approach. The pulse-triggering approach
effectively reduces the power dissipation and propagation delay of the original
design in Figure 3.10. Furthermore, the proposed HV level shifter has less
circuit complexity and occupies less die area compared to the pulse-triggered
designs shown in Figure 3.11 and Figure 3.12, without the use of on-chip

resistors and diode stacks.

3.3.2 Proposed HV level shifter

Figure 3.13 shows the proposed pulse-triggered HV level shifter. Referring to
the transducer driver shown in Figure 3.2, the input signal IN_L of the HV
level shifter is the same signal as LIUS_HS shown in Figure 3.2, while the
output signal OUT_H of the HV level shifter is the signal at node A in Figure
3.2. The voltage levels Vssr., Vopr, Vssu, and Vppy of the HV level shifter are
equal to the voltage levels 0, Vpp, Vsw, and Vgoor of the transducer driver
shown in Figure 3.2, respectively. Same as Vs and Vgoor, voltages Vsgy and
Vppy are at floating levels.

As shown in Figure 3.13, the proposed HV level shifter circuit is composed
of three main blocks: signal edge detection, level shifting, and latching. The
edge detection block is used to generate pulses at the rising and falling edges
of the input signal. It operates in the LV domain with a range of Vgg; ~
Vppr- The level-shifting block elevates the signals from the LV domain to the
floating HV domain (Vssy ~ Vppy). As shown, the level shifting block has
two identical branches, one consisting of transistors M1, M3, and M5, and the
other involving transistors M2, M4, and M6. On each transition, only one
branch triggers. The latching block in Figure 3.13 stores and flips the state
of the output signal OUT_H. This block works in the HV domain floating
between Vssy and Vppp.

Transistors M1 (or M2) and M3 (or M4) in Figure 3.13 are HVNMOS and
HVPMOS transistors, respectively. They offer high breakdown voltage across
the drain and source terminals with low breakdown voltage across the gate

and source terminals. All other transistors in Figure 3.13 are LV standard
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Figure 3.13: Circuit topology of the proposed HV level shifter.

transistors. Many modern HV processes provide N+ buried layers and N+
isolation rings, etc. as junction isolation for HV and LV transistors. Tran-
sistors operating in different voltage domains need to be placed in different
isolation N-wells. For the proposed level shifter, HVNMOS devices M1 and
M2 each have their own isolation N-well, while HVPMOS devices M3 and M4
may have their own isolation wells or may share one well depending on the
process. LV transistors M5 and M6 and the transistors in the latching block
share one isolation well because they all operate in the HV domain. The tran-
sistors in the edge detection block, which operate in the LV domain, share

another isolation well.

DC Operation

In steady state, the input signal IN_L is at stable low or high, no pulses are
produced at Vzg and Vpg in the edge detection block (RE stands for rising edge
and FE stands for falling edge). Therefore both M1 and M2 are off. As M5 and
M6 in the level-shifting block are permanently turned on by having their gates
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connected to Vggy, the voltages Vs and Ve (voltages at the drain terminals of
M5 and M6, respectively) are both pulled up to Vppg (neglecting the on-state
voltage drop across the source-drain terminals). These two signals flow into
the latching block, representing a high state for the set and reset signals of
the NAND gate latch. As a result, the output signal OUT_H remains in its
latched state. This is the same state as the input signal, as will be explained
later in the circuit dynamic operation.

The HVPMOS transistors M3 and M4 are both on during DC operation
with a source-to-gate voltage of Vppy — Vssy. Consequently, voltages Vz; and
V1 (voltages at the drain terminals of M3 and M4, respectively) follow Vg2 and
Vi and are pulled up to Vpppy. Transistors M1 and M2 need to tolerate a Vppy
voltage drop across their drain-source terminals. For this reason, HVNMOS

transistors are used for M1 and M2.

Dynamic Operation

To explain the circuit dynamic operation, the operation waveforms of the
proposed level shifter are depicted in Figure 3.14. When IN_L changes from
low to high, a rising edge is detected and a pulse is produced at Vgg (the
delay caused by the edge detection block is indicated by t; in Figure 3.14).
The short pulse at Vgzg charges up the gate of M1 and turns it on. If the
pull-down strength of M1 is stronger than the pull-up strength of M3 and M5,
the voltage Vy; will be pulled down close to Vgg;,. The delay of this transition
is to as indicated in Figure 3.14. The low voltage Vz; in turn quickly pulls
down Vi close to Vsgy through M3 with a delay of t3. As Vs remains at Vppy
during this transition, the two-stage inverters at the latching block transfers
this information as S = 1 and R = 0 to the NAND gate latch. This flips the
state of the output signal OUT_H from low to high, which is the same transition
as the input signal. The delay caused by the latching block is indicated by t4
in Figure 3.14. After Vzp goes back to low and turns M1 off, no pull-down
strength exists such that M5 and M3 pull up Vis and Vi; back to Vppy. The
output signal OUT_H is held high by the NAND gate latch.

The transition at the falling edge of IN_L operates in a similar way such
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Figure 3.14: Operation waveforms of the proposed HV level shifter.

that M2 is turned on with a short pulse of Vpg. Vig; is pulled down close to
Vssr. Vi follows Vg; while remaining above Vggy with the protection of M4.
Signals S = 0 and R = 1 are transferred to the NAND gate latch and changes
the state of the output signal OUT_H from high to low, which is in the same
manner as the input signal IN_L. The output signal OUT_H is then latched
low after Vrg goes back to Vsg,. The delay between the change of IN_L and
OUT_H at the falling edge is also similar to that at the rising edge.

The operation described above shows that with the use of the NAND gate
latch, the output signal switches in the same manner when it is triggered
by the rising and the falling edges of the input signal, making the switching
fully symmetrical. HVPMOS transistors M3 and M4 prevent voltages Vs
and Vps from decreasing beyond Vsgy during the operation. This is crucial
for protecting the transistors sitting between the Vssy and Vppy rails as well
as ensuring the reliability of the MOS gate for M3 and M4. The leakage of
HVPMOS transistors M3 and M4 can be neglected for the proposed circuit as
each branch is only triggered for a short period time. As the voltage swing at
Ve and Vg is from Vggr, to Vppy, M3 and M4 must be HVPMOS transistors

to avoid source-drain breakdown.
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Design Considerations

Adequate pulse width in the edge detection block is needed for Vgg and Vig to
trigger the branches in the level-shifting block and flip the state of the latching
block over all process corners. The edge detection block also needs to be
carefully designed to guarantee similar time delays from the input signal IN_L
to Vg and Vpg. The sizes of transistors M1~M6 in the level-shifting block
must be chosen carefully to ensure proper dynamic operation. Voltages Vzs
and Vg, must be pulled down close to Vgsy to exhibit a clear low-state signal
for the first-stage inverters in the latching block. The first-stage inverters I1
and 12 in the latching block are designed with strong PMOS and weak NMOS
transistors to make it sensitive to the initial dip of Vzs and Vis. The second-
stage inverters in the latching block then present accurate and clean signal
transitions to the inputs of the NAND gate latch.

Consider the branch composed of M1, M3, and M) as an example. In order
to pull Vze down close to Vggy, the pull-down strength provided by M1 and
M3 needs to be stronger than the pull-up strength of M5 when the branch is
triggered. As transistors M1 and M3 are HVMOS devices which generally have
low on-resistance, the minimum sizes allowed by the fabrication technology
are sufficient to provide enough pull-down strength. Weakening the pull-up
strength of M5 allows a faster drop at Vizs, leading to shorter propagation
delay. However, it requires longer recovery time for Vg, to be pulled back to
Vppr and consequently limits the maximum operating frequency of the level
shifter. On the other hand, it is not necessary to pull Vg, all the way down
to Vssr in order to pull Vgs close to Vgsy. Lowering the voltage swing at
Vg; by enhancing the pull-up strength of M5 has the advantage of reduced
power consumption. In other words, the sizing of M5 is a trade-off between
the propagation delay, the power consumption, and the maximum operating
frequency.

Compared to the level-triggered HV level shifter shown in Figure 3.10, the
pulse-triggering approach of the proposed circuit leads to shorter propagation

delay. This is because the switching of the output signal of the circuit in Figure
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3.10 relies on the toggling of both branches due to its cross-coupled topology,
while the proposed circuit only requires the toggling of one branch to flip the
state of the output signal. Besides, the proposed circuit has reduced power
dissipation due to the fast dynamic operation compared to that in Figure
3.10. Compared to the pulse-triggered designs in Figure 3.11 and Figure 3.12,
the proposed HV level shifter has much less circuit complexity and occupies

smaller die area without the use of on-chip resistors and diode stacks.

3.3.3 Simulation and measurement results

The proposed HV level shifter is implemented in TSMC’s 0.18-pm BCD Gen2
process. The LV devices are 5-V standard transistors and the HV devices are
20-V HVMOS transistors. The 20-V HVNMOS devices can tolerate a 20-V
drain-source (or source-drain for HVPMOS) voltage and a 5-V gate-source (or
source-gate for HVPMOS) voltage. Table 3.1 shows the transistor sizes of the
proposed HV level shifter. HV devices M1~M4 are at their minimum sizes.
The sizes of M5 and M6 are chosen based on minimizing the propagation delay
x the power consumption product. The first-stage inverters I1 and 12 of the
latching block in Figure 3.13 are designed with strong PMOS and weak NMOS

transistors to make it sensitive to the initial dip of Vg, and Vips.

Table 3.1: Transistor sizes of the proposed HV level shifter.

Transistor Type W /L (pm / pm)
M1, M2 20 V HVNMOS 10 /1.6
M3, M4 20 V HVPMOS 10 / 0.4
M5, M6 5 V PMOS 1/05
PMOS in inverters I1 and 12 5V PMOS 5/0.5
NMOS in inverters I1 and 12 5 V. NMOS 0.22 /0.6

Figure 3.15 shows the micrograph of the fabricated IC with each block of
the proposed HV level shifter indicated. Since the output signal of the HV
level shifter doesn’t have enough drive strength to drive the I/O pad directly,
an output buffer with x64 drive strength is added to the output of the HV

level shifter to provide sufficient drive capability for testing purposes. The
7



output buffer operates in the HV domain and shares the same isolation N-well
with the latching block of the HV level shifter. The total silicon area of the
test chip is 0.018 mm? (the area occupied by the HV level shifter itself is 0.012

mm?).
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Figure 3.15: Micrograph of the test chip (consisting of the HV level shifter
circuit and the output buffer with total area: 0.018 mm?).

Figure 3.16 shows the measurement setup for the test chip. The input
signal is generated externally with a signal generator passing through a Schmitt
trigger. The probes of the oscilloscope are connected to the input and the

output of the test chip. Input signals with a frequency of 10 MHz are tested.
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Figure 3.16: Measurement setup.

Figure 3.17 demonstrates the measured input and output waveforms of the
test chip at Vppy = 20 V, Vssy = 15 V, and Vpp, = 5 V. The voltage ringing
at the input and output signals in Figure 3.17 are caused by the parasitic in-
ductance and capacitance from the packages and the PCB. The propagation
delay t, between the input signal and the output signal of the test chip (in-

cluding the delay from both the HV level shifter circuit and the output buffer)
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is 3.51 ns. Subtracting the post-layout simulated delay caused by the output
buffer (2.75 ns), it can be deduced that the propagation delay of the proposed
HV level shifter is 0.76 ns.
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Figure 3.17: Measured input and output waveforms of the test chip at Vppy
=20 V, VSSH =15 V, and VDDL =5 V.

Post-layout simulated and measured propagation delay of the proposed
HV level shifter at Vpp, = 5 V are shown in Figure 3.18. Vppy is fixed at
5 V. Vppy was swept from 5 V to 20 V while keeping Vppg — Vssg = 5 V
fixed (the voltage swing of Vggy is 0 ~ 15 V). The measurement results were
obtained by using the measured propagation delay of the test chip (consisting
of both the HV level shifter circuit and the output buffer) subtracting the
post-layout simulated propagation delay of the output buffer. Both the post-
layout simulated and the measured results were evaluated at the rising edge of
the input signal. It can be seen from Figure 3.18 that the measured results are
in close agreement with the post-layout simulated results. They both show a
tendency that the propagation delay slowly decreases as Vppy increases. This
is because the node voltages Vzs and Vi in the level-shifting block discharge
faster at higher Vppg, which leads to a faster response of the circuit. At Vppy
=20 V (Vssg = 15 V accordingly), the measured results show a propagation
delay of 0.76 ns. When Vppy is swept from 5 V to 20 V, Vygy is swept from
0 to 15 V, accordingly. The proposed HV level shifter is able to keep the

propagation delay in sub-nanosecond range for all Vppg conditions.
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Figure 3.18: Post-layout simulated and measured propagation delay of the
proposed HV level shifter at Vppr, = 5 V. Vppy is swept from 5 V to 20 V
while keeping Vppg — Vssyg = 5 'V fixed.

The propagation delay of the proposed HV level shifter is also evaluated
with 3.3 V input signals. Figure 3.19 depicts the post-layout simulated and
measured propagation delay at Vpp, = 3.3 V. As shown, the measured prop-
agation delay correlates closely with the post-layout simulated results, both
showing a slow decline as Vpppy increases. Compared to the results at Vppp
= 5 V shown in Figure 3.18, the propagation delay at Vpp, = 3.3 V is larger
at the same Vppy. The reason is that a higher input voltage provides faster
charging for gate capacitors of M1 and M2, leading to a faster transition of
the level-shifting block.

As power consumption is highly frequency-dependent, the energy consump-
tion per transition (EPT) is examined to evaluate the power consumption of
the proposed HV level shifter. Figure 3.20 shows the post-layout simulated
EPT of the proposed HV level shifter for both Vppr, = 5V and Vpp, = 3.3
V. The EPT of the fabricated HV level shifter cannot be measured because
the power consumed at the output buffer and the 1/O pads of the test chip is
much higher than that of the HV level shifter circuit. As shown in Figure 3.20,
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Figure 3.19: Post-layout simulated and measured propagation delay of the
proposed HV level shifter at Vpp, = 3.3 V. Vppy is swept from 5 V to 20 V
while keeping VDDH - VSSH = 3.3 V fixed.
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Figure 3.20: Post-layout simulated EPT of the proposed HV level shifter at
both Vppr, =5 V and Vppr, = 3.3 V. Vppy is swept from 5 V to 20 V while
keeping VDDH — VSS’H = VDDL fixed.
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the EPT at both Vpp, =5V and Vpp, = 3.3 V grows linearly with Vppg.
This is mainly contributed by the linear increase in the power dissipation of
the level-shifting block. Figure 3.20 also shows that the EPT at Vpp, = 5
V is higher than that at Vppr, = 3.3 V for all Vppy conditions. This indi-
cates that lowering the input voltage can effectively decrease the circuit power
dissipation.

To compare the proposed HV level shifter with other circuits that consume
no static power consumption and has symmetrical switching, i.e., the circuits
shown in Figure 3.10 ~ Figure 3.12, we implemented and simulated these
circuits using the same process as the proposed circuit with the same LV
and HV devices. The circuits in Figure 3.10 ~ Figure 3.12 are all designed
and optimized to achieve the minimum Propagation Delay x EPT product at
Vopr=5 V and Vppy = 20V. Layouts of the circuits were also completed as
well as the post-layout simulation. Table 3.2 compares the propagation delay,
the EPT, and the silicon area of the proposed circuit and the circuits in Figure

3.10 ~ Figure 3.12.

Table 3.2: Comparison with the HV level shifters shown in Figures 3.10 ~
3.12 (all circuits are implemented in the same process with the same LV and
HV devices).

Circuit in | Circuit in | Circuit in | Proposed
Parameters
Figure 3.10 | Figure 3.11 | Figure 3.12 | design
VDDL (V) 5
Voo (V) 20
Propagation
4.1 0.79 0.91 0.76
Delay (ns)
EPT (pJ) 85 54 49 39
Area (mm?) 0.0068 0.028 0.024 0.012

As shown in Table 3.2, the proposed circuit has both the shortest propaga-
tion delay and the lowest EPT compared with other circuits. The speed of the
circuit in Figure 3.11 is similar to that of the proposed circuit. However, it’s

power consumption is higher. The main power consumption of the proposed
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circuit and the circuit in Figure 3.11 both come from their triggering branches.
For example, HNM1 and PM1 for the circuit in Figure 3.11, and M1, M3 and
MS5 for the proposed circuit. The circuit in Figure 3.11 has a smaller equivalent
resistance in its branch when triggered because only one HVMOS device (low
on-resistance) is used in each branch. Consequently, the power dissipation of
the circuit in Figure 3.11 is higher than that of the proposed circuit at the
same Vppgy.

According to Table 3.2, the silicon area occupied by the circuit in Figure
3.11 is the largest. This is due to the use of on-chip resistors. The circuit in
Figure 3.12 also suffers from area penalty with the use of diode stacks. The
proposed circuit is area-efficient compared to the circuits in Figure 3.11 and
Figure 3.12 because it only utilizes LV and HV devices. The circuit in Figure
3.10 has the smallest silicon area as it is a level-triggered design and no pulse-
generation block is needed at the rising and falling edges of the input signal,

which saves more die area compared to the proposed circuit.

3.4 Conclusion

In this chapter, models of PZT transducers are discussed, including the BVD
model and the simplified model at the resonance frequency. An on-chip half-
bridge transducer driver is presented to drive the PZT transducer. The half-
bridge driver structure is used due to its capability of wide-bandwidth switch-
ing with a compact design. To enable the high-performance operation of the
half-bridge transducer driver, an HV level shifter with short propagation delay
and low power consumption is proposed.

The proposed HV level shifter is designed, simulated, fabricated and tested
using TSMC’s 0.18-pm BCD Gen2 process. Measurement results show that
it is able to elevate a 0-5 V signal (Vss, = 0, Vppr, = 5 V) to 15-20 V (Vgsy
= 15V, Vppyg = 20 V) with a propagation delay of 0.76 ns. When Vppy
is swept from 5 V to 20 V (Vsgy is swept from 0 to 15 V, accordingly), the
proposed level shifter is able to keep the propagation delay in sub-nanosecond

range for all Vppg conditions. The proposed HV level shifter is area-efficient
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without the use of on-chip capacitors and resistors. Additional advantages
are its low power consumption and fully symmetrical switching. Compared
with other HV level shifters implemented in the same process, the proposed
circuit has the shortest propagation delay and the lowest power consumption.
The proposed HV level shifter enables the high-performance operation of the

half-bridge transducer driver.
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Chapter 4

Highly-Integrated LIUS
Systems

4.1 A proof-of-concept miniaturized LIUS de-
vice

Based on the charge pumps proposed in Chapter 2 and the half-bridge trans-
ducer driver presented in Chapter 3, a proof-of-concept miniaturized LIUS
device is developed. Figure 4.1 shows the system architecture of the miniatur-
ized LIUS device. The system architecture is in accordance with the system
block diagram shown in Figure 1.2 but with more detail. As shown in Figure
4.1, the miniaturized LIUS device consists of a battery, a custom Application-
Specific Integrated Circuit (ASIC), an off-chip digital control block, and a PZT
transducer. The battery is used as the power supply of the system. It is a
lithium-ion battery with a nominal voltage of 3.7 V. The PZT transducer is
used as the load. It is a customized PZT transducer manufactured by APC
International, Ltd.

In the ASIC design, a half-bridge transducer driver is used to drive the PZT
transducer to generate ultrasound. The output of the half-bridge transducer
driver is Vgw, which is equals the voltage that is applied across the PZT
transducer. An internal bootstrap circuit, consisting of a diode Dgpor and
a capacitor Cgoor, is used to generate the bootstrap voltage Vgoor for the
high-side operation of the half-bridge transducer driver. The other block in the

custom ASIC is a DC-DC boost converter, which consists of a charge pump
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Figure 4.1: System architecture of the miniaturized LIUS device.

and two clock drivers. The DC-DC boost converter is used to generate the
high voltage Vpp needed by the transducer driver to interface with the PZT
transducer. The custom ASIC is implemented in TSMC’s 0.18-pm BCD Gen2
process.

In this prototype, digital control signals for the ASIC are generated by
the digital control block with an FPGA. The control signals generated by the
digital control block include Clock1_HS, Clock1_LS, Clock2_HS, and Clock2_LS
for the clock drivers in the DC-DC boost converter, and the control signals
LIUS_HS and LIUS_LS for the half-bridge transducer driver. The waveforms

of the control signals are shown in Figure 4.2.
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Figure 4.2: Control signals generated by the digital control block for the cus-
tom ASIC: (a) control signals for the clock drivers in the DC-DC boost con-
verter (same as in Figure 2.24) and (b) control signals for the half-bridge
transducer driver (same as in Figure 3.2).

4.1.1 System specifications design

As mentioned, a customized PZT transducer is used as the load of the minia-
turized LIUS device. This PZT transducer has a resonance frequency of 1.5

2. The impedance of the cus-

MHZ and a radiating surface area of 0.63 mm
tomized PZT transducer is measured with an impedance meter (model: Bio-
logic SP-200). The impedance magnitude at the resonance frequency is 348 2
while the phase is -30°.

To drive the customized PZT transducer at its resonance frequency, the
output wave of the half-bridge transducer needs to be designed with a fre-
quency of 1.5 MHz. Figure 4.3 shows the output wave of the half-bridge
transducer. As shown, it is a periodic wave with a duty cycle of 50%. Ideally,
It is a square wave with a magnitude of Vpp. To design the value of Vpp, let’s
review the concept of Fourier series.

A Fourier series is defined as an expansion of a function or representation
of a function in a series of sines and cosines [99]. For the wave generated by
the half-bridge transducer driver (shown in Figure 4.3), its function f(¢) can
be defined as
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Figure 4.3: Wave generated by the half-bridge transducer driver for driving
the PZT transducer.

2f (4.1)

where t represents time, f is the wave frequency (designed to be the same as
the resonance frequency of the PZT transducer, i.e., 1.5 MHz for the cutomized
PZT transducer), and Vpp is the wave amplitude.

The resulting Fourier series is

V; 2V,
__ Vpp " PP
2 T

{sin (27 ft) + %sin(S X 27 ft) —|——|—%sin(5 X 21 ft)+ ...}
(4.2)

As discussed in Section 3.1, the BVD model of a PZT transducer is an
R-L-C circuit in parallel with a capacitor (Figure 3.1(a)). At the resonance
frequency, the series inductance and capacitance cancel each other out and
the PZT transducer can be modeled as a resistor in parallel with a capacitor
(Figure 3.1(b)). Therefore, the effective component of the series in equation
(4.2) is the sine wave at the resonance frequency of the PZT transducer. We

refer it as v(t). The function is expressed as

2
o(t) = Vep

For a load transducer with an impedance of z = |z| /¢ Q. The current i(t)

sin (27 ft) (4.3)

going through the load at v(t) can be calculated as
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i(t) = 2“;’;  sin (27 ft — ¢) (4.4)

The active power delivered to the load transducer can be obtained as

cos (@) (4.5)

Pactive =

We can see from equation (4.5) that due to the existence of the parallel
capacitor, which leads to a phase of ¢, the active power delivered to the load
transducer is decreased by cos (¢).

According to equation (4.5), the value of Vpp can be chosen by considering
the design specifications of the output power requirement and the impedance
of the load transducer. After considering the voltage drop across the drain-
source terminals of the high-side switch of the transducer driver, Vpp needs to
be designed slightly higher than that calculated by equation (4.5). On another
note, the output voltage wave is not the ideal square wave shown in Figure 4.3
during the operation when the load transducer is connected.

For the specifications design of the DC-DC boost converter in the proof-
of-concept miniaturized LIUS device (Figure 4.1), the 4-stage CP-1 circuit
and the clock drivers described in Section 2.5 were designed with a power
conversion efficiency that was maximized when driving the customized PZT
transducer. For the half-bridge transducer driver, two HVNMOS devices are
used as output switches. As discussed in Section 3.2, one advantage of utilizing
an n-type switch at the high-side is that the half-bridge circuit is robust to
the voltage ripple of Vpp. This is because a stable voltage is applied to the
gate-source terminals of the high-side switch using a bootstrap circuit to turn
it on completely, regardless of the voltage ripple of Vpp. As shown in the
output voltage waveform of the 4-stage CP-1 circuit (Figure 2.30), the voltage
ripple is quite large. However, the half-bridge transducer driver can tolerate
this voltage ripple.

Two identical inverter chains, both with the tapered buffer structure (Fig-
ure 2.25), are used as the gate drivers for the output switches of the half-bridge

transducer driver. Considering the trade-off between the switching power loss
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and the conduction power loss, each output switch is designed with an on-
resistance of 7 €).

The HV level shifter with short propagation delay and low power con-
sumption proposed in Section 3.3 is used as the HV level shifter for the high-
performance operation of the half-bridge transducer driver. The parameters
of the HV level shifter are the same as in Table 3.1. A MIM capacitor with a
capacitance of 100 pF and a diode made with an NPN bipolar transistor (base
and collector tied together) are used for the on-chip bootstrap circuit of the
half-bridge transducer driver.

Figure 4.4 shows the assembled miniaturized LIUS device. Each block of
the system and the die micrograph of the ASIC are indicated. In the board
level, the digital control block utilizes an FPGA board (model: Digilent Cmod
AT7-35T) to generate control signals at 3.3 V, and an LV level shifting circuit
to elevate the controls signals from 0 ~ 3.3 V to 0 ~ 3.7 V, i.e., to the battery
supply voltage level.

Ultrasound
Transducer

Battery
EHAC FRannn
SRR R R
+ 3.7l 1000mAR

LV Level
Control Block Shifting circuit

DC-DC Boost
Converter

Figure 4.4: The proposed miniaturized LIUS Device comparing with a 25 cent
Canadian coin. Fach block of the system and the die micrograph of the ASIC
are indicated.
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Even though a supply voltage of 3.7 V is used, the proposed LIUS system
is able to operate with a supply voltage of up to 5 V, which is the maximum
allowable voltage for | V| of the HV devices as well as the maximum allowable

voltage between any two terminals of the LV devices.

4.1.2 Measurement results

The system measurement setup is shown in Figure 4.5. An ultrasound power
meter (model: OHMIC Instruments UPM-DT-1PA) is used to measure the
ultrasound power generated by the transducer. As shown, the transducer is
submerged and positioned directly over the cone target. The measurement
principle of the power meter is the radiant force method [100]. More specifi-
cally, the ultrasonic energy passing through the distilled water is reflected off
the cone target. It is then absorbed by the lining of the tank. The radiant
ultrasound power is directly proportional to the total downward force on the
cone target. The meter senses this force and converts the reading into an ul-
trasound pressure in watts. For the electrical characteristics, an oscilloscope is
used to measure the voltage at the output voltage of the charge pump (Vpp),
the switching node of the half-bridge transducer driver (Vsw), and the boot-
strap voltage of the half-bridge transducer driver (Vgoor). A current probe

is used to measure the current flowing through the load transducer (I ).

Ultrasound
Current probe ﬁ ?nsducel

Tank—p

Distilled water

Oscilloscope K7 LIUS driver
B Conetarget——bA

Ultrasound power meter

Figure 4.5: System measurement setup.

The charge pump and its clock drivers operate at the same conditions

as described in Section 2.5, i.e., the control signals Clock1_HS, Clockl_LS,
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Clock2_HS, and Clock2_LS have a frequency of 20 MHz and a dead time of 5
ns. The control signals LIUS_HS and LIUS_LS for the half-bridge transducer
driver have a frequency of 1.5 MHz, which is the resonance frequency of the
load transducer. The dead time for LIUS_HS and LIUS_LS is 10 ns. The con-
trol signals LIUS_HS and LIUS_LS are operated in continuous mode, leading
to continuous waves of generated ultrasound. The VHDL codes for the FPGA
to generate the continuous-mode control signals are described in Appendix A.

The measured voltage at the switching node Vgw is demonstrated in Fig-
ure 4.6. As shown, Vgw is able to maintain around 10 V when driving the
transducer load. The frequency of Vgw is 1.5 MHz, which is the resonance

frequency of the PZT transducer.

VSW

g W N Jw.m W
RN LT

V/div
500 ns/div

W

Figure 4.6: Measured waveform of the voltage at the switching node Vgw.

Figure 4.7 shows the measured bootstrap voltage Vgoor compared with
the voltage waveform at the switching node Vgw. It can be seen that the
bootstrap circuit is able to keep a voltage difference between Vgw and Vgoor
during all times. This ensures the appropriate operation of the half-bridge
transducer driver.

Figure 4.8 shows the voltage at the switching node Vgw and the output
voltage of the charge pump Vpp. During the phase when the high-side switch
Q1 of the transducer driver is on, the charge pump delivers power to the trans-

ducer (Vg is close to Vpp during this phase). When the low-side switch Q2
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Figure 4.7: Measured waveforms of the bootstrap voltage Vgoor compared
with the voltage waveform at the switching node Vgw.

of the transducer driver is on, the charge pump operates at no-load condition,
and restores its output voltage level. As shown, the changing waveform of Vpp
deviates Vgw from an ideal square wave. This is caused by the limited current
drive capability of the charge pump. However, the ultrasound transducer is
relatively insensitive to this distortion as it is mainly responsive to the first

harmonic of Vgw (equation (4.3)), which is a sinusoidal wave.

z
| oo

5 V/div
500 ns/div

Figure 4.8: Measured waveforms of the voltage at the switching node Vgw and
the charge pump output voltage Vpp.
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Figure 4.9 shows the voltage at the switching node Vg, which is equal
to the voltage across the load transducer, and the current flowing through
the load transducer I,,;. As mentioned, the effective component causing the
resonance of the PZT transducer is the first harmonic of Vgw (equation (4.3)),
which presents a sinusoidal function. Similarly, the current flowing through
the transducer is also nearly sinusoidal, as shown in Figure 4.9. The average

power delivered to the transducer, which is calculated using Vgw and Iy, is

VANV BV
\ V. SV/div
| o | }wﬂ | o

|

2 l izoWL
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1N ! ‘ “ ol 1500 ns/div

Figure 4.9: Measured waveforms of the voltage at the switching node Vgw and
the current flowing through the load transducer I,.

The system performance of the miniaturized LIUS device generating ultra-
sound with continuous waves is summarized in Table 4.1. The power efficiency
of the ASIC is limited by the power conversion efficiency of the on-chip DC-DC
boost converter. The generated ultrasound power measured by the ultrasound
power meter is 20 mW, which leads to an ultrasound power intensity of 32
mW /cm?®.

Pulsed ultrasound can also be achieved with the proposed miniaturized
LIUS device by simply changing the control signals LIUS_HS and LIUS_LS to
pulsed mode. More specifically, instead of the continuous-mode control signals
shown in Figure 4.2(b), LIUS_HS and LIUS_LS can be designed with on-

and off-time for the miniaturized LIUS device to generate pulsed ultrasound.
94



Table 4.1: Summary of the system performance of the proposed miniaturized
LIUS device generating continuous-wave ultrasound.

Power supply voltage 3.7V
Chip area of the ASIC 10 mm?
Measured output power delivered to the load transducer

by the ASIC (P,..) 72 iV
Measured input power of the ASIC (P;,) 421 mW
Calculated power efficiency of the ASIC (P,yt / Pin) 17%
Measured ultrasound power (Pcoustic) 20 mW
Calculated transfer efficiency of the load transducer 23%
(Pacoustic /| Pout)

Radiating surface area of the load transducer (A) 0.63 cm?
Calculated ultrasound power intensity (Pacoustic / A) 32 mW/ cm?

Figure 4.10 shows the pulsed-mode control signals LIUS_HS and LIUS_LS.
To generate the pulsed ultrasound shown in Figure 1.1, the frequency, pulse
duration, and pulse repetition period of the control signals in Figure 4.10 need

to be designed the same as in Figure 1.1.

Dead

time

e I I 11 State: low I 11 I I
LIUS_HS T "

I I 11 I I I Il I

I I 11 I I I Il I

Il I I I I I Il I

Il I I I I I 11 I

Il I I I I I 11 I

Il Il Il Il State: high I I I I

I I I I I I 11 I
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! I I I I I 11 I

Pulse Duration - !
(On Time) Off Time

Pulse Repetition Period

Figure 4.10: Pulsed-mode control signals LIUS_HS and LIUS_LS.

During the on-time, LIUS_HS and LIUS_LS are the same as in continuous-
mode shown in Figure 4.2(b). During the off-time when there is no pulse
output, the control signal LIUS_HS needs to be kept low to turn off the high-
side switch Q1 of the half-bridge transducer driver (Figure 4.1), and the control
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signal LIUS_LS needs to remain high to turn on the low-side switch Q2. In
this way, both terminals of the PZT transducer are connected to the ground
and no ultrasound is generated during the off-time.

To generate pulsed ultrasound with a pulse duration of 200 ps, and a pulse
repetition period of 1 ms, we chose the control signals LIUS_HS and LIUS_LS
to have the same parameters, leading to the voltage waveforms of the switching
node Vgw in Figure 4.11. During the 200 ps pulse duration, Vgw in Figure

4.11 has the same waveform as in Figure 4.6.

Pulse duration: 200 ps

Pulse repetition period: 1 ms

S5Vidiv
200 ps/div

Figure 4.11: Measured waveform of the voltage at the switching node Vgw for
generating pulsed ultrasound.

Figure 4.12 demonstrates the pulsed-mode waveforms of the voltage at
the switching node Vgw and the bootstrap voltage Vgoor. As shown, the
bootstrap circuit is able to maintain Vgpor higher than Vgw for about Vpp
(3.7 V) during the off-time. The waveforms of Vgw and Vpoor during the
pulse duration in Figure 4.12 are the same as those in Figure 4.7.

Due to the large off-time of Vgw (800 ps) compared to the on-time (200
ns), the average power delivered to the load transducer is low (14 mW). Be-
cause of the low transfer efficiency of the PZT transducer, only 4 mW average
ultrasound power is generated, as measured by the ultrasound power meter.

This leads to an average ultrasound power intensity of 6.3 mW/ cm’.
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Figure 4.12: Measured waveforms of the voltage at the switching node Vgw
and the bootstrap voltage Vgoor for generating pulsed ultrasound.

4.1.3 Discussion

The proposed miniaturized LIUS device is suitable for therapeutic applications
requiring an ultrasound power intensity of < 32 mW /cm? in continuous mode.
For instance, the research in [10] has shown 30 mW /cm? continuous-wave LIUS
is able to inhibit gramicidin D-induced red blood cell edema.

Pulsed ultrasound can also be produced by the proposed miniaturized LIUS
device at a lower power intensity, making it suitable for applications requiring
low-intensity pulsed ultrasound. For instance, an ultrasound power intensity
of 6.3 mW/ cm” is achieved with the proposed miniaturized LIUS device at a
frequency of 1.5 MHz, a pulse duration of 200 ps, and a pulse repetition period
of 1 ms. Researchers have shown therapeutic effects using pulsed ultrasound
with the same parameters while requiring an ultrasound power intensity of
< 6.3 mW/cm?. For example, the study in [33] showed the efficacy of the
pulsed ultrasound with an intensity of 2 mW/cm? in enhancing osteogenic
differentiation of rat bone marrow stromal cells.

The load transducer can be replaced by other PZT transducers with low res-
onance frequencies, enabling applications requiring low-frequency LIUS, such
as the study on the healing of fractures and osteoradionecrosis [11], [12], and

the research on bone regeneration enhancement [13], etc.
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4.2 Design improvements and a monolithic-
chip solution

While the proof-of-concept miniaturized LIUS device is able to generate ultra-
sound with low intensities in both continuous mode and pulsed mode, there

are still several aspects that can be improved, including:

e Improvement 1: Integrating the digital control block on the ASIC. As
shown in the miniaturized LIUS device (Figure 4.4), the digital control
block occupies a large area of the circuit board. Integrating the digital
control block on the ASIC would further reduce the board area and the

power dissipation of the system.

e Improvement 2: Adding an impedance matching circuit for the PZT
transducer. As discussed, the PZT transducer model can be represented
by a resistor in parallel with a capacitor when operating at its reso-
nance frequency. The capacitance leads to a negative phase of the load
impedance (for instance, the impedance of the customized PZT trans-
ducer is 348/—30°Q2), which results in the degradation of the active out-
put power by cos (—30°) (equation (4.5)). To increase the active output
power, an impedance matching circuit could be added to cancel out the
capacitance and match the PZT transducer into a resistive load at the

resonance frequency.

e Improvement 3: Increasing the output power of the DC-DC boost con-
verter. As described in Chapter 1, current LIUS therapy has a wide
variety of applications, which requires different ultrasound power inten-
sities. Increasing the output power of the DC-DC boost converter would
allow the proposed LIUS system to generate ultrasound at higher inten-
sities, which would include more flexibility for the proposed system to

be applied for various applications.
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4.2.1 Improvement 1

To integrate the digital control block on chip, an improved ASIC is designed.
The functional block diagram of the improved ASIC is shown in Figure 4.13.
As shown, three supply voltage pairs are used, i.e., DVpp and DGND, AVpp
and AGND, PVpp and PGND. Pins DGND, AGND, and PGND are all con-
nected to the ground, and pins DVpp, AVpp, and PVpp have the same voltage
potential (3.7 V), which is the nominal voltage of the lithium-ion battery. Same
as in Figure 4.1, the charge pump and its two clock drivers in Figure 4.13 con-
stitutes the DC-DC boost converter. The half-bridge transducer driver also
has the same structure as in Figure 4.1. The bootstrap circuit in Figure 4.13 is
implemented with an external diode and an external capacitor. For the digital

control block, two clock sources are used:
1. Clock Sourcel: provided by an external crystal oscillator.

2. Clock Source2: provided by an internal voltage-controlled oscillator (VCO).
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Figure 4.13: Functional block diagram of the improved ASIC.

99



For Clock Sourcel, the external oscillator is implemented with a quartz
crystal, two capacitors, an inverter, a feedback resistor, and a Schmitt trig-
ger. The advantage of the external crystal oscillator is that it offers high
accuracy. It is used to generate an accurate 12 MHz clock signal, which is
passed to the digital control block to generate control signals LIUS_HS and
LIUS_LS. High accuracy is required for LIUS_HS and LIUS_LS to control the
half-bridge transducer driver to interface with the PZT transducer at its reso-
nance frequency. This is because the impedance of the PZT transducer varies
significantly when operating off its resonance frequency.

For Clock Source2, an on-chip VCO is utilized. The clock signal provided
by the VCO is used by the digital control block to generate control signals
Clock1_HS, Clock1_LS, Clock2-HS, and Clock2_LS. The VCO block is used for
this purpose for two reasons: (1), the DC-DC boost converter has no require-
ment for high-accurate-frequency control signals. That is to say, a few kHz
off the optimum operating frequency has minor effects on the performance of
the DC-DC boost converter as long as the dead time of the control signals are
appropriately correlated, and (2), the frequency of the clock signal provided
by the VCO can be tuned by the external control voltage V¢ (shown in Figure
4.13). The tunable frequency is desirable as it can change the frequency of the
control signals Clock1_HS, Clock1_LS, Clock2_HS, and Clock2_LS, and in turn
adjust the output power of the DC-DC boost converter. The tunable output
power of the DC-DC boost converter can include more flexibility for the pro-
posed LIUS system to generate ultrasound with different power requirements,
even though this may deviate the power conversion efficiency of the DC-DC
boost converter from its optimized value.

As mentioned, the function of the digital control block in Figure 4.13 is to
generate the control signals Clock1_HS, Clock1_LS, Clock2_HS, and Clock2_LS
for the clock drivers of the DC-DC boost converter, and the control signals
LIUS_HS and LIUS_LS for the half-bridge transducer driver. A simple non-
overlapping clock generator structure can be used to generate continuous-mode
Clock1_HS_CM, Clock1_LS-CM, Clock2-HS-CM, and Clock2-LS-CM (CM de-

notes continuous-mode). We use suffix CM to indicate continuous-mode and
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PM for pulsed-mode from this point. Figure 4.14 shows the non-overlapping
clock generator structure. The input signal Clock1_in_VCO in Figure 4.14 is
the clock signal provided by the VCO. Two non-overlapping clock generators
with a similar structure are used to generate four output signals. For each
clock generator, a NAND gate latch and two delay blocks work together to
produce the dead time between the output signals. Inverters are used at the

output to adjust the output signals to their desired phases.

| | |
Delay _I—E_E-I_n_ﬂ_ Clockl_HS_CM
[ | | 11
fi [ | | [N}
[ | | [N}
[ | | | :
|
Clock_in_VCO Delay | l I ' Clockl_LS CM
I LT 1 '
|
:
[}
Delay ' Clock2_HS_CM
; 7 [N} [} ] I
[N} [} ] I
[N} [} ] I
[N} [} ] I
[} [} [} [}
Delay 1 | | | | I—ClackZ_LS_CM
T 1 T T1

Figure 4.14: Non-overlapping clock generators for generating continuous-
mode control signals Clocki_HS_-CM, Clock1_LS_-CM, Clock2_-HS_CM, and
Clock2_LS_-CM.

To generate continuous-mode control signals LIUS_HS_CM and LIUS_LS_CM,
a non-overlapping clock generator with a simple modification based on Figure

4.14 can be used. Figure 4.15 shows the non-overlapping clock generator.

Clock_in_LIUS

LIUS_HS_CM

LIUS_LS_CM

Figure 4.15: Non-overlapping clock generator for generating continuous-mode
control signals LIUS_HS_CM and LIUS_LS_-CM.

For the LIUS system to generate pulsed ultrasound, pulsed-mode con-

trol signals LIUS_.HS_PM and LIUS_LS PM (PM denotes pulsed-mode) are
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needed. For example, to generate pulsed ultrasound with a pulse duration of
200 ps and a pulse repetition period of 1 ms, LIUS_HS_PM and LIUS_LS_PM
need to be designed with the same parameters. Figure 4.16 shows the de-
tailed block diagram for generating LIUS_HS_PM and LIUS_LS_PM with a
pulse duration of 200 ps and a pulse repetition period of 1 ms. The 12 MHz
input clock signal Clockl_in. EXT in Figure 4.16 is provided by the external
crystal oscillator. A frequency divider composed of three D flip-flops is used
to divide the 12 MHz clock signal to 1.5 MHz, which is the resonance fre-
quency of the PZT transducer. The non-overlapping clock generator in Figure
4.16 is the same as in Figure 4.15. The pulse repetition period generator in
Figure 4.16 is used to generate the signal PWM_1K_D20, which has a period
of 1 ms, and a pulse width of 200 ps. The pulse repetition period generator
can be implemented with a frequency divider and a counter. The waveforms
of PWM_1K_D20, LIUS_.HS_CM, and LIUS_LS_-CM are depicted in Figure
4.16. After some simple logic processing of PWM_1K_D20, LIUS_HS_CM, and
LIUS_LS_CM, the control signals LIUS_HS_PM and LIUS_LS_PM can be ob-
tained with the desired pulse duration and pulse repetition period, as shown
in Figure 4.16.

When operating in pulsed mode, the operation of the charge pump can
be paused during the off-time to reduce the power dissipation of the LIUS
system. This can be done by simply putting control signals Clock1_HS_PM,
Clock1_LS_PM, Clock2-HS_-PM, and Clock2-LS_-PM (PM represents pulsed-
mode) to a high state. More specifically, these four control signals have a
waveform same as Figure 4.14 during the on-time, and have a voltage of Vpp
during the off-time. In this way, the outputs of the clock drivers, i.e., Clockl
and Clock2 are both connected to the ground during the off-time, pausing the

operation of the charge pump.

4.2.2 Improvement 2

To maximize the active power delivered to the PZT transducer, an impedance
matching circuit can be used to match the PZT transducer into a resistive

load. A low-cost matching method was presented in [101] employing a simple
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L-C matching network. Figure 4.17 shows the L-C impedance matching circuit
presented in [101]. The transducer composed of Ce, and Req is the simplified
transducer model same as in Figure 3.1(b) with one terminal connected to
the ground. L,, and C,, constitute the matching network. R, is the target
resistive load that we are matching the impedance into. Denoting w as the

angular frequency, the value of Ly, and C,, are deducted in [101] as

L, =— -1
w R,
(4.6)
1 R
C,, = “4_1-C,
wWReq \| Ry e
i— ——————————— r—-—— = ———=—n"
| Lm
— 1YY Y\
|
|
—

NV

] I
Il |
1 I
Il I
Il I
Il I
Il |
] I
] I
] I
] I
Il |
Il I
Il I
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I Transducer I

Figure 4.17: L-C impedance matching circuit (modified from [101]).

For the improved LIUS system, we devise the desirable resistive load to be
100 €. The values of the parallel capacitor and resistor of the customized PZT
transducer (the impedance is 348 /—30° ) can be calculated as C,, = 153 pF,
and R, = 401 Q based on equation (3.2). According to equation (4.6), the

matching network parameters can be obtained as

L, = 18.4 pH
(4.7)
C,, = 1.68 nF

The additional inductor and capacitor introduced by the matching net-
work add a minor area penalty for the circuit board. However, this is greatly

outweighed by increasing the active output power.
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4.2.3 Improvement 3

Improvement 3 is about increasing the output power of the DC-DC boost
converter so as to enable the LIUS system for a wider variety of therapeutic
applications. As discussed in the design considerations of the proposed charge
pumps (Section 2.3.3), increasing the capacitance of the pumping capacitors
can effectively increase the current drive capability, thus the output power
level. However, as on-chip capacitors occupy large die areas and would not be
cost-effective when designed with large capacitance, it’s not feasible to increase
the capacitance of the on-chip capacitors to improve the output power of the
charge pump. For this reason, off-chip capacitors were used as the pumping
capacitors and the output capacitor of the improved charge pump to achieve
high output power.

An improved DC-DC boost converter was designed in AMS’s 0.35-pm
HVCMOS process with off-chip capacitors to achieve high output power. To
enable the proposed LIUS system for therapeutic applications with high ul-
trasound power intensity requirements, we devised the output power of the
system to be 400 mW when operating in continuous mode (the system supply
voltage is 3.7 V). As described in Improve 2, the impedance of the load PZT
was matched to a resistive load of 100 §2. To deliver an output power of 400
mW to the 100 € load, the RMS voltage across the load is 6.32 V (calculated
by /0.4 x 100). According to equation (4.3), the output voltage of the charge
pump ( Vpp) needs to be 14.1 V (calculated by 6.32 x v/2 x 7 +2) when driving
the load. Taking consideration of the voltage drop across the drain-source ter-
minals of the high-side switch in the half-bridge transducer driver, Vpp needs
to be higher than 14.1 V. Therefore, to achieve the system output power re-
quirement of 400 mW, considering the power consumption of the transducer
driver, the improved DC-DC boost converter needs to be designed with the ca-
pability of delivering an output power of over 400 mW with an output voltage
higher than 14.1 V at a supply voltage of 3.7 V.

The improved charge pump was also designed in 4 stages using the CP-1

structure (the same as in Figure 2.21). The parameters of the charge pump

105



are listed in Table 4.2. For the clock drivers of the charge pump, the same
structures as in Figure 2.24 were used. The output PMOS and NMOS switches
were designed with an on-resistance of 100 m{2. The parameters of the charge
pump and its clock drivers were designed by maximizing the power efficiency
while delivering over 400 mW output power for the system when operating at
a clock frequency of 20 MHz.

Table 4.2: Component parameters of the 4-stage CP-1 circuit implemented in
AMS’s 0.35-nm HVCMOS process.

Function Component Type Size or Value
W=2.2
NMOS CTS MA1, MB1 | 20V HVNMOS o
L=0.5 pm
MA2~ MAA4,
W=2.7 mm
PMOS CTS MB2~ MB4, 20 V HVPMOS L1
= l_lm
MAout, MBout
MNA2~ MNA4 W=300
Auxiliary NMOS "| 20 V HVNMOS H
MNB2~ MNB4 L=0.5 pm
MPA2~ MPA4 W=1.8
Auxiliary PMOS " | 20 V HVPMOS .
MPB2~ MPB4 L=1 pm
P i Ca1 ~C
HIMPIS Al A Off-chip capacitor 4.7 nF
capacitor Cgpy ~ Cp4
Out capacitor Cout Off-chip capacitor 4.7 nF

4.2.4 Simulation results

Except for the charge pump and its clock drivers discussed above, a half-bridge
transducer driver has also been designed in AMS’s 0.35-pm HVCMOS process.
Its component parameters are listed in Table 4.3. The output switches of the
half-bridge transducer driver were designed to have an on-resistance of 2.8 (2.
This was chosen by minimizing the power loss of the half-bridge transducer

driver by considering the trade-off between the conduction power loss and the
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switching power loss. The parameters of the HV level shifter were designed

according to the design considerations discussed in Section 3.3.2.

Table 4.3: Component parameters of the half-bridge transducer driver imple-
mented in AMS’s 0.35-nm HVCMOS process.

Transistor Type W /L (pm / pm)
For the half-bridge transducer driver shown in Figure 3.2
Output switch
HEPHE SWIRERES ) 50 v HVNMOS | 10000 / 0.5
Q1 and Q2
For the proposed HV Level shifter shown in Figure 3.13
M1, M2 50 V HVNMOS 10 /0.5
M3, M4 50 V HVPMOS 10/1
M5, M6 5V PMOS 0.5/0.5
PMOS in inverters 5V PMOS 5 /05
I1 and 12
NMOS in i t
HHEREE 5 v NMos 0.4 /0.5
I1 and 12

The layout of the improved ASIC has been carried out. Figure 4.18 shows
the layout with each circuit block indicated. The total die area of the improved
ASIC is 4.0 mm?. Compared to the die area of the ASIC in the proof-of-
concept miniaturized device, which is 10 mm?, the die area of the improved
ASIC is substantially reduced. This is because the capacitors of the charge
pumps are implemented off chip in the improved ASIC. Furthermore, with
the digital control block integrated on chip, the FPGA board of the proof-
of-concept miniaturized device (Figure 4.4) can be removed. This leads to a
monolithic-chip solution with smaller board area, as well as reduced weight,
cost, and power consumption for the system.

Figure 4.19 shows the simulated voltage waveform of Vgw of the improved
system in continuous mode. Compared to the Vgw waveform of the proof-of-
concept miniaturized LIUS device shown in Figure 4.6, the improved system
can deliver a higher voltage to the load, as demonstrated in Figure 4.19.

Simulated voltage waveforms of Vgw and Voot of the improved system in
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Figure 4.18: Layout of the improved ASIC (total area: 4 mm?).
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Figure 4.19: Simulated waveform of the voltage at the switching node Vgw of
the improved system in continuous mode.
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continuous mode are shown in Figure 4.20. Similar to the waveforms depicted
in Figure 4.7, the bootstrap circuit is able to keep Vgoor higher than Vgw at

all times, ensuring the proper operation of the half-bridge transducer driver.
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Figure 4.20: Simulated waveforms of the voltage at the switching node Vgw
and the bootstrap voltage Voot of the improved system in continuous mode.

Figure 4.21 demonstrates the voltage waveform of Vgw of the improved
system compared to that of Vpp. Similar to that of Figure 4.8, during the
phase when the high-side switch Q1 of the transducer driver is on, the charge
pump delivers power to the load (Vs is close to Vpp during this phase). When
the low-side switch Q2 of the transducer driver is on, the charge pump operates
at no-load condition, and restores its output voltage level.

Figure 4.22 shows the simulated waveforms of Vgw and I, of the improved
system in continuous mode. As shown, an ideal sinusoidal wave can be ob-
tained for the current going through the load. Besides, the output current
is much higher compared to that of Figure 4.9, contributed by the increased
current drive capability of the improved DC-DC boost converter. The output
power calculated by Vgw and Iy is 418 mW, meeting the design specification
of the improved system.

The improved system performance when operating in continuous mode is
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Figure 4.21: Simulated waveforms of the voltage at the switching node Vgw

and the output voltage of the charge pump Vpp of the improved system in
continuous mode.
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Figure 4.22: Simulated waveforms of the voltage at the switching node Vgw

and the current going through the load I, of the improved system in contin-
uous mode.
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summarized in Table 4.4. The performance of the system in pulsed mode (has
a pulse duration of 200 ps and a pulse repetition period of 1 ms) has also been

investigated and summarized in Table 4.4.

Table 4.4: Performance summary of the improved system.

Power supply voltage 3.7V
Chip area of the ASIC 4 mm?

Performance for generating continuous-wave ultrasound

Simulated input power 460 mW

Half-bridge transducer driver | Simulated output power 418 mW

Calculated power efficiency | 90.9 %

Simulated input power 974 mW
DC-DC boost converter Simulated output power 441 mW

Calculated power efficiency | 45.3 %

Simulated input power 996 mW
The ASIC Simulated output power 418 mW

Calculated power efficiency | 42.0 %

Performance for generating pulsed-wave ultrasound

Simulated input power 92.3 mW

Half-bridge transducer driver | Simulated output power 83.4 mW

Calculated power efficiency | 90.4 %

Simulated input power 200 mW
DC-DC boost converter Simulated output power 88.3 mW

Calculated power efficiency | 44.2 %

Simulated input power 205 mW
The ASIC Simulated output power 83.4 mW

Calculated power efficiency | 40.7 %

As demonstrated, the power conversion efficiency of both continuous-mode
and pulsed-mode operations is dominated by the DC-DC boost converter. The
power conversion efficiency of the DC-DC boost converter in the improved
system is higher than that in Table 4.1 mainly due to the use of off-chip
capacitors. Benefiting from the operation pause of the DC-DC boost converter
during the off-time, the power conversion efficiency of the improved system in
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pulsed mode can remain similar to that of the continuous-mode operation.
Compared to the results of the proof-of-concept miniaturized LIUS device
listed in Table 4.1, both the output power level and the power efficiency of the
ASIC has improved.

4.3 Conclusion

In this chapter, a proof-of-concept miniaturized LIUS device is designed and
developed to generate low-intensity therapeutic ultrasound based on the sys-
tem structure proposed in Chapter 1. The miniaturized LIUS device consists
of a battery supply, a custom ASIC, an off-chip digital control block, and
a piezoelectric transducer. The ASIC integrating a DC-DC boost converter
(consisting of a charge pump and two clock drivers proposed in Chapter 2),
and a transducer driver (proposed in Chapter 3) is implemented in TSMC’s
0.18-pm BCD Gen2 process. A digital control block with an FPGA in this
prototype is used to generate the control signals for the AISC. A customized
PZT transducer with a resonance frequency of 1.5 MHz is used as the load.

Measurement results show that the proof-of-concept miniaturized LIUS de-
vice is able to generate continuous-wave ultrasound with a power intensity of
32 mW/ cm” at the resonance frequency of the load transducer. Pulsed ultra-
sound can also be produced by the proof-of-concept miniaturized LIUS device
at a lower power intensity. Compared to current commercially available LIUS
devices, the miniaturized LIUS device is low-cost, small, and light-weight, thus
enabling affordable and wearable applications.

To further improve the miniaturized LIUS device, three improvements have
also been proposed in this chapter. The improvements include 1) integrating
the digital control block on chip, 2) matching the impedance of the PZT trans-
ducer to increase the active output power, and 3) increasing the power deliver
capability of the DC-DC boost converter. By integrating the digital control
block on chip, the FPGA board in the proof-of-concept miniaturized LIUS
device is removed and a monolithic-chip solution is obtained. By matching

the impedance of the PZT transducer and increasing the power deliver capa-
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bility of the DC-DC boost converter, the improved LIUS system is able to
generate ultrasound at higher intensities, which includes more flexibility for
the proposed system to be applied for various therapeutic applications. The
improved ASIC has been designed in AMS’s 0.35-pm HVCMOS process, and

simulation results have verified the improved performance.
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Chapter 5

Conclusion

In this thesis, a miniaturized LIUS device for wearable medical therapeutic ap-
plications was designed and developed from concept to prototype. The design
flow can be summarized as 1) system design, 2) circuit design and optimiza-
tion, 3) physical design and verification, and 4) test and characterization.

The miniaturized LIUS device is based on the highly-integrated LIUS sys-
tem structure proposed in Chapter 1. The design challenges of the highly-
integrated LIUS system are also discussed in Chapter 1. Omne challenge is
designing a DC-DC boost converter with a high output voltage while deliver-
ing sufficient output power, and meeting the small size constraint at the same
time. The other challenge is designing a half-bridge transducer driver with a
high-performance HV level shifter.

Chapter 2 solves the challenge of the DC-DC boost converter by proposing
charge pumps (also known as switched-capacitor DC-DC boost converters)
with high current drive capability. Power losses in previously reported charge
pumps were investigated and improved charge pumps were proposed to reduce
the power loss caused by undesired charge transfer. The detailed operation
principles of the proposed charge pumps were described as well as the design
considerations. Simulation results show better performance of the proposed
circuits compared to other circuits with respect to the voltage pumping gain,
current drive capability, and power conversion efficiency. Two charge pump ICs
were implemented and tested in a standard CMOS process and an HVCMOS

process, respectively, verifying that the increased current drive capability can
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be obtained by the proposed charge pumps.

Chapter 3 solves the challenge of the half-bridge transducer driver. An
HV level shifter with short propagation delay and low power consumption
is proposed for the high-performance operation of the half-bridge transducer
driver. The current research status of HV level shifter typologies is presented
in detail and an improved HV level shifter is proposed. The detailed operation
principle of the proposed HV level shifter is described as well as the design
considerations. Simulation results show shorter propagation delay and lower
energy consumption of the proposed HV level shifter compared to previously
reported works implemented in the same process. A test IC implemented in
an HVCMOS process was implemented and tested to verify the performance
of the proposed HV level shifter.

Based on the charge pumps proposed in Chapter 2, and the half-bridge
transducer driver presented in Chapter 3, a proof-of-concept miniaturized
LIUS device is designed and developed in Chapter 4 to generate low-intensity
therapeutic ultrasound. The miniaturized LIUS device consists of a battery
supply, a custom ASIC (composed of the proposed charge pump and its clock
drivers, as well as the proposed half-bridge transducer driver), an off-chip dig-
ital control block (utilizing an FPGA), and a piezoelectric transducer. Mea-
surement results show that the miniaturized LIUS device is able to generate
continuous-wave ultrasound with a power intensity of 32 mW/ cm” at the res-
onance frequency of the load transducer. Pulsed ultrasound can also be pro-
duced by the proposed LIUS device at a lower power intensity. Compared to
current commercially available LIUS devices, the miniaturized LIUS device is
low-cost, small, and light-weight, enabling affordable and wearable applica-
tions.

To further improve the miniaturized LIUS device, three improvements
have been proposed in Chapter 4 and a monolithic-chip solution is obtained.
The improvements include 1) integrating the digital control block on chip, 2)
matching the impedance of the load PZT to increase the active output power,
and 3) increasing the output power of the DC-DC boost converter to enable

the LIUS system for a wider variety of therapeutic applications with different
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ultrasound power intensity requirements. An improved ASIC was designed
in AMS’s 0.35-pm HVCMOS process based on the three improvements, and
simulation results verified its improved performance.

For future work, an implementation of the improved ASIC could be submit-
ted for fabrication to assemble a second-generation prototype. PZT transduc-
ers with higher transfer efficiency could be developed to increase the capability
of the LIUS system with higher ultrasound power intensities. Furthermore,
additional circuit blocks could be integrated in the system to ensure the per-
formance and reliability of the system. For instance, an Undervoltage-Lockout
block could be integrated to turn off the power of the transducer electronic

interface when the battery supply voltage drops below the operational value.
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Appendix A

VHDL codes for the FPGA to generate continuous-
mode control signals in the proof-of-concept minia-
turized LIUS device

digital_control block.vhd (Top-level file)

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

--clk_in_sys is the system clock, which has a frequency of 12
MHz

entity digital_control_block is

Port ( clk_in_sys : in STD_LOGIC;
LIUS_HS : out STD_LOGIC;
LIUS_LS : out STD_LOGIC;
Clock1_HS : out STD_LOGIC;
Clock1_LS : out STD_LOGIC;
Clock2_HS : out STD_LOGIC;
Clock2_LS : out STD_LOGIC);

end digital_control_block;

architecture Behavioral of digital_control_block is
component clk_200M_generator is
port (clk_out: out STD_LOGIC; clk_in: in STD_LOGIC);

end component clk_200M_generator;

component LIUS_control_generator is
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Port ( clk_200M : in STD_LOGIC; LIUS_HS : out STD_LOGIC; LIUS_LS
: out STD_LOGIC);
end component LIUS_control_generator;

component clock_driver_control_generator is

Port ( clk_200M : in STD_LOGIC; clk1HS : out STD_LOGIC; clk1LS :
out STD_LOGIC; clk2HS : out STD_LOGIC; clk2LS : out
STD_LOGIC) ;

end component clock_driver_control_generator;

signal clk_200M: std_logic;
begin
gl: clk_200M_generator port map(clk_200M, clk_in_sys);

g2: LIUS_control_generator port map (clk_200M, LIUS_HS, LIUS_LS)

)

g3: clock_driver_control_generator port map( clk_200M, Clockl_HS
, Clockl_LS, Clock2_HS, Clock2_LS);

end Behavioral;

LIUS control_generator.vhd

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity LIUS_control_generator is
Port ( clk_200M : in STD_LOGIC;
LIUS_HS : out STD_LOGIC;
LIUS_LS : out STD_LOGIC);
end LIUS_control_generator;

architecture Behavioral of LIUS_control_generator is

signal LIUS_HS_signal: STD_LOGIC := ’1°;
signal LIUS_LS_signal: STD_LOGIC := ’0’;

begin

LIUS_HS<=LIUS_HS_signal;
LIUS_LS<=LIUS_LS_signal;
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process (clk_200M) is
variable count : integer :=0;
begin

if rising_edge (clk_200M) then
count:=count+1;

if count=65 then

LIUS_LS_signal<=’1’;
elsif count=67 then
LIUS_HS_signal<=’0’;
elsif count=132 then
LIUS_HS_signal<=’1’;
elsif count=134 then
LIUS_LS_signal<=’0’;
count:=0;

end if;
end if;
end process;

end Behavioral;

clock_driver_control_generator.vhd

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity clock_driver_control_generator is
Port ( clk_200M : in STD_LOGIC;
clk1HS : out STD_LOGIC;
clk1LS : out STD_LOGIC;
clk2HS : out STD_LOGIC;
clk2LS : out STD_LOGIC);
end clock_driver_control_generator;

architecture Behavioral of clock_driver_control_generator is
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signal clklHS_signal: STD_LOGIC :=
signal clk1LS_signal: STD_LOGIC :=
signal clk2HS_signal: STD_LOGIC :=
signal clk2LS_signal: STD_LOGIC :=

begin

clk1HS<=clk1HS_signal;
clk1LS<=clk1LS_signal;
clk2HS<=c1lk2HS_signal;
clk2LS<=clk2LS_signal;

process (clk_200M) is
variable count : integer :=0;
begin

if rising_edge (clk_200M) then
count:=count+1;

if count=1 then

clk1LS_signal<=’1’;
clk2HS_signal<=’0’;
elsif count=5 then
clklLS_signal<=’0’;
clk2HS_signal<=’1’;
elsif count=6 then
clk1HS_signal<=’0’;
clk2LS_signal<=’1’;
elsif count=10 then
clk1HS_signal<=’1’;
clk2LS_signal<=’0’;
count:=0;

end if;
end if;
end process;

end Behavioral;

130

)1);
)O);
)1);
)O);



	Introduction
	Low-intensity ultrasound (LIUS) and its therapeutic effects
	Proposed highly-integrated LIUS system for wearable therapeutic applications and its design challenges
	Proposed highly-integrated LIUS system 
	Design challenges


	Charge Pumps with High Current Drive Capability
	Introduction
	Current research status
	Proposed charge pump circuits
	Operation principle
	Analysis of undesired charge transfer
	Design considerations
	Simulation results

	Characterization of a 7-stage CP-2 circuit in a standard CMOS process
	Characterization of a 4-stage CP-1 circuit in an HVCMOS process
	Conclusion

	Half-Bridge Transducer Driver with a High-Speed Low-Power-Consumption HV Level Shifter
	Ultrasound transducer models
	Half-bridge transducer driver
	HV level shifter
	Current research status
	Proposed HV level shifter
	Simulation and measurement results

	Conclusion

	Highly-Integrated LIUS Systems
	A proof-of-concept miniaturized LIUS device
	System specifications design
	Measurement results
	Discussion

	Design improvements and a monolithic-chip solution
	Improvement 1
	Improvement 2
	Improvement 3
	Simulation results

	Conclusion

	Conclusion
	References
	Appendix 

