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Abstract

This work presents an ASIC designed to be integrated on the tip of an intra-vascular
ultrasound catheter, capable of interfacing 64 ultrasonic transducer elements to an ima-
ging system using only one micro-coaxial cable.

Cable count reduction and miniaturization of IVUS probes is important to create a more
flexible catheter, simplify the mechanical construction and increase the amount of ele-
ments that can be read out. The reduction to one cable is made possible by a novel
transmit switch circuit, an integrated low noise amplifier and a communication scheme
that modulates data on top of the power supply.

A novel small-area transmit switch is used to pass or block the transmit pulses coming
from a system side pulser. An arbitrary selection of transmit channels can be enabled to
pass transmit voltages up to 26 V.

A phantom-powered low-noise current amplifier is proposed, that amplifies the echo
signals received by piezo elements. The output current of the amplifier can be read out at
the other end of the cable using a transimpedance amplifier. With three programmable
gain settings a dynamic range of 74 dB is achieved.

By means of a self-clocking communication scheme the ASIC can be configured to select
the transmit and receive channels and to set the gain of the amplifier. A redundancy
check on the data has been added to monitor the data transmission quality.

An integrated test mode has been implemented to test the piezo elements after fabric-
ation of the array, by measuring their capacitance. The low-noise amplifier is used as a
comparator by opening the feedback loop. Combined with a current source at the input,
a capacitance to time converter is created. Thus with the help of an FPGA at the system
side, the capacitance can be digitized.

A prototype chip has been taped out in TSMCs 0.18 um BCD Gen2 technology. The pro-
totype has 64 channels that can be used in both transmit and receive mode and con-
sumes 6.1 mW in receive mode. Post-layout simulations show promising results. A test
chip is being prepared for experimental verification of the prototype.

This work shows the first ASIC that integrates transmit and receive functionality for a
multi-element ultrasound probe using a single coaxial cable. With this contribution
IVUS probes can be made more affordable and at the same te make better quality im-
ages compared to current devices.

Keywords: Intra-vascular ultrasound, single cable, current LNA, high voltage CMOS,
transmit switch.
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Introduction

In the modern world we live a wealthy life, but prosperity comes with a price. Many
people consume fatty and sugar-rich food and due to their office jobs don't get enough
exercise in their daily routines. Those habits, amongst many other reasons, can cause
cardiovascular diseases, nowadays the most common cause of death [1]. To be able to
treat these diseases in time, early diagnosis is important. In Figure 1.1 the global mortal-
ity rate caused by chronic disease is shown. For high-income countries the improvement
of diagnostics has reduced mortality by cardiovascular diseases, but globally it is still by
far the main cause of death due to chronic disease. By reducing the complexity and price
of the diagnosis tools the low- and middle-income countries can benefit as well from ad-
vances in the technology.
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Figure 1.1: Global trend in mortality rate caused by chronic disease [1]

A common way of diagnosing artery diseases is by means of ultrasonic imaging. Using
an ultrasonic imaging system doctors can diagnose the symptoms of the disease early
on and take actions before more severe symptoms appear.
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1.1. Intra-Vascular Ultrasound

An intra-vascular ultrasound (IVUS) probe is a particularly small probe that is used for
the diagnosis of vulnerable plaque inside the blood vessels of the human body. An IVUS
probe can help in visualizing the state of an artery and identifying the degree of stenosis
(narrowing of the artery).

To guide the probe towards the artery that needs diagnosis (e.g. the coronary artery),
the IVUS probe has a more rigid end called the guide-wire. A cross-sectional view of
an IVUS probe inside an artery is shown in Figure 1.2, together with an example of a
reconstructed ultrasound image.

Stenosis

~—Guide wire
Catheter

Figure 1.2: Cross-sectional view of an IVUS probe inside an artery and corresponding reconstruc-
ted ultrasound image [2].

In ultrasonic imaging, high frequency acoustic waves are used to image tissue in the hu-
man body. Figure 1.3 demonstrates the principle of imaging with a single element. An
acoustic wave is emitted by applying a pulsing voltage to piezo material (). The acous-
tical wave reflects on materials with a different acoustic impedance 2)3) (e.g. lipid de-
posit). The reflection can be measured using piezo material as well, as an electrical signal
is generated by the reflected wave. The time between transmitting the wave and receiv-
ing the echo is a measure for the distance of the reflecting objects. For transmit high
voltage pulses (e.g. 30V) are used, whilst in receive very small signal levels are generated
by the piezo material.

Electrical signals

Transmit ISOV

Receive HU\,—’\]\]\/— I~10mV

Figure 1.3: Ultrasonic imaging using pulse-echo measurement

To construct an image multiple piezo elements are put together in an array configura-
tion. Using signal processing techniques an image can be constructed from the received
echo signals.



1.1. Intra-Vascular Ultrasound 3

Many array shapes for ultrasound probes exist. The most common type is the matrix
array, shown in Figure 1.4. A regular matrix array comes with a relatively simple pro-
duction process as it only requires straight cuts. However, the regular pattern has the
drawback that the element pitch is limited to A/2. A larger element pitch would result
in significant grating lobes causing artefacts in the image. To get good quality images a
large enough aperture is needed, resulting in a large number of elements, in particular
for two-dimensional arrays.

1D matrix array 2D matrix array

Figure 1.4: Common ultrasound array geometries

In intra-vascular imaging a more appropriate probe layout has a circular geometry, as
blood vessels are usually circular in shape. Common types of circular probes use matrix
arrays with sectioned annular rings, as shown in Figure 1.5, but due to their regular shape
they also suffer from the effects of periodicity.

Figure 1.5: Sectioned annular rings

In the effort to reduce the periodicity of the pattern, spiral patterns and in particular the
sunflower pattern have been proposed [3]. The sunflower pattern is a spiral constructed
using the golden angle (137.51°). It realizes an efficient distribution of elements inside a
circular area. Figure 1.6 shows the distribution of elements in spiral patterns for several
angles.
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Figure 1.6: Element distributions for several spiral angles
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The elements in the sun flower pattern are not placed in a straight line, removing the
periodicity of the geometric pattern. The grating lobes are therefore significantly re-
duced compared to regular patterns, resulting in an image with fewer artefacts.

1.2. Miniaturization

As catheter-based systems are inserted into the patient, big probes cause discomfort.
Miniaturization of the probe helps to improve the comfort of the patient. The thickness
and stiffness of the catheter are dominated by the coaxial cables connecting the indi-
vidual piezo elements in the probe to the imaging system. A simple probe readily needs
tens of cables. Moreover, the small coaxial cables have a high capacitance, attenuating
the signal of the piezo elements with a much smaller capacitance. By integrating a cir-
cuit in the tip of the catheter, the amount of cables can be greatly reduced. With active
circuitry the signal can be locally amplified and buffered, to improve the signal transfer
to the imaging system.

1.3. Fabrication

The integrated circuit inside the probe has to be connected to the piezo elements. A
very direct way of connecting the piezo elements is to fabricate them onto the die of the
chip.

For prototyping we use the fabrication process described in [4]. Figure 1.7 shows a cross-
sectional view of a fabricated piezo array. In the fabrication process, gold balls are bon-
ded on top of the bond pads of the chip and a layer of epoxy is deposited over it. Sub-
sequently the layer is ground until the gold balls are exposed. Then a layer of conductive
glue is used to glue down a slab of piezo material (PZT). The piezo material is diced to
create the desired pattern. Depending on the pattern complexity a dicing saw or laser is
used to cut a kerf until halfway the epoxy layer. The dicing cut splits the piezo material
in separate elements. Finally a conductive foil is placed on top to connect one side of the
piezo material to a common potential (usually ground).

Element Dicing kerf

-

Ground foil | 1

Piezo material
Conductive glue
Expoxy/metal
Metal/oxide

Silicon

Figure 1.7: Cross sectional view of piezo-on-chip fabrication



1.4. Prior Art 5

1.4. Prior Art

In the effort to reduce the cable count in ultrasound probes, several contributions have
already been published. A single cable readout IC for intra-vascular imaging [5] has been
proven to be feasible, however it works for a single element and only in receive. For
improved image quality multi-element solutions need to be considered. In [6] an IVUS
front-end chip with reduced cable count is proposed that only uses 13 cables. A separate
power supply for transmit and receive are used, as well as several buffered outputs for
the received signals. Recently a digital probe capable of transmitting and receiving has
been shown to work with only four cables [7].

An alternative approach has been shown in [8] where the authors propose to power the
chip using two wires and have a wireless link to transmit the received data to the imaging
system. This design however doesn’t prove the possibility to transmit acoustic waves as
it is taped-out in a low voltage technology (3.3V). Moreover, the wireless link has only
been proven with bulky antennas connected with an additional coaxial cable.

Table 1.1 gives an overview of the specifications and performance of the discussed prior
art.

Table 1.1: Prior art

[5] (6] [8] (7]
Technology 0.18uym 0.35pum 0.35pm  0.18 um BCD
# coax. cables 1 13 27 4
Power (RX) 13.2mW  20mW 53 mW 10 mW
Bandwidth 20MHz 40MHz 40MHz 16 MHz
RX channels 1 56 6 64
TX channels - 64 6 16
TX voltage - 25V - 26V

* In [8] bulky antennas are used. Wireless transmit form a catheter has not yet been demonstrated. The men-
tioned 2 coaxial cables include one cable for the antenna.
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1.5. Motivation

In several ultrasound applications people are interested in performing measurements
using small ultrasound probes. The piezo elements used in those probes are very small,
causing them to have a high electrical impedance. A big issue with high impedance
transducers is the large mismatch with the coaxial cable used to connect the element to
an imaging system. The transducer impedance is often in the range of a few picofarads,
whereas the cable has an impedance of several hundreds of picofarads. This causes a
large attenuation of the signal.

To reduce the size of the catheter and keep it flexible the goal of this thesis is to make
an ASIC (Application Specific Integrated Circuit) that only uses a single coaxial cable to
connect to an imaging system. Furthermore, we aim at amplifying and buffering the
signal so the load of the cable doesn’t attenuate the signal.

In transmit, the probe should forward arbitrary high voltage pulses to the piezo element,
while in receive it should amplify and buffer the signal. When feasible, a multi-element
design should be created so images can be obtained using the probe. By using a single
cable the complexity of the interconnection and production is reduced, potentially cre-
ating a more affordable probe.

An initial block diagram of the proposed system is shown in Figure 1.8. The block dia-
gram shows the functions of the ASIC inside the tip of the catheter and a system side
circuit to interface with an imaging system.

(" Catheter h (" System side PCB h
Multiple channels
Power
suppl
Coaxial cable PPy
Transmit
| pulses
Signal Imaging
conditioning system
PZT
- J - J

Figure 1.8: Block diagram of the proposed system
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1.6. Design Obijectives

The coaxial cable defines a lot of the circuit parameters as the power and output signals
need to pass through it. For the intended applications a micro coaxial cable with a char-
acteristic impedance of 50Q and a capacitance of 100pF/m is used. The length of the
cable is considered to be about 2 m.

The transmit pulse, used to actuate the transducer, has an amplitude of 30V, at a fre-
quency of 2—20MHz. The receiver should be able to receive pulses from 2—-20 MHz. Fur-
thermore the receiver should be optimized for a high impedance piezo element (10kQ
or higher) with a target dimension of 80 um by 80 um. The probe should at least have a
dynamic range of 60 dB in receive mode. Harmonic distortion is not a big concern as the
ultrasound probe operates at a single frequency. A 3 dB reduction of the fundamental is
acceptable and higher order harmonics can be filtered out in the digital domain.

Figure 1.9 shows a timing diagram of the signal on the piezo material. The delay between
start of transmit and receive (;,+t;) should be around 1ps, when used at 20 MHz.

Transmit Receive
1 1
1 1
1 1
1 1
1 1
1 1
1 1
T T
1 1
1 1
1 1
1 1
1 1
1 1
1 1
Itx tq | Irx

Figure 1.9: Timing diagram of transmit-receive cycle

Power dissipation causes the probe to heat up, therefore it is important that the dissip-
ation is kept to a minimum. The maximum allowable dissipation commonly used for
ultrasound probes is 100mW [9], however a lower power dissipation is preferred.

Table 1.2: Target specifications

# coax. cables 1
Cable length 2m
Power (RX) < 100mW

Dynamic range 60dB
Transmit voltage 30V
Bandwidth 2-20 MHz
Piezo dimensions 80 pum x 80 um

The circuit will be designed for a tape-out in TSMCs 180 nm BCD-Gen2 technology.
A detailed discussion on the best technology choice for miniature ultrasound probes can
be found in Appendix A.
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1.7. Thesis Organization

This thesis presents the steps taken to design a single cable ultrasound probe for intra-
vascular ultrasonic imaging. The chapters are organized in a chronological order, start-
ing with the concept ideas and discussions on possible circuit topologies converging to-
wards a good circuit implementation.

Chapter 2 will discuss the parts of the system that define the architecture of the probe.
Chapter 3 discusses the circuit implementations to realize the architecture onto an ASIC.

Chapter 4 reviews the layout of the circuits and the changes needed to reduce the effect
oflayout parasitics and shows the post-layout performance of the completed ASIC.

Chapter 5 shows an implementation of the system side circuit that is needed to drive and
readout the ASIC.

Chapter 6 concludes the thesis by discussing the performance of the final circuit and
presents some ideas for future work and improving the design.

The appendices show detailed information that can be used during bonding and the
fabrication of the piezo elements.



Architecture

In this chapter the system architecture will be discussed. First the coaxial cable and its
properties will be evaluated to see how it can best be used in the intended application.
Next an investigation will be done into ways to supply the chip with power and at the
same time send a signal over the cable.

The chip needs to be protected from the high voltage pulses during transmit. Several
topologies will be analysed to see how the chip can survive the transmit pulses.

Lastly, the architecture for the low noise amplifier (LNA) will be derived using the spe-
cifications of the probe and limitations of the coaxial cable.



10 2. Architecture

2.1. Coaxial Cable

The coaxial cable has a substantial length. It is specified to be 2 m long, which is less
than an order of magnitude smaller than the wavelength of 15m (at 20 MHz). Therefore
transmission line effects will have a significant influence on the signal.

Two types of cables were investigated for the use in this application. The first type is
a 48 AWG (0.17 mm) coaxial cable [10], that due to its high series resistance of 22 Q/m
attenuates the signal significantly. A thicker cable of 42 AWG (0.3 mm) [11] was also con-
sidered.

According to [12] a coaxial cable should be terminated characteristically at least at the
receiving end, to prevent reflections. As the signal source is the ASIC, the matching res-
istor can be placed at the system side, which is the receiving end. This is nice because it
means that it can easily be tuned and the power dissipated in the resistor does not heat
up the probe. Figure 2.1 shows a transmission line terminated at the driver side and one
terminated at the receiver side. In both cases series termination is used.

Rm Rm
Vout
Vs 1 Is Tout

(a) Driver side termination (b) Receiver side termination

Figure 2.1: Series terminated transmission lines

A signal that is generated by a voltage source on the driver side can be terminated on the
receiver side by parallel termination (not shown).

To simulate the transmission line the Spectre multi-conductor transmission line model
(mtline) is used. The model parameters are the lumped elements of a unit length trans-
mission line, as shown in Figure 2.2, and the length of the transmission line.

Figure 2.2: Lumped transmission line model

The parameters used for the simulation are shown in Table 2.1. For the 48 AWG cable
the values are obtained from measurements performed in [13], those parameters match
the values given in the datasheet well. For the 42 AWG cable the parameters from the
datasheet [11] are used.
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Table 2.1: Micro coaxial cable parameters

42AWG  48AWG

Rpc (/m) 7.5 22
and (pF/m) 110 120
L nH/m) 275 300
G (nS/m) 660 660
Attenuation (dB/m) 0.7 2.0

The characteristic impedance of a lossless transmission line is given by (2.1) [14]

L
Zo=1]= @.1)
C

With the given model parameters, we find a characteristic impedance of 50 Q for both
cables. The characteristic impedance can be used as the reference value for the termin-
ation resistor.

Figure 2.3 shows the simulated attenuation in the two types of cables (Blue: 42 AWG,
Green: 48 AWG). When no termination resistor is used constructive and destructive in-
terference caused by reflections are clearly visible as peaks in the signal transfer. The
plot corresponds to both (equivalent) circuits, shown in Figure 2.1.

15.0
i /A
i ———- Open termination,42AWG ,I \
| | = 500 termination, 42AWG ga @
] —=—=+ Open termination, 48AWG II \ Iy
B 50 Q termination, 48AWG I \ I 1
10.0 \ i !
4 1
4 \ : ‘ [
4 ' ‘
1
] i
5.0 A
a B I
i) 1
< |
°
E |
2 |
£0.0 o
= |
=
20 1
7] |
5.0 1
B Bandwidth of interest
-10‘0*‘ N— T —
10° 10° 10 10°

Frequency(Hz)

Figure 2.3: Attenuation of a 2 m coaxial cable with and without characteristic series termination

The simulations show that the attenuation of the 42 AWG cable is less than 3 dB inside
the bandwidth of interest, making it a good candidate for this system. Also visible is
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that for frequencies below 1 MHz the signal is indeed not affected by transmission line
effects.

All simulations performed in the thesis include the 2 m coaxial cable, unless otherwise
stated.

2.2. Signal and Power Over One Cable

To be able to create an ASIC that only needs a single cable to operate, it is necessary to
have the power provided over the same cable as the output signal. In both audio elec-
tronics [15] and RF electronics [16] this is commonly done to power and readout a system
with the same cable. Such a power supply is called a phantom power supply.

An RF phantom power supply is shown in Figure 2.4. The supply can be considered low
frequency and can thus pass through the inductors, but is blocked by the capacitors. For
the signal which is modulated at a high frequency, the capacitors are a low impedance
but the inductors in turn are high impedance and block the signal.

Power supply

Antenna supply o—m——@ AN

Signal ing)—' |— —| |—g Signal out

Figure 2.4: Schematic diagram of antenna phantom power supply

The principle relies on the fact that the power supply and the receive signal are separated
in the frequency domain. The power supply is provided as a low frequency signal (or DC)
and the signal is transmitted at a high frequency.

For ultrasound systems a similar approach can be taken, because the signals usually
have a frequency above 2 MHz. Although implementing inductors is not possible in the
selected CMOS technology, as it does not include large enough inductors, it is possible
to separate the signal and power supply in other ways. When for example a DC voltage is
supplied to the amplifier, the current flowing through the amplifier can be measured at
the other end of the cable. The current needed to bias the amplifier can be seen as a low
frequency or DC signal, while the amplifier can be designed to draw a current propor-
tional to the input signal. Alternatively the reciprocal case can be implemented, where
a constant current is supplied and a generated voltage can be measured at the current
source.

2.3. Transmit-Receive Switching

When the ultrasound pulses are being transmitted, the ASIC has to pass the signal provided
on the cable to the selected piezo element. In receive mode however this is not desired,
as the same piezo material is used as a sensor. If the cable would then be connected to



2.3. Transmit-Receive Switching 13

the piezo material, the receive signal would not be measurable. Therefore the transmit
switch should turn off as soon as the receive mode is activated.

Two operating modes should thus be defined: transmit and receive. To switch between
the two modes a means of controlling the mode is needed. A simple way to do this would
be to change the mode of the chip using communication. However it would be safer if
the chip detects by itself, given the signal on the cable, in which mode it should operate.
This would make the chip more robust against wrong configuration and the high voltage
transmit pulses.

Looking at the voltages on the coaxial cable in transmit and receive mode, shown in
Figure 2.5, a clear distinction can be made. We know that when the voltage rises above
5.5 Vit must be a transmit pulse, as the low voltage transistors of the receive mode are not
rated for voltages above this level. In receive a bias voltage is needed for the transistors to
operate, therefore the voltage on the cable will be between (e.g.) 1.1Vand 5.5V.

Transmit

Receive

Figure 2.5: Voltage present on the cable in transmit and receive mode

Indicating the correct mode by using only the voltage limits the voltage range for the
transmit pulse, as it should not drop below 5.5V. Otherwise the ASIC will activate the
receive mode and turn off the transmit switch.

To make sure the transmit switch doesn’t switch off during a transmit cycle that contains
voltages below 5.5V, it would be better to add a delay before the receive mode is enabled.
We know from the specifications that the lowest transmit frequency is 2 MHz. The signal
of a sine transmit pulse will not be in the receive-voltage range for longer than about
50ns, as shaded green in Figure 2.6a. For a square wave the time within the specified
receive-voltage range is even shorter. However, when the transmit pulses have a limited

20 20
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(a) Full swing transmit pulse (b) Limited swing transmit pulse

Figure 2.6: Longest specified low-time (1.1V <V < 5.5V) of a transmit pulse

swing, due to for example voltage drop over the cable, the voltage doesn’t go below 1.1V
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and the maximum time in the receive-voltage range is extended to 200 ns, as shown in
Figure 2.6b. For an ideal square wave of 2 MHz this time is even 250 ns.

Using this knowledge, a delay can be added before the receive mode is enabled and thus
the transmit switch will be turned off. The operating boundaries for the transmit and
receive mode are shown in Figure 2.7. Assuming the low frequency transmit pulses cross
the 1.1V boundary, a delay of 150 ns is sufficient. This delay allows higher frequency
pulses (> 3.3 Mhz) that don’'t swing below 1.1V to be used as well.

10+
Transmit
=
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& 54
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>
Receive
100 200 300 400
Time (ns)

Figure 2.7: Receive mode enabling conditions

2.4. Protecting the Receive Circuitry

Only the high voltage devices can handle voltages higher than 5.5V, the other devices
need some kind of protection to not get damaged by the transmit pulses.

Conventional ultrasound probes use a diode limiter to protect the LNA in combination
with an expander to transmit using the same cable [17]. Although simple to implement,
the topology dissipates a significant amount of power during transmit and the output
voltage of the LNA can not exceed a diode drop, set by the diode limiter. For an applica-
tion that needs to be powered via the same cable this method is not feasible.

Expander

—(j—o Imaging system

Figure 2.8: Conventional diode limiter and expander

Variations replace the resistors by capacitors or depletion mosfets [18][19] to reduce
power consumption and noise or increase the bandwidth [20]. In both improved circuits,
excess energy is still shunted to ground causing unnecessary power dissipation.
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Alternatively a common way to protect the LNA input (for usually a system side LNA) is
by using a bridge structure which is even more power hungry as it needs a relatively high
DC current to make the diodes small signal impedance low enough [18].

An interesting protection scheme is proposed in [21], where shunt switches are used on
both sides of the piezo material (depicted in Figure 2.9). This can potentially cause a
large reduction in area as it only needs one high voltage switch per element (the switch
that is enabled during receive, RX). However, due to the fabrication method (as discussed
in Chapter 1.3) one side of the piezo material is always connected to ground. Therefore
another protection scheme must be used.

Pulsero 1 LNA Imaging system
j RX TX

Figure 2.9: Protection scheme proposed in [21]

Clamping the input voltage can also be done by an NMOS transistor with a fixed gate
voltage and the source connected to the circuit that needs protection, as shown in Fig-
ure 2.10. In normal operation the gate voltage of the clamping transistor will cause it to
conduct. However, when the voltage at the source exceeds Vg — Vg, the transistor turns
off, protecting the circuit connected to its source. This method requires careful design
as the parasitic (drain-source) capacitance of the clamp can still cause the source to rise
above the maximum allowable voltage. The improvement compared to the other protec-
tion circuits is that the circuit is completely switched off when a high voltage is present,
no power is shunted to ground. A drawback for this topology is that a reference voltage
(Velamp) 18 required that sets the clamping voltage.

Imaging system

Figure 2.10: NMOS voltage limiter

The protection circuit shown in Figure 2.10 is chosen to protect the ASIC of this work. It
is not only energy efficient by switching off instead of shunting the energy to ground, it
is also able to pass DC signals with a low on-resistance, making it suitable to protect the
output of the LNA as well.
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2.5. Low Noise Amplifier

An amplifier is required to amplify the signal well above the noise level of the cable and
termination resistor. Moreover, the signal needs to be buffered so the cable capacitance
doesn’t load the piezo element.

In this section nullors are used to find the right topology for the amplifier. A nullor is an
ideal active circuit element with infinite gain and an input voltage and input current of
zero [22].

2.5.1. Reading Out the Piezo Material

The best way to read out the piezo material depends on its impedance and the interface
with the amplifier. A sensor can be read out in two (ideal) ways. By using an ampli-
fier with a low impedance input, the signal current of the sensor can be read out. Al-
ternatively the sensor can be read out by using a high impedance amplifier, sensing the
voltage.

Piezo material has a significant capacitance. By creating an amplifier with a low impe-
dance input (current input) the parallel capacitance will have a smaller influence on the
signal. Furthermore, for a voltage input, the input impedance of the amplifier will load
the piezo impedance causing attenuation. Therefore the input impedance should be
significantly higher than the piezo impedance (e.g. 10x).

For bulk piezoelectric transducer elements, the Butterworth Van Dyke (lumped element)
model is often used [23], shown in Figure 2.11. It is the simplest circuit that models the
resonant behaviour of piezo material, and is valid close to the resonant frequency.

. C’LJG

Rs Ls Cs

Figure 2.11: Piezo transducer lumped element model

To get an impression of the size of the piezo impedance, the model parameters of some
measured piezo elements were analysed. Table 2.2 shows the model parameters for two
sizes of PZT piezo elements.

Table 2.2: PZT model parameters

Element dimensions R L Cs Cp Fres

70pum x 70pm 23.6kQ  811pyH  227fF 311fF 14MHz
150pm x 150pm ~ 2.18kQ°  992uH 1.03pF 938fF 5MHz

*In measurement this value was 2-3 times higher
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Given the model parameters, for a piezo element of 80 um x 80 um, as targeted in this
work, an impedance of 15 kQ to 20 kQ can be expected.

A quantitative analysis to find the preferred sensor readout topology is described in [24].
The work shows that a current readout is always preferred over a voltage readout for high
impedance transducers, because it has a better noise efficiency than a voltage readout
circuit.

Using some assumptions for the amplifier input capacitance, a qualitative analysis can
be performed.

For the given size piezo material the noise requirements of the amplifier, create an input
capacitance (Ciy) in the order of 100 fF. This results in the amplifier input impedance to
be in the order of 80k, as given in by:

1

" 27fCn @2

in

For a current amplifier the feedback causes the input impedance to be lowered by the
gain of the amplifier [25], as given by:

7
Zin = — 2.3)
A-1

Zin

T A-1)(2nfC)

When a gain of 100x is used in combination with a feedback capacitor (C¢) of 100 fF, an
input impedance of about 800 Q is found.

From those quick calculations, we find that input parasitic capacitance makes it hard to
create a voltage input that has an impedance significantly higher than the piezo material.
In the example an input impedance of only 4 x higher is found. For the current input, the
feedback network helps to reduce the input impedance, resulting in a value almost 20 x
smaller than the impedance of the piezo element. This confirms that current read-out is
a good choice for high impedance transducer elements.

2.5.2. Amplifying the Signal

Two types of current input amplifier topologies exist. One of them converts the current
to a voltage, called a Transimpedance Amplifier (TIA), shown in Figure 2.12. In order to
be able to pass the output voltage to the system via the single cable, this topology would
need a DC current as the power supply. Such an amplifier has already been proposed
in [5], where an integrated version of a single cable amplifier has been demonstrated to
read out piezo material.




18 2. Architecture

71

98

—
PZT Nullor

Figure 2.12: Nullor implementation of a single cable transimpedance amplifier

The other topology is a current amplifier, shown in Figure 2.13. The signal output is a
current, so the power supply has to come from a constant voltage source, when used
with a single cable.

Z1

| =
98

= \
PZT Nullor 72 Vde

I

Figure 2.13: Nullor implementation of a single cable current amplifier

To find the best topology both the start-up time and power consumption have been con-
sidered.

Looking at the chip from the system side, the chip and cable appear as a mostly capa-
citive load. When a capacitance C is charged using a constant current, it will take a well
defined time before the capacitor reaches the intended voltage, as defined by:

AV
At = CT (24)

Assuming a supply voltage of 1.8V to 3V and a power dissipation of 6 mW (3.3 mA and
2mA respectively), the rise time would be 120 ns to 330ns. Clearly the rise time is de-
pendent on the power consumption and operating voltage of the amplifier. Moreover,
when the amplifier is optimized for a low power consumption, the rise time would in-
crease.

On the other hand, when a constant voltage is used to supply the amplifier, ideally the ca-
pacitance can be charged instantaneously. Due to the resistance of the cable and match-
ing resistor the time will be longer, as given by the 90% rise time:

At=227 (2.5)
At=2.2-RC
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For the given cable (220 pF, 14 Q) and matching resistor (50 Q2), the charging time would
be 31ns. Note that in this case the rise time is independent on the amplifier supply
voltage and current.

As specified in the introduction of this thesis, the chip needs to switch from transmit to
receive in a very short time, a long start-up time can therefore not be tolerated. From
these two quick calculations we find that, with the specified cable, the operating voltage
of the ASIC will be reached much quicker using a voltage source to power it.

Furthermore, as the cable potentially has a bigger capacitance than the chip, it is more
efficient if it is charged from the system side. In the case where the chip output is a
voltage, the chip needs to drive the cable capacitance, whilst with a current output, the
system side will charge and discharge the cable capacitance.

Given the power benefit and the shorter rise time, the best amplifier topology for the
single cable amplifier is the current amplifier.

2.5.3. Feedback Network

For the implementation of the nullor topology shown in the previous section, the best
feedback network needs to be chosen. The feedback network ideally uses only capacitors
as they don't generate noise. In practice a high valued resistor is added to the feedback
network to ensure a correct DC operating point [26].

The resulting nullor including feedback network is shown in Figure 2.14.
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R1
- +
98| | ¢
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Figure 2.14: Current amplifier

Analysis of the feedback network shows that the closed-loop gain (assuming the capa-
citor dominates the feedback network) can be defined by:

Ag =1+ 22 2.6)
CL — Cl .

The capacitance of the piezo material is not part of the equation as it is at virtual ground
of the amplifier and therefore doesn’t influence the gain. Another benefit is that the input
capacitance doesn't influence the stability of the amplifier.
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An amplifier that implements the circuit shown in Figure 2.14 was published in [27].
Although used in a TIA topology, by adding a resistor in series with the current out-
put, it proves that a low noise amplifier can be constructed using this topology with a
bandwidth of 622 MHz. Several others have used this topology for amplifiers with a high
transimpedance gain, optimized for MEMS [28] and IVUS applications [26].

Although the input capacitance doesn't influence the gain of the amplifier, it does influ-
ence the overall noise performance of the amplifier because the noise gain of the nullor
implementation will increase for higher input capacitance.

2.5.4. Powering and Reading Out the LNA

Most conventional amplifier and buffer designs output a signal voltage. When a cable
capacitance is involved it needs to be charged and discharged by the amplifier or buffer.
This means that the power needs to be sent to the ASIC and then back into the cable
via the buffer. By using a current output, the cable capacitance can be charged from the
system side, which reduces the power dissipated in the ASIC.

This does however create the need for a cable driver at the system side that is fast enough
to supply any change in current flowing to the ASIC. At the same time it needs to generate
an output voltage proportional to the current flowing through the cable. A transimped-
ance amplifier can be used at the system side to convert the signal current into an output
voltage. Thanks to the feedback loop of the transimpedance amplifier the input voltage
(and thus the voltage provided to the cable) will nicely follow the voltage supplied at the
non-inverting input.
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Figure 2.15: Receive mode system topology

As the system side doesn’'t need miniaturization an off-the-shelf operational amplifier
(opamp) can be used for this purpose. An opamp should be chosen that does not limit
the bandwidth and noise of the system. For the power consumption no constraint is
specified, as the circuit is located outside the patient.

In the ideal case the input impedance of the transimpedance amplifier is zero. However,
as any nullor implementation has a gain that is not infinitely large, the input impedance
will be larger than zero. This causes the need for the matching resistor (Ry, in Figure
2.15) to be smaller than 50 Q.

Looking at the feedback network, we can write the equation of the TIA input impedance
as (2.7).
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Zin = e (2.7)

The equation shows that a high gain is needed if we want to keep the mismatch with
the cable impedance small. Additionally, the cable and matching resistor introduce a
resistance in the path from the the power supply to the ASIC, causing a voltage drop.
When a current of 2mA is supplied this voltage drop will be 128 mV (assuming series
resistance of 64 Q) for the cable and matching resistor). This is a manageable voltage
drop, but it should be kept in mind during the design process.

2.6. Communicating with the ASIC

Using the architecture described in the previous sections, the probe is not yet able to
work with multiple elements. To switch between different channels a multiplexer is
needed that can select a single channel for read-out. A channel can be selected by ro-
tating through all elements in a pre-defined way, but a more versatile operation can be
created by making the ASIC programmable. A way to communicate with the ASIC is
therefore desirable.

In the previous section it was discussed that the ASIC should use a constant voltage as
the power supply, so the output signal can be generated as a small-signal current. This
means that the only way to send data over the cable to the ASIC, is by modulating the
supply voltage. Figure 2.16 illustrates how a binary signal with a small amplitude is ad-
ded to the power supply voltage.

Power supply I

Figure 2.16: Data modulated on the power supply voltage

By AC-coupling and amplifying the data signal inside the ASIC it can be recovered and
used to configure the channels and possibly other settings of the ASIC, as shown in Fig-
ure 2.17. The data can just like the DC voltage be supplied at the non-inverting input of
the transimpedance amplifier.

The matching resistor, initially placed to characteristically terminate the signal current
from the ASIC, is now exactly in the right location for series termination of the voltage
coming from the system side. Although not placed at the receiving end, it can still help
preventing reflections of the configuration data.
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Figure 2.17: Schematic of the data transmission and recovery topology

As discussed in the previous section, the voltage drop over the cable and matching res-
istor will cause a small output signal dependent voltage swing at the chip side of the
cable. It is important that this voltage swing isn’t read as configuration data. To ensure
this doesn't happen, the data recovery should not be sensitive for small signal levels.
The maximum swing to be expected using a 2 mA peak-to-peak output signal is below
150 mV. When the minimal amplitude before the data recovery circuit starts working is
chosen higher than this (e.g. 200 mV), the receive signal will not wrongly activate the
data recovery circuit.



Circuit Design

This chapter will discuss the circuit implementations of the functional blocks needed for
the ASIC. First the transmit switch will be designed and the LNA described in the previ-
ous chapter will be implemented. Next the logic required to operate multiple channels
is discussed and the bias and voltage sources for the LNA will be designed. Finally the
circuits will be combined into a complete circuit to be implemented on the ASIC.

All simulation results shown in this chapter are for the complete ASIC circuit including
the cable, unless otherwise stated.

23
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3.1. Transmit Switch

The transmit pulses are passed to the piezo element by a mosfet switch. Because of the
single cable, the switch needs to be enabled before the transmit pulse is active. The
switch needs to be disabled when the chip switches back to the receive mode as dis-
cussed in section 2.3. Many channels have to be implemented so the size of the transmit
switch is one of the most important parameters for the implementation.

3.1.1. Area of High-Voltage Transistors

In CMOS design it is common to use N-MOS switches when a low on-resistance is needed,
because they have a significantly smaller area than a P-MOS transistor with the same on-

resistance. In high voltage CMOS however, the difference in size for transistors with the

same on-resistance is much smaller, as a large part of the transistor size is occupied by

the isolation rings. Figure 3.1 shows a comparison of the three types of 36 V rated high

voltage transistors available in the TSMC 0.18 um BCD technology. To use an N-MOS

transistor at the high side (with the source not connected to the substrate), an extra isol-

ation ring is required to disconnect the bulk from the substrate. The extra isolation ring

causes the transistor to have very bulky dimensions (GB, Figure 3.1 left).

I PoLY
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36V NMOS (GB) 36V PMOS (GB) 36V NMOS (GA)

Figure 3.1: Comparison of high voltage transistors with equal gate size (2 fingers of 10 ym)

As is clear from the diagram, for a high side switch the best choice is to take the P-MOS
device. When using an N-MOS device, whenever possible a GA device should be used.
The bulk and source of a GA device are connected to the substrate and can not be used
at higher potentials. Any floating transistor must therefore be a GB-type device.
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3.1.2. Transmit Switch Circuit

In ultrasonic imaging applications, the transmit phase is usually implemented by dir-
ectly connecting each element with a cable to a pulser. To reduce the amount of cables
needed for transmit, designs have been proposed to move the pulser closer to the piezo
element. Those pulsers tend to only be able to transmit square wave pulses, by switching
the element to a high voltage line or to ground. Two common implementations [29] [30]
are shown in Figure 3.2. The benefit of a pulser is the relatively small size, but due to the
arbitrary waveform specification set in the introduction, it is not sufficient in this work
to implement a pulser on the ASIC.

Vpulse

Level
shifter

Pulseso——|

Figure 3.2: High voltage pulser topologies

To transmit arbitrary waveforms a switch has to be designed that can be enabled or dis-
abled and will remember its state. A latching transmit switch, as proposed in [31] would
be a good implementation of such a switch. The circuit is shown in Figure 3.3. A pulse
on the enable (EN) pin causes the bootstrap capacitor (C;) to be charged, turning on the
high voltage switch. A pulse on the disable (EN) pin shorts the bootstrap capacitor and
disables the switch. Capacitor C, is used to remember the state of the other branch in
the latch.
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Figure 3.3: Latching high voltage switch

As apparent in the circuit shown in Figure 3.3, the switch contains four high voltage
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devices (shaded in blue) and floating low voltage transistors that need an isolation ring
as well, resulting in a large occupied area.

A configurable latching switch with a reduced area is proposed in [32] as shown in Figure
3.4. The switch can be enabled by putting a logic high (5V) on V, and pulsing V; to 5V.
To turn off the switch, the voltage at V, isreset to 0 V.

When bidirectional isolation is not needed, one of the high voltage transistors can be left
out (Q. in Figure 3.4) as proven effective in [7]. This reduces the amount of high voltage
transistors as well as the size of the switch transistor, because the single transistor can
have the same on-resistance as the previously used two transistors combined. Still the
size is significant because one of the devices is a floating NMOS transistor.

el
b =
Vi V2

Figure 3.4: Reduced size latching high voltage switch

The bootstrap capacitor in Figure 3.4 is also very big. The large size is mainly needed
due to charge sharing with the parasitic capacitor C,. For the back-to-back version in
[32] the capacitor is 7.2 pF. The simplified version has fewer parasitics and can thus
use a significantly smaller capacitor of 2.8 pF, however such a capacitor is still very large
(5300 um? in [7]).

Implementing a switch with a smaller area is clearly not straightforward. At first glance
a simple technique could be to use the circuit shown in Figure 3.5 on the left. The circuit
uses a P-MOS transistor as the switch, which has a relatively small area. The N-MOS
switch is tied to ground and can thus also be relatively small. However, the circuit as it is
shown does not work. The P-MOS transistor can not be turned off: Due to the parasitic
drain-source capacitance (Cqs = 50fF) the transistor will also turn on with a transmit
pulse when the enable signal is low.

Vpulse ©

_L 2] Vpulse © ]D_L 2

Enable o—| —— Cds Enable o—| } Cds

Figure 3.5: High voltage switch, not working (left) and working (right)

A countermeasure to remove the effect of the parasitic capacitor is to add a resistor or
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current source between Vj,y1se and Cgs to charge the parasitic capacitance when the en-

able signal is low. This creates a switch that is functional and has a relatively small size,

but the resistors take up a large area as they need isolation rings to make them compat-

ible with the high voltage pulses.

The size can be reduced even further by replacing the resistor by a capacitor, as shown
in Figure 3.6. Now C; and C, form a capacitive divider when the transmit switch is en-
abled. When the switch is disabled the series equivalent of C, and Cg4s forms a divider
with C;. By correctly choosing the values of the capacitors a compact transmit switch
can be realised. A current source (Q;) is used so the switch can also be turned off when
the voltage on Vpyise is non-zero. In that case the current source pulls the drain-source

voltage of the N-MOS transistor up to Vpyse-

Vpulse &
r L cl =
Vbias 0—4 E Qi H
—-— C2
I= 5=0UA PZT

Figure 3.6: Complete transmit switch circuit

The gate voltages for the transmit switch are defined by the equations following equa-

tions:
C2 . V 1
gs,on = —= (3.1)
Ci+C

(C2Cys) - V;
Vgs,off _ 2Lds pulse (3.2)
C1(C2 + Cygs) + C2Cys

Assuming C; > Cys and C, > Cys equation (3.2) reduces to

Cas ' Voul
Vgs,off = % (3.3)
1

We see from (3.3) that C; can be used to independently set the maximum allowable
voltage on the gate when the transistor is off and C, can independently set the gate

voltage to turn on the transistor.
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3.1.3. Shape of Transmit Waveform

Simulation of the switch shows it functions correctly. The switch is able to pass or block
an arbitrary waveform of different frequencies. Figures 3.7 and 3.8 show a square trans-
mit pulse of four periods, with a frequency of 2 MHz and 20 MHz respectively.
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Figure 3.7: Transmit waveform for 2 MHz square wave pulses
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Figure 3.8: Transmit waveform for 20 MHz square wave pulses

In the simulation results a small distortion is visible at the start of the waveforms. This
deformation is caused by the transmit switch that only turns on above about 8 V.

When an accurate waveform is required, the transmit waveform can be given a DC offset
and a lower maximum amplitude. The DC offset ensures that the transmit switch will
not turn off. An example of a 20 MHz sine wave with DC offset is shown in Figure 3.9.
The plot shows that the voltage at the piezo material follows the input voltage very well.
Moreover, the transmission line delay caused by the coaxial cable can be clearly seen as
a phase shift between the system voltage and ASIC input voltage.
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Figure 3.9: Transmit waveform for 20 MHz (offset) sine wave pulses

3.1.4. Transmit Mode Power Consumption

In transmit mode the power consumption is significantly larger than during the receive
mode, due to the higher voltage. To reduce the power dissipation most of the receive
circuitry is off during transmit. The result of this is that the chip is able to be subject to a
30V DC voltage without overheating. This is not only a safety feature to prevent the chip
from dying when a wrong transmit sequence is applied, but also to reduce heating of the
chip in normal operation.

The current consumption for long transmit pulses (and DC voltage) is 180 pA, limiting
the power dissipation to at most 5.4 mW. The remaining current is needed for the voltage
clamp, start-up circuit and bias sources, all discussed in the upcoming sections.

Figure 3.10 shows a 20 MHz transmit waveform and the corresponding dynamic current
at the system side.
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Figure 3.10: System side voltage and current driving the ASIC and one enabled piezo element
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The dynamic current seems high at first glance. One might wonder what is causing such
a high current. A closer inspection of the cable capacitance and the transmit pulse fre-
quency shows that the current is to be expected. The current needed to charge a capa-
citor in a given time is defined by:

av

I=C— 34

a7 3.4
Writing down the cable capacitance of 220 pF, a very similar value of 264 mA is calculated
for only the cable capacitance:

30V
I= 220pF( )

25ns
I=264mA

In reality the circuit capacitance will add to the cable capacitance making the dynamic
current even higher. As most of the dynamic power is dissipated at the system side, the
ASIC will not heat up significantly.

3.1.5. Remembering the Switch State

A capacitor at the gate of the NMOS transistor is used as a memory element to keep
the transmit switch enabled or disabled. A low-Vi transistor (Q;) is used to latch the
value of the enable signal onto the memory element. The low threshold device ensures
that the gate voltage of Qy, is high enough to enable the transistor. A normal (thick ox-
ide) transistor would barely enable the high voltage transistor due to its high threshold
voltage.

As the high voltage transistors have significant parasitics, the memory capacitor needs
to be sized large enough so capacitive coupling will not cause the switch to turn on.
Figure 3.11 shows the memory capacitor and the parasitic gate-drain capacitance (Cgq)
that causes the memory capacitor to be pulled up during transmit when Qy, is off.

Vpulse & _L 2]

g

Latch o—_|_Q 1

Enable o

Figure 3.11: Transmit switch with memory element

A simulation of the effect of parasitic coupling to the memory capacitor is shown in Fig-
ure 3.12. Even with the simulated capacitance of 300 fF, significant peaks can be no-
ticed.
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Figure 3.12: Voltage spikes caused by parasitic coupling to the memory capacitor

The amplitude of the peaks is about 300 mV, which is low enough to not turn on the
transistor. This i confirmed in Figure 3.13 where the drain current of the mosfet is shown.
Below 500 mV the mosfet is off and only shows a leakage current.

Drain current (A)

[ S S

10- I T T T T
0 1 2 3 4 5
Gate voltage (V)

Figure 3.13: Drain current for a minimum size high voltage NMOS (GA) device

3.1.6. Performance

The switch behaves as expected when simulated for the completed ASIC, as shown in
Figure 3.14a. The parasitic capacitance of the transmit switch causes a small peak to
be coupled onto the disabled piezo element. The peak voltage of a disabled element
is 22mV, when a transmit pulse of 30V is applied to the ASIC. This amplitude is about
60 dB below the voltage on the enabled piezo elements, as visible in the logarithmic plot
of Figure 3.14b.
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Figure 3.14: Piezo voltage for enabled and disabled transmit switch

Each switch has its own memory element, making it possible to turn on multiple switches
at once. A chip-level simulation of multiple switches operating at the same time was per-
formed to see the degradation in performance. The results in Figure 3.15 show that not
only multiple switches can operate at the same time, even with 48 channels enabled a
reasonable quality waveform can be generated.
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Figure 3.15: Piezo voltage for multiple transmit switches enabled simultaneously

As visible in Figure 3.15, the rise time degrades when many switches are enabled. This is
caused by the higher capacitive load of the combined enabled channels, while the same
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cable resistance is present. The load in the simulation is 2.5 pF per channel (1.2 pF for
the piezo material and 1.3 pF for the combined parasitics of the receive protection, ESD
diode and transmit switch).




34 3. Circuit Design

3.2. Low Noise Amplifier

As discussed in Chapter 2, the LNA needs to amplify a current. Moreover a feedback net-
work has been chosen to set an accurate gain for the amplifier. However, the gain has not
yet been defined. To determine the gain of the amplifier we look at the implementation
of the system side and the noise associated with it. The TIA used at the system side will
have an input referred noise that should not dominate the output signal of the system.
A comparison of low noise amplifiers (Appendix B) with a bandwidth well higher than
20 MHz shows that commercial opamps have an input referred noise as low as 1 nV/v/Hz,
but opamps with higher operating voltages are usually around 1.6 nV/v/Hz. To have sev-
eral options to choose from a safe value of 2.0 nV/+v/Hz input referred noise is included
for the system side TIA, in the simulations in this section.

To refer the TIA input noise voltage (V) back to the signal current (I, eq), the noise
voltage source is shifted through the input node into the feedback network and in series
with Ry. Then it is transformed into a current source parallel to Ry, and one parallel
to R,. With this method a total input noise current of 47 pA/v/Hz, including the noise
contribution of the feedback and matching resistor, can be derived.

Figure 3.16: Noise sources at the system side

To have a noise level below the noise floor of the current LNA (< 0.8 pA/vHz), a gain of
more than 50x is needed. The design goal for the current gain of the LNA is set to 200x,
to have a good noise figure for the system side amplifier.

3.2.1. Transistor-Level Design

The low noise amplifier is implemented as a three-stage amplifier, of which the circuit is
shown in Figure 3.17.

For the input stage an NMOS transistor is used. By using the NMOS transistor, the input
bias voltage can be at a lower voltage, reducing the amplitude of the step on the piezo
material caused by the feedback network of the LNA when it switches on.
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Figure 3.17: Transistor implementation of the current amplifier

Capacitor C, of the feedback network is preferably connected to ground with one plate
(for layout purpose), defining that the output stage should be a PMOS transistor. The
second stage is needed to invert the signal.

To understand how the output current is embedded in the supply current, we take a look
at the small signal current in the system. Figure 3.18 shows the amplifier, power supply
and the coaxial cable. The small signal current will flow trough the output stage and via
the capacitor through the cable to the system side, thus it can indeed be measured at the
system side.

Input o——| O —|c

Figure 3.18: Small signal current loop through the output stage

Now imagine that an N-MOS output stage would be used. It would sit in parallel with ca-
pacitor C,, and the current source would supply a DC current to it. The amplifier would
still work, and an output voltage swing on the capacitor would be created, however, the
small signal current would flow through the N-MOS transistor directly back into the ca-
pacitor. No signal current would be embedded in the supply current, making the output
signal invisible at the system side.
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3.2.2. Gain and Output Swing

In ultrasound imaging a large dynamic range is needed. A common method to increase
the dynamic range is to add time gain compensation (TGC) [33]. For this amplifier three
programmable gain settings are created, in steps of 6 dB.

The voltage swing at the output of the amplifier is dependent on the size of the output
capacitor (C,). Making the capacitor bigger results in a smaller voltage amplitude in the
feedback network and a higher dynamic range. However, as the feedback capacitor loads
the amplifier, it can not be made extremely large. Moreover when making the gain pro-
grammable it is important that not the output capacitor (C,) should be programmable.
Although it would change the amplifier gain, it would also change the maximum amp-
litude before clipping distortion occurs. In that case the gain switching doesn't create
any benefit. The correct way to change the gain is to change the value of the feedback
capacitor (C;). A bigger C; will lower the gain of the amplifier and reduce the swing at
the output capacitor, thus increasing the dynamic range.

The implementation of the gain switches is shown in Figure 3.19. Due to the switch
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T 00fF
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oo |
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Figure 3.19: LNA with gain switches

choice, four gain settings are available: The three intended settings (200x, 100x and 50x)
and one extra settings (68x) for the switch combination that creates a 300 fF feedback
capacitor.

The signal transfer of the three intended gain settings is shown in Figure 3.20. It shows a
flat spectrum (less than —3 dB variation) for the bandwidth of interest.

A maximum gain of 200 x (46 dB) has been defined, however the AC-simulations shown
in figure 3.20 show a higher gain of 47.5 dB. The higher gain is caused by the signal cur-
rent in the second stage. As the load of the second stage is not a current source but a
diode connected transistor, the signal current of the second stage will also be visible in
the supply current and hence in the output current of the LNA.

3.2.3. Stability

The stability of the amplifier is dependent on the gain settings. A decrease in gain, causes
the phase margin to decrease as well. Normally amplifiers are designed to have a min-
imum phase margin of 45° [34]. To ensure a high-enough phase margin for the lowest
gain setting, two transistors have been added, shown in Figure 3.21. When transistor
Qg is on, the amplifier is exactly as discussed in the previous sections. Turning off Qg



3.2. Low Noise Amplifier 37

50.04

Output current (dB)

—— 200x gain (46 dB)
——— 100x gain (40 dB)
—— 50x gain (34 dB)

20.0-

10 10° 10° 10" 108
frequency (Hz)

Figure 3.20: Amplifier transfer function for the 3 gain settings

reduces the gain of the second stage, increasing the phase margin. By switching Qg to-
gether with the feedback capacitor for the lowest gain setting, the amplifier operates with
a phase margin larger than 45° for all gain settings.
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Figure 3.21: Gain reduction switch to make the amplifier stable in low gain settings

As discussed in Chapter 2 the stability is not negatively influenced by the input parasitic
capacitor. To show the effect of the piezo capacitance on the phase margin, a simulation

is performed as shown in Figure 3.22. Indeed the input capacitance doesn’t reduce the
phase margin.

The same holds for increasing cable capacitance, as it is not loading the amplifier the
stability is not negatively influenced by this capacitance.
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Figure 3.22: Phase margin for the different gain settings and varying piezo capacitance

3.2.4. Parasitic Feedback

The parasitic capacitance between the output node and input of the amplifier plays a
significant role in the stability, because it forms a feedback loop. The feedback capacit-
ance is shown in Figure 3.23 as C,. When designing the layout of the ASIC it is important
to keep this capacitance low to ensure correct operation of the amplifier.

#—o Signal
Vbias

= 1
T T

Figure 3.23: Parasitic feedback capacitor, deteriorating the phase margin

A parasitic extraction for a 10 um trace located directly under the centre of a piezo ele-
ment pad is done, showing a capacitance of 16 fF. Figure 3.24 shows that the maximum
tolerable capacitance is 47.5fF (for 45 degree stability). The 16 fF can be considered a
safe distance from the critical point. Especially because only one channel can be active
at a time and the traces of the LNA bus are only 280 nm wide, much smaller than the
extracted 10 pum.
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Figure 3.24: Phase margin for increasing parasitic feedback capacitor

3.2.5. Bandwidth

The bandwidth of the amplifier should be more than 20 MHz. Figure 3.25 shows that
the amplifier fulfils this requirement. Although the amplifier itself has a bandwidth of
about 30 MHz the 2 m cable limits the —3 dB frequency to just over 20 MHz, due to the
attenuation losses.
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Figure 3.25: Amplifier transfer function for various cable lengths

This also holds for the other gain settings, because the attenuation losses don’t change
with the gain setting.

3.2.6. Reset Phase

When starting up the ASIC, the LNA needs to be at the right biasing conditions. One way
to do this is by having a DC signal from the output to the input, by adding a resistive
feedback. The resistor would however add a considerable amount of noise. When in-
creasing the resistor value the noise decreases but the settling time increases well above
the specified start-up time.
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To get the best of both, a low value resistor is chosen for which the amplifier is still stable.
This resistor is connected using a switch for a short time after reset and is then discon-
nected. In operation the amplifier only has capacitive feedback and a very high valued
resistor (5 MQ) to compensate for drift due to leakage at the input node.

The biasing source generates a 10 pA reference current that is amplified in a current mir-
ror to get the input branch current of around 500 pA. Because of the amplification, the
noise in the current mirror is also amplified and visible in the output signal of the amp-
lifier. To remove the noise contribution of the reference current the bias voltage in the
mirror is sampled on a capacitor during the reset phase. After the reset phase the refer-
ence current is disconnected and the amplifier is biased by the capacitor voltage.

VDD
I
ARG
! !
10uA 500uA

Figure 3.26: Sampling to reduce amplifier noise

In the lower half of the bandwidth of interest, the output stage also shows a consider-
able noise contribution. However, due to parasitics this can not be solved in the same
way. The parasitic drain-gate capacitance of the output current source (C,) would cre-
ate a local (unstable) feedback loop, as shown in Figure 3.27. Switch S, is therefore not
implemented.

Iref Ibias

Figure 3.27: Unwanted feedback loop in output stage biasing

Because the noise contribution is not very significant, the reference current was in-
creased and the sampling capacitor was placed at the high side current mirror. For
frequencies above 5 MHz the output stage does not contribute a significant amount of
noise, for lower frequencies it is visible. However, the higher contribution is not a prob-
lem as the total noise is still lower than the noise of piezo elements. Moreover, for a probe
with the given dimensions one would rarely use frequencies that low.
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3.2.7. Noise

In a good amplifier design the first stage should dominate the total noise of the amplifier
[22]. However, several parts of the circuit will also generate a considerable amount of
noise, caused by the fact that the power supply and signal are combined.

For the input clamping transistor we find a trade-off between the noise generated by the
on-resistance and the increased noise gain caused by the capacitance of this transistor.
One could make the transistor very large, to have a small on-resistance, but that readily
creates a large capacitance. An optimum clamp size exists that minimizes the total input
referred noise, shown in Figure 3.28.
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Figure 3.28: Input referred noise (at 20 MHz) for increasing input protection clamp size

The dominating noise source of the final design is the input stage. For low frequencies
however, as discussed in Section 3.2.6, the current source noise can not be completely
removed without spending significantly more power. Figure 3.29 shows the main noise
contributors in the design (referred to the output of the system side TIA).
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Figure 3.29: Noise contribution of input stage, output stage and system side
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Referring the total system noise (ASIC and system side) back to the input of the amplifier,
the plot of Figure 3.30 is obtained. The noise floor of the system is low enough to make a
70x70 um element noise dominant.

——— System with 24kQ input noise
—— System only

Total input referred noise (pA/sqrt(Hz))
[\S}
[=}

[ — — —
10° 10 10’ 10°
Frequency (Hz)

Figure 3.30: Input referred noise of the amplifier

3.2.8. Input Parasitic Capacitance

Input parasitics play an important role in the noise specification of the LNA. To reduce
the input capacitance the biggest contributors have been analysed. For reference the

components connected to the input of the LNA in receive mode are shown in Figure
3.31.
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Figure 3.31: Devices connected to the input of the LNA
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One important contributor to the parasitic capacitance is the ESD protection diode. Pre-
vious designs of the group have used a junction isolated diode (Figure 3.32a left). Simu-
lation shows that this diode has capacitance of 1.27 pF at the amplifier biasing point. A
look at the other high voltage diodes in the technology shows that the capacitance can
be reduced a lot. As in this design the anode of the diode can be at the same potential as
the substrate a much simpler diode layout can be used, because no junction isolation is
needed between the anode and substrate (shown in Figure 3.32b). The new diode has a
simulated capacitance of 0.048 pF, lowering the capacitance by 25 times.
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Figure 3.32: Vertical structure of isolated and non-isolated high voltage diode

3.2.9. Distortion and Dynamic Range

Harmonic distortion is not an important specification in this particular application, as
the probe is intended to be used at a single frequency. This means that all harmonics can
be filtered out. It is however interesting to look at clipping distortion to get an impression
of the dynamic range of the amplifier.

Transient simulations (including transient noise) were done to find the dynamic range
of the amplifier. Figure 3.33 shows the RMS output voltage of the system side TIA for
different gain settings. The noise floor of the LNA is visible for low input currents. For
high input currents the output stage of the LNA starts to clip.

RMS output (V)

10°

10 T T T T T T T T T T T T T T

1070 10° 10® 107 10° 10° 10*

Input current (A)

Figure 3.33: Dynamic range plot obtained from transient noise simulations

The plot in Figure 3.33 shows that the amplifier has a dynamic range of 74 dB (including
TGC gain). The upper limit is shown for a signal compression of 1 dB caused by clipping
distortion.
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3.2.10. Entire LNA Circuit

The entire circuit of the amplifier discussed in this section is shown in Figure 3.34.

(430uA)
64 Channels
Vclamp
Ty oy
1 MUX
X A PZT

(540uA)
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Figure 3.34: Transistor implementation of the LNA

The amplifier input stage consumes 430 pA to reach the noise specification. The second
stage consumes 90 pA, mainly needed to be able to drive the large output transistor Qy.
The output stage consumes 540 pA, to reach the bandwidth of over 20 MHz for the output
capacitor of 20 pF.

Two gain switches (G; and G») have been added to increase the dynamic range of the
amplifier. Lastly a configuration bit has been added (not shown) to reduce the current
consumed in the last stage. When enabled this bit reduces the bandwidth to 19 MHz, but
also cuts down the dissipated power to 75 %.
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3.3. Fabrication Test Mode

During the integration process to fabricate the piezo material onto the chip, several
things can go wrong. To be able to know whether the piezo elements are properly con-
nected to the bond pads, a test mode is considered.

The test mode should involve an easy test step that doesn’t compromise the functional-
ity of the chip and preferably also doesn’'t make the chip more complex. By measuring
the capacitance of the piezo material, most failure modes can be detected. The failure
modes are illustrated in figure 3.35 and can be characterized as:

* Bad connection
The piezo material is not or badly connected to the input of the amplifier. This can
for example be caused by a gold ball that is not in contact with the conductive glue
or because the ground foil is not properly connected to the piezo material.

e Shorted elements

A short circuit can exist between two piezo elements, for example caused by the
dicing kerf not being deep enough.

Element Dicing kerf

Ground foil ]

Piezo material
Conductive glue
Expoxy/metal
Metal/oxide

Silicon

Figure 3.35: Possible failures during piezo-on-chip fabrication

In case of a bad connection the channel capacitance should be significantly lower than
expected, when two elements are shorted the channel would have a much higher capa-
citance.

For the circuit implementation several options were considered, amongst which inject-
ing an external signal. However, ideally the ASIC should be able to self-diagnose without
the use of an external signal, as the bond wires are hard (or even impossible) to reach
when the piezo elements are placed.

To create a test mode with as few extra components as possible, the LNA is used without
the feedback loop, essentially turning it into a comparator. Using the transmit switch
a voltage can be sampled on the piezo capacitance. Sequentially a current sink slowly
empties the capacitor until the comparator toggles. The time from start-up until the
comparator toggles is a measure of the capacitor size.

Figure 3.36 shows the circuit used for the test mode. Q; is the transmit switch that is
used to sample the voltage onto the piezo element. The NMOS voltage limiter Q- is
present for the receive mode LNA circuit. A pair of reference capacitors is added at the
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input. These capacitors can be used to calculate the absolute value of the piezo material
capacitance.
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Figure 3.36: Input circuit used for the test mode

The size of the current sink (Iies) is chosen such that the delay is about 2 ps for a 1 pF
input capacitance.

The waveforms associated with the test mode circuit are shown in Figure 3.37. The first
part of the discharge curve shows a clear dependence on the capacitor size. However,
as soon as the piezo voltage is below the LNA bus voltage (Vcjamp — V1), it seems almost
independent to the piezo capacitor size. This is caused by the fact that the parasitic
capacitors at the LNA bus are much larger than one single element capacitance.
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Figure 3.37: Ideal waveform of the test mode for different piezo capacitances

To generate the initial voltage on the piezo material the circuit is set the transmit at the
test channel. A short transmit pulse of for example 10V is used to charge the piezo and
without pulling down to zero the signal is changed to the test voltage of 2V-5V. After the
startup delay the chip automatically switches to receive mode and turns of the transmit
switch, keeping the piezo material charged.

When the chip switches, the receive multiplexer connects to the input of the LNA, caus-
ing the charge on the piezo capacitance to be shared with the LNA bus capacitance. In
Figure 3.38 this is visible in the piezo voltage as a step down, because the bias voltage of
the LNA input bus is lower than the voltage on the piezo capacitance.
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Figure 3.38: Transient simulation of test mode for different input capacitances

A simulation of the time until the comparator toggles for varying element capacitances
was performed, plotted in Figure 3.39. The simulation clearly shows that the method
has a good linear behaviour. The offset found for zero input capacitance is 0.8 s after
the reset phase, caused by the parasitic capacitance of the protection diode and LNA
bus.

4.57
1 —— Without Cref
2.04 Cref 1 (0.5pF)
Cref 2 (1.0pF)
Cref1 + Cref 2

w
T

B

Delay (us)
n I
NI S

_
T

LB

0.5
-_——

0.0 0.2 0.4 0.6 0.8 1.0
Cpiezo(pF)

Figure 3.39: Comparator toggle delay for various piezo capacitances
The post-layout simulation shows a sensitivity of 629 fF/us. A simple counter can be

implemented on the system side FPGA to function as a TDC to digitise the delay. When
a 100 MHz clock is used, an LSB of about 6 fF can be accomplished.
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3.4. Communication

Any data that has to be transferred to the chip should be transferred by adding a signal on
top of the supply voltage, as discussed in Chapter 2. A self clocking type of data should
be used, because no extra cable is available to provide the clock signal. Two common
ways of encoding data to make it self clocking are Manchester encoding [35] and pulse
width encoding, both shown in Figure 3.40.

In Manchester encoding the signal is encoded in such a way that every bit has a trans-
ition halfway the period. The value of the bit is defined by starting the period with a high
or a low signal. A Manchester encoded bit-stream is shown in Figure 3.40. For pulse
width encoding a bit always starts with a rising edge, but the value of the bit is defined
by the pulse width of the signal. A short pulse corresponds to a zero, a long pulse corres-
ponds to a one.

Data ) 0 X 1 X L X 0 )
Clock  /  / J _J X
Manchester encoding / \ / \ / W

Pulse width encoding [\ / U/ \_/_\_1:

Figure 3.40: Encoding schemes for self clocking data

Manchester encoding has no DC component, which can be very useful when the signal
needs to be amplified. In the pulse length encoding scheme the average signal level de-
pends on the data that is being transmitted. This means that the bias voltage of an amp-
lifier would (potentially) shift when many of the same binary values are transmitted. On
the other hand, the clock can be very easily recovered from the pulse width modulation
scheme. Moreover in the case of Manchester encoding the circuit needs to know the
start of the code as there are two possible moments in the period where the signal can
change: halfway the period and on the change of data at the start of the period.

The scheme chosen for communication with the chip is pulse width encoding. Because
of the non-ambiguous bit transitions a reliable transmission can be made with a relat-
ively simple circuit.

3.4.1. Data Recovery

The data is sent as a small signal on top of the power supply. To recover the data, the
AC signal is amplified and then converted to a binary signal using a schmitt-trigger, as
shown in Figure 3.41.

The chosen implementation uses a reference voltage of half the supply voltage for the
amplifier. As the schmitt-trigger is designed to be symmetric around the supply as well,
it can readily be used to recover the data. To make the circuit insensitive to the DC level,
a short time constant between the feedback and coupling capacitor is chosen, in order
to create a pseudo differentiator. A rising edge will cause a positive peak (relative to
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Figure 3.41: Schematic of the data recovery circuit

the bias point) toggling the schmitt-trigger to a low output, as the amplifier inverts the
signal. A falling edge will cause a negative peak, toggling the schmitt-trigger to a high
output. The input signal, differentiated signal and the output of the schmitt-trigger are
shown in Figure 3.42.
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Figure 3.42: Waveforms associated with data recovery

From the recovered bit-stream a clock should be generated. The rising edge of the clock
signal should take place half a period after any rising edge in the bit-stream. To detect the
rising edge, the clock input of a flip-flop is used. The half-period delay is implemented
in hardware by slowly emptying a capacitor using a current source. A rising edge in the
bit-stream causes the capacitor to be quickly recharged. The circuit is shown in Figure

3.43.
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Figure 3.43: Schematic of the clock recovery circuit
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3.4.2. Schmitt-trigger

A simple CMOS schmitt-trigger [36] was designed, because it didn't exist in the library
of TSMC. The schmitt-trigger is used in the data recovery circuit to convert the possibly
noisy analog signal to a binary signal. It is also used at several places on the ASIC in
combination with a capacitor and current source, where a long time-delay is needed.
The schematic of the implemented schmitt-trigger is shown in figure 3.44.

IN o—4

Figure 3.44: Schematic of the CMOS schmitt-trigger

The trip points are set to be symmetric around half the supply voltage for the typical
process corner. Simulations show that the trip points can shift slightly for the extreme
corners, as visible in Figure 3.45.
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Figure 3.45: Input-output relation of the designed schmitt trigger
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3.4.3. Receive Multiplexer

For the receive chain, a 6 to 64 bit demultiplexer is used, distributed as shown in Figure
3.46. Each input code from the shift register sets one output of the demultiplexer high
and keeps the other outputs at a low level (1-hot encoding). The selected high output
enables one of the 64 channels as the receive channel.

The shift register of 6 bits is split in half. The first 3 bits are demultiplexed into 8 bits
driving four quadrants on the chip. The other 3 bits are driving the enabled local demul-
tiplexer. This reduces the global wiring to only 5 wires per quadrant instead of 16.

vy vy Nel
— wy wy

§ ; § ; 8 local demultiplexers ; ; ; ;
divided over 4 quadrants

Global demultiplexer

RX Enable

3-bit, 3-bit

6-bit shift register

Figure 3.46: Receive channel selection 1-hot encoder distribution

Every piezo element has a switch that can connect the element to the input of the LNA,
driven by the 1-hot encoder. The complete input circuit of one channel is shown in Fig-
ure 3.47. When the transmit switch is enabled, the NOR-gate makes sure that the pull-
down transistor Q4 is not turned on. In receive mode the 1-hot encoder selects a single
input channel by making the node labelled RX high. This turns on transistor Qs to pass
the signal from the piezo element to the LNA bus (the input node of the LNA, shared by
all 64 channels). Only when the piezo element is not used for transmit or receive, the
piezo element will be shorted to ground by Q.

Vclamp RX
! 4 1
Signal I+ Q5 0 LNA bus
TXo =
S K
Cm=/{= Cm

Figure 3.47: Transmit and receive channel selection switches
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3.4.4. Memory

To remember the selected receive channel and configuration settings a D-RAM (dynamic
random access memory) circuit is implemented. A low-V; pass transistor is used to latch
the data into a holding capacitor of 200fF. The size of this capacitor and the leakage
through the pass transistor determine the data retention time. By making the pass tran-
sistor small, the off-leakage is minimized. The simulated data retention including the
leakage is 37 ms, which is plenty because the pulse repetition rate should be much faster
to get a reasonable frame rate.

The circuit used for the memory cell is shown in Figure 3.48.

VDD

Latch o—_l_ Data

Bit

Figure 3.48: Schematic of memory cell

A buffer consisting of an N-MOS transistor and load resistor are used to make the static
power consumption of the buffer well defined. A normal buffer would consume a lot
more power, because the voltage on the capacitor droops over time, not strictly defining
a high or low logic state at the input of the buffer. As a result, both the N-MOS and the
P-MOS transistor would be on, causing a high static current.

3.4.5. Latching the Data

While reading in new data, it is preferred to not have logic unnecessary switching: To
keep a good signal integrity but also to keep the power consumption low. To achieve
this, circuitry has been added that latches the data only when no new data is transferred.
To recognize the end of the data transmission, the clock activity is checked. When the
clock is not active, the end of transmission is reached and the data can be latched into
the memory.

The circuit that enables the latches is shown in Figure 3.49. A 5-bit counter counts the
clock edges to detect that at least 16 bits are clocked in. This is done to prevent any
spikes on the cable during start-up or switching, from latching incomplete data into the
registers. When enough data has been clocked in, and a delay of more than 2 clock peri-
ods has passed (set by the current source and capacitor), the circuit will latch the data to
the memory.
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vpp  Flip flop
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5 bit counter Q

C VDD
Clock & > R
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b B o Latch data
|

Reset © I rst

Figure 3.49: End of transmission detection circuit

The recovered data and clock signal drive three 8-bit shift registers and 64 single flip-
flops for the transmit switches, as shown in Figure 3.50. The latch signal controls the pass
transistor to the capacitors of the memory, at the moment set by the end-of-transmission
detection circuit. The block diagram also shows a CRC block, which will be discussed in
the following section.

clock & data clock ©o— 8-bit shift register [— 8-bit shift register [— 8-bit shift register [—o clock

X switches
recovery - data 0— (configuration data) [— (configuration data) [— (RX channel selec.) [—© data - ten

6-bit* 2-bit* 6-bit* 2-bit* 6-bit* 2-bit,

| D-RAM | | CRC | | D-RAM | | CRC | | D-RAM | | CRC |

Latch o

Figure 3.50: Block diagram of the shift registers and memory elements

3.4.6. Bit Error Checking

In the single cable operation it is valuable to know the quality of the data transfer to
the chip. To give feedback about the quality of the data transmission an error check is
built in that changes the quiescent current of the chip when an incorrect transmission is
detected.

Errors in the transmission are detected by implementing a cyclic redundancy check (CRC)
for the three 8-bit shift-registers (configuration and RX multiplexer registers). Every byte

contains 6 data bits and two bits with a value calculated based on the 6-bits, using a poly-

nomial function. The CRC-circuit, shown in Figure 3.51, performs the same calculation

and checks whether the value matches the received CRC bits (bit 6 and bit 7).

Calculation of the CRC using logic is usually done serially, with a linear feedback shift
register [37]. In this case a parallel circuit is implemented, for convenience during simu-
lation.

To make sure that no data (all zeroes) would also be seen as an incorrect transmission,
the CRC bits are inverted, implemented by the two inverters for bit 6 and bit 7. This
results in a correct transmission for the sequence “00000011”.

If the output of the CRC circuit matches the 2 received CRC bits, the circuit will have a
normal supply current. When an error (discrepancy) is detected, the supply current is
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Figure 3.51: Logic implementation of 2-bit cyclic redundancy check

increased by switching on a pull-down resistor. The increase in current can be measured
at the output of the system side TIA.

Figure 3.52 shows the increased supply current for a faulty data transmission (simulated
by sending an incorrect CRC bit).

V1
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3 |
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E I
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Figure 3.52: Supply current for successful and unsuccessful data transmission
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3.5. Programmability

To facilitate testing, several configuration bits are added to the register. The first register
contains the bits that enable the fabrication test mode and adjust the gain of the LNA.
The second register includes the test mode reference capacitors, adjustment bits for the
reset phase and a bit to enable the CRC feedback current.

Table 3.1: Configuration bits

Register Bit Function

Reg1 0o -

Reg1 1 -

Reg1 2 Disable feedback (for use in test-mode)
Reg1 3 Enable test-mode current source
Reg1 4  Gain A (200 fF)

Reg1 5  GainB (100fF)

Reg 2 0  Enable CRC

Reg 2 1 Low power enable (x0.75)

Reg2 2 Shorten biasing reset time (x 0.5)
Reg2 3 Shorten startup delay (x 0.5)

Reg 2 4  Enable test capacitor A (0.50 pF)
Reg 2 5  Enable test capacitor B (1.00 pF)

An overview of all registers in the chip is shown in Figure 3.53. The first shift register
connected to the recovered clock and data signal, contains the values of byte 1. Thus,
in a data transmission, the first bytes that are sent configure the transmit switches. If
wanted, only the last three shift registers can be loaded (byte 1 to byte 3). This puts the
chip in receive-only mode but lowers the data transmission time significantly.

7 6 5 4 3 2 1 0

Transmit selection MUX [63..56]

Byte 11-4

Transmit selection MUX [7..0]

CRC Receive selection MUX } Byte 3
CRC Configuration register 2 [5..0] | } Byte 2

CRC | Configuration register 1 [5..0] | } Byte 1

Figure 3.53: Chip registers, first transmitted is byte 11 bit 7
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3.6. Additional Circuits

3.6.1. Clamping Voltage Source

As discussed in Chapter 2.4 a floating N-MOS transistor is used with a fixed voltage on
the gate to protect the low voltage part of the ASIC. The gate-voltage thatis needed for the
clamp to properly protect the circuit is at least the sum of the LNA supply voltage and the
gate-threshold of the transistor (3.5 V). The maximum allowable voltage at the source is
5V. Therefore a stable voltage needs te be generated between 3.5V and 5.5V, preferably
near to 5.5V to allow for a lower on-resistance of the N-MOS transistor. However, no
higher voltage than the operating voltage of the LNA is available during receive mode, so
away needs to be found to create a higher voltage than the receive voltage and to hold it
long enough for a full receive cycle.

The implemented circuit uses a capacitor to store the voltage of the transmit pulses. Also
here a floating N-MOS transistor is used to limit the maximum voltage sampled on the
capacitor. A diode connected bipolar junction transistor (BJT) prevents the capacitor
from draining. The complete circuit is shown in Figure 3.54.

Signal
R1
E——4iE :
@ . Bo
5.5V 4

N

[ T

VClamp

5pF

Figure 3.54: Schematic of the clamping voltage source

Some extra precautions were required to prevent over-voltage in the clamping circuit
itself. The base-emitter voltage of the BJT can be too high, due to parasitic capacitances
(mainly the drain-source capacitor of the NMOS transistor) on fast rise and fall times. An
extra capacitor is added between the BJT collector and ground.

This circuit creates the need for an initial transmit pulse before the receive mode of the
ASIC can work. After the initial pulse the capacitor only empties very slowly, as only the
leakage of the zener diode draws current. Furthermore the capacitor is recharged every
transmit cycle.

3.6.2. Biasing Source

A constant-gn, biasing circuit [38] was designed to provide the amplifier with a well
defined biasing current. The circuit diagram of the biasing circuit is shown in Figure 3.55.
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Because this topology is self-biasing, the circuit has two stable operating points, in on of
them no reference current is generated. A start-up circuit is required to pull down the
gates of the PMOS transistors to force the circuit in the correct operating point.

VDD Start-up

—

_______________

b
lrle, Q3 :”—

Q4

|

Q7
R1

o]
o

Figure 3.55: Schematic of the biasing circuit

Using the formulas in [38] a biasing source is designed for a reference current of 10 pA.

3.6.3. Receive Mode Start-up

In Chapter 2 the conditions for starting the receive mode were described. To check the
conditions and start the receive mode at the correct moment, the circuit shown in Figure
3.56 was added. When a low voltage is supplied, high enough to enable Qs, capacitor C;
will charge with a constant rate, set by .. As soon as the voltage rises above the zener-
voltage, the gate voltage of Q, starts to rise and the transistor turns on, shorting C; to
ground. The schmitt-trigger after C; will only output a high signal when the capacitor is
sufficiently charged, setting the delay time for the receive mode enable signal. The zener
diodes and short circuit switch Q4 set the voltage limits for the receive mode.

Signal © ’ ’
o (G4
4p})
o
Iref K55V {b—o Receive start-up

.TE o =a
Rl[l] 5.5V
=

Figure 3.56: Schematic of the receive mode start-up delay circuit

A safe delay that is sufficient for all specified transmit waveforms, chosen in Chapter 2.3,
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is 150ns. A configuration bit to shorten the receive mode start-up delay is added for
higher frequency waveforms (10-20 MHz). Figure 3.57 shows simulations of the voltage
limits and delays set by the circuit.

600.

O
] ——=—- Config bit low
] Config bit high
500.01
400.01
g ]
E 300.(}:
g
200.0]
100.04
0.0 -
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0 1 2 3 4 5 6 7 8
DC voltage (V)

Figure 3.57: Start-up delay for various operating voltages

In receive mode also the communication phase takes place. Additional logic is imple-
mented to time what happens after the data transmission. Figure 3.58 shows the se-
quence of the enable signals for different parts of the ASIC.

At the start of the receive mode, the start-up signal and receive enable signal go high,
enabling the amplifier. When the ultrasound echos are received the configuration data
can be transmit at an arbitrary moment. After the transmission, first the receive enable
signal goes low, to disable the receive multiplexer. Sequentially the transmit multiplexer
can be enabled, which results in the elements that are not going to be used during trans-
mit, to be shorted to ground. At the same time configuration data is latched from the
shift registers to the memory.

Transmit Receive Communicate
Signal
(Cable) N\
Start-up
Receive enable
Multiplexer enable N\
Latch registers [

Figure 3.58: Signal sequence during a transmit-receive cycle

In the next receive phase the receive enable signal will enable the receive multiplexer and
disable the transmit switches, according to the configuration stored in the memory.
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3.6.4. ESD Protection

Electrostatic discharge (ESD) can be a dangerous phenomenon for an ASIC and can
already be triggered by just touching the cable. To protect the circuit for ESD a clamp is
added that shunts the energy when the voltage on the input is higher than 26 V+ V4.

Figure 3.59 shows the implemented ESD protection circuit. A fast rising edge will also
trigger the ESD clamp as the capacitance of the ESD diode will pull down the gate of
Q1, enabling the shunt clamp [39]. Capacitor C; is added to create a constant voltage
for the ESD protection clamp, so it is immune for the fast edges of the transmit pulses.
To protect the piezo element pads, a reverse diode to ground is added for negative ESD
spikes. The body diode of the transmit switch and D, protect the circuit to positive spikes
on the element pads.

64 Channels

DI & O R1
Qtx

D2 X V_I_ D3& 26V
tx —

Figure 3.59: Schematic of ESD protection circuit

The transistors used in the circuit can handle a higher voltage than the 26 V limit defined
by the ESD protection. A higher limit would help to increase the transmit pressure. A
second version of the chip has been taped out with a 5.5V zener diode stacked on top of
the 26V zener diode, as commonly done in literature to increase the breakdown voltage
and reduce the parasitic capacitance [39]. The ESD clamp can not be simulated because
no simulation models for the 26 V ESD clamp are available.
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3.7. Entire ASIC

To give an overview of how the circuit blocks discussed in this chapter are tied together
to make the prototype ASIC, a simplified block diagram is depicted in Figure 3.60.

ASIC

2m cable

Signal
3
| Start-up =
[0

Vbias | -
E | | Sources |
= I
£ | Shlft register H Data recoveryl—
Test
TGC 1 G4bn+ -~ 6bit

64 channels

Figure 3.60: Simplified block diagram of the prototype ASIC

Several test features have been added that are not mentioned in this Chapter:

¢ A test input that connects to the input of the amplifier can be used to characterise
low-noise amplifier in the entire system.

A current can be injected to adjust the biasing block when needed.

All internal control signals (start-up, load-registers, etc.) are connected to a digital
output, for probing if required.

Several analogue signals are buffered to test pads, to be able to probe internal
nodes of the circuit.

* The data and clock signals can be input via a digital pad, skipping the data recovery
circuit.

e The internal supply voltage (powering the data recovery block) and the clamping
voltage Viiamp can be injected via a test pad. This enables testing without having
to send transmit pulses to recharge the clamping voltage block.

With those additional test bond pads the prototype ASIC can be properly tested and
characterized.



Layout

A chip layout has been designed for the circuit discussed in the previous chapters. This
chapter will discuss a selection of relevant issues faced in the layout process.

The circuit blocks have been put together in a doughnut-shaped form factor with an
outer diameter of 1.5 mm, shown in Figure 4.1. The circular shape is used to fit the form
factor of the tip of a catheter. The hole in the centre is left empty to accommodate a
guide wire in the final probe design.

Quadrant 1 Quadrant 2

1.5mm| ..

Quadrant 4 Quadrant 3

Figure 4.1: ASIC form factor and dimensions

The largest area of the layout is occupied by the transmit and receive channels. To make
the layout-work efficient, the ASIC has been split into four equal quadrants, mirrored in
the horizontal and vertical axes. The hatched grey part in the middle of Figure 4.1 is used
for the remaining circuit blocks.

61
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4.1. Channel Layout

The transmit switch and receive switch together form a channel. The channels are an
important part of the layout, because combined they contribute to the largest part of the
active area on the ASIC. The total area of each channel is 12000 um?, of which 7300 ym?
is occupied by the transmit switch. An overview of the layout and dimensions is shown in
Figure 4.2. The area of the receive switch is mainly dominated by the N-MOS protection
clamp. The transmit switch area is dominated by the two MOM-capacitors and the P-
MOS transistor.

Transmit switch Receive switch
~ Y ™
A
F NMOS protection clamp
MOM capacitor (C1)
PMOS TX switch
—
—
73um [(—
—
[ —
—
MOM —
capacitor (C2)
Y
< »
- 166pm ”

Figure 4.2: Channel layout and dimensions

The layout of the transmit and receive switches took a careful design. All channels are
connected individually to the receive multiplexer, but at the same time connected in
series for the clock and data signals to the transmit switch shift registers. The wide metal
trace in the middle of the channel (green in Figure 4.2) is used to distribute the signal
from the coaxial cable over the chip.

4.2. Post-Layout Improvements

The layout involved some important considerations, as especially the transmit switch is
quite sensitive to parasitic capacitances. After the initial parasitics extraction the simu-
lation showed that the switches turned on without being enabled. Close inspection of
the transmit switch showed that MOM capacitor C; had a significant parasitic capacit-
ance to ground, shown as C,, in Figure 4.3. The parasitic caused the gate of the transmit
switch to be pulled down in a transmit pulse, causing the switch to turn on. As shown
in Figure 4.3 this is resolved by adding a metal shield connected to the transmit signal
node (Vpyise) in between the substrate and the MOM capacitor. By doing so, the original
parasitic capacitance is replaced by a parasitic between the transmit signal and ground,
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that doesn’t harm the transmit switch performance.

Vpulse

Piezo Vpulse ¢

I Vpulse
I internal node

ey 4 4 3 1 ] | v4 [N I N N N B e
M3 [ D I N N N . M3 [ I I N N N .
MZ-{-{-E- M2 [ I N N N e

Cp Cp Cp M1

Substrate

Figure 4.3: Parasitic capacitance (left) and added shield metal (right)

Another important part of the circuit is the memory cell. In the initial post-layout sim-
ulation, the circuit was not capable of remembering the configured state. It turned out
that the signal controlling the latches spiked at start-up of the chip, causing the memory
cells to be reset. Spikes were created in the level shifter controlling the latch signal, due
to the parasitic capacitance (C,) shown in Figure 4.4. The spikes are caused by the in-
ternal node at the drain of Q; rising slower than the power supply. By adding a MOS
capacitor (Q.) it was ensured that the signal rises together with the power supply on
start-up.

VDD

Figure 4.4: Added MOS capacitor (Qc) to compensate for the parasitic capacitor (Cp)

After those changes the circuit simulation shows the intended operation and the re-
gisters retain the data for at least several milliseconds.
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4.3. High-Current Paths

In high-voltage and high-current circuits, when creating the layout one must pay atten-
tion to the current paths and possible voltage drops associated with them. In the layout
of the LNA and transmit switches, the transistor arrays are laid-out in such a way that
the current through each transistor is equal. Figure 4.5 illustrates the layout of a high
current transistor. From the input current to the output current the path trough each
transistor sees the same resistance, causing the current to be distributed equally over

the transistors.
I Poly
I Diffusion
Metal 1
Via
Metal 2

— Current out

Current in =

Figure 4.5: Layout of high current transistor

For comparison, if the metal connection in the bottom of the figure was drawn to the left,
more current would flow through the leftmost transistor than through the transistors to
the right, because of voltage drop over the metal traces.

4.4. Sealrings

For later stage of production, the circular shape is surrounded by a seal rings. Using a
laser the chip can be cut out to create the final probe design. Initial tests can be carried
out using test bond pads placed around the circle. The routing towards the test-bond
pads had to cross the outer circular sealring. To ensure correct operation after cutting
the sealring, some precautions were needed.

Cutting around the sealring would leave the inputs floating. As shown in Figure 4.6, the
test-inputs have a pull-down resistor to give the inputs a defined state when cut. The
output buffers are located inside the circular seal ring but powered by the test-padring.
When fabricated the internal circuit will only see the gate capacitance of the output buf-
fers. Even in case the output would be shorted to ground, the circuit can operate as
intended.

The power supply test lines are protected using a diode-connected bipolar transistor.
When the cutting procedure causes a short, the diode prevents the supply to be shunted
to ground.
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Circular sealring

Power pad

Digital input :
. . Digital output

Figure 4.6: Circuit protection for sealring cutting procedure

4.5. Piezo Element Patterns

For testing with the piezo elements two different patterns were taped out. A regular pat-
tern that is easy to machine, shown in Figure 4.7a and the sunflower pattern shown in
Figure 4.7b. With the sunflower pattern, eventually better images can be constructed.
More advanced techniques (laser cutting) are needed to produce the sunflower pattern
on chip, so for initial prototype evaluation the regular pattern can be used, which can be
fabricated using a diamond dicing saw.
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Figure 4.7: Bond pad layout for both element patterns
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4.6. Test-Padring Layout

Internal signals that could be useful while testing the prototype ASIC are routed to the
test padring. The test padring can be left unconnected in the final application, but helps
characterizing the functionality of the chip. An output multiplexer is used to reduce the
amount of bondpads needed.

After the piezo elements are fabricated, a ground foil will be placed over the elements.
This ground foil is connected to a ground pad on the PCB. To simplify placing the ground
foil, one side of the padring only contains ground connections. Those ground connec-
tions can either be used to connect the ground foil or be left unconnected. Figure 4.8
visualizes the placement of the ground foil and shows why the absence of bond wires is
preferred.

Figure 4.8: The bondpad layout leaves one side empty for the ground foil
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4.7. Final ASIC Layout

The final layout of the ASIC with sunflower pattern is shown in Figure 4.9. The two square
pads inside the circle (labelled SIG and GND) connect to the coaxial cable. Details on the
reference markers can be found in Appendix C.1.

Figure 4.9: Layout of the completed ASIC with element pads in sunflower pattern
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An overview of the circuit block placement in the layout is shown in Figure 4.10. The
64 channels are shown in orange, and take-up the top and bottom part of the die. On
the left the high voltage and protection circuits are located and on the right the LNA and
logic are placed.

[ ESD protection I TX switch current sources [ Clk & data recovery

[ Hold capacitor & Clamp EE LNA B Sources
[ NMOS limiter I 1NA capacitors Il Test mode ref. capacitors
[ TX/RX switches I Startup circuit I Logic (multiplexers & CRC)

Figure 4.10: Chip layout showing the functional blocks
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4.8. Post-Layout Simulations

After layout, simulations of the completed circuit including extracted parasitics have
been performed, to verify correct operation. This section will discuss these simula-
tion results and show how all circuits are properly working together in the final proto-

type.

In normal operation, the sequence shown in Figure 4.11 is used. Initially the capacitor
used to generate the clamping voltage needs to be charged by sending a transmit pulse.
After this initial pulse, the ASIC can operate normally. Data is sent to configure the ASIC
and select the transmit and receive channels. When configured the supply current can
be inspected to check whether the data transmission was error-free. Next an arbitrary
high voltage pulse can be transmitted after which a low voltage DC signal is supplied
to enter the receive mode. The receive mode can be used for several hundreds of mi-
croseconds, but usually takes not more than 13 us as the imaging depth is typically not
higher than 10 mm in IVUS. Operating with this scheme a pulse repetition rate of 30 kHz
can be reached.

Configure ]—b[ CRC ]—b[ Transmit H Receive ]
lus

18ps 500ns 300ns 13ps

Figure 4.11: Image acquisition state diagram

To receive the signal of all channels, a time of 64 x 35 us is required. Depending on the
transmit scheme a high frame-rate lower quality image or low frame rate high quality im-
age can be obtained. If for example transmit is done in groups of 4 elements, a medium
frame-rate of 28 fps is possible.

The post-layout simulation results showing the various states of the acquisition are shown
in Figure 4.12. The data transmission is shown in the top right corner, for a 300 mV data
amplitude. The piezo voltages in transmit for an enabled and a disabled channel are
shown at the bottom. The output signal (current at the system side) of the piezo mater-
ial on the selected channel is visible in the top right.

The power consumption of the full ASIC in receive mode can be calculated using the plot
that show the supply current (Figure 4.12, top right). The average current in receive is
1.45 mA when supplied with 3 V, making the total power consumption in receive 4.4 mW
(reduced power) and 6.1 mW (normal mode).
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Figure 4.12: Completed chip, post layout simulation including the padring



4.8. Post-Layout Simulations 71

The gain of the receive mode is simulated for both the normal power mode and the re-
duced power mode, as shown in Figure 4.13. For the reduced power mode a small reduc-
tion of bandwidth in the highest gain setting is apparent.

50.0+

Output current (dB)

\

Normal mode \
——=— Reduced power ‘\
\

10" 10° 10° 10° 10°
Frequency (Hz)

Figure 4.13: Gain of completed ASIC, post layout simulation including the padring






Experimental Set-Up

This chapter describes the external circuit that can be used to operate the ASIC. The
main subject of the external circuit is the transimpedance amplifier that converts the
current flowing through the chip to an output voltage, and powers the ASIC in receive
mode. Moreover a protection circuit needs to be implemented to protect the input from
the transimpedance amplifier to the high voltage transmit pulses.

5.1. Driving the Chip

The input of the transimpedance amplifier doesn’t tolerate the high voltage pulses. In
Chapter 2 several protection circuits have been discussed. Diode bridge clamps were
not used on the chip because they are power hungry, but for off-chip usage they have
good properties. The small signal impedance and noise can be made low by increasing
the current. The schematic of a diode bridge clamp is shown in Figure 5.1. For small
signal levels, the diodes are forward biased and the signal can pass through the bridge to
the input of the LNA. When the signal amplitude is large, the diodes will reverse bias and
block the signal.

ol

Signal © * » O Output

ol

Figure 5.1: Diode bridge limiter circuit

The small signal resistance of a diode is defined by:

73
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kT

=— (5.1)
qlq

rq

When the diodes are biased at 10 mA they have a small signal resistance of about 2.5 Q.

With the limiter in place, the transmit pulses can be coupled-in capacitively and the lim-
iter will automatically block the high voltage pulses from reaching the transimpedance
amplifier.

Figure 5.2 shows the circuit with the transimpedance amplifier in place. The current
sources in the diode bridge are simply implemented by placing a resistor. The termina-
tion resistor for the cable should now be tunable, so it can be set lower to combine with
the diode bridge to 50 Q.

(A%

TX pulses O—EﬁjT:Ii

Output

u.
Figure 5.2: System side driver circuit for the ASIC

The transmit pulses are connected to the circuit via an expander. The function of the
expander is to block any noise coming from the pulser when its output is low. The 3V
and 6V supply lines are connected via an RC-filter, to reduce the in-band noise on the
supply lines.

The transimpedance amplifier’s input-referred noise should not contribute significantly
to the noise of the complete system, as discussed in Section 3.2. To achieve this, an
opamp with an input referred noise of less than 2nV/v/Hz has to be used. From the
comparison (Appendix B), the high speed opamp THS3001 [40] has been chosen. This
opamp has an input referred noise voltage of 1.6 nV/v/Hz and a bandwidth of 420 MHz,
which meets the specifications easily.

5.2. Printed Circuit Board

A printed circuit board (PCB) has been designed to implement the system-side circuit
and to facilitate testing the prototype chips. Figure 5.3 shows a render of the PCB. An
FPGA board is integrated to generate the self-clocking data stream and to do the time-
to-digital conversion for the fabrication test mode. Moreover, the FPGA can check for
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errors in the transmission by evaluation of the supply current (see Section 3.4.6) and if
necessary resend the configuration data.

Test ouputs

FPGA

Daughterboard
with ASIC

Connections to g,
imaging system

Figure 5.3: Render of the test PCB

A daughterboard with the prototype-ASIC is mounted on top of the right half of the
PCB.

The signals used in the final circuit are all located on the left side of the PCB. The pulser
and imaging (or acquisition) system can be connected using the SMB connectors.

The test outputs of the ASIC are at the top right of the PCB. A selection switch is used to
select a sub-group of test outputs, using the multiplexer on the chip.

e

|! |! |! |! |! |! Output

selectlon
DATA-B DATA CLK DATA-A ERR<0> ERR<1> ERR<2>
TX-LD RX-EN START PULSE LD-REG CFG<0> CFG<1>

[*]

Figure 5.4: Detail of the test output multiplexer selection switch

Two cable spools are integrated on the PCB, to hold a 1 meter and a 2 meter coaxial cable.
Switches are used to select one of the cables for characterization. Additionally a cable
can be connected to the PCB to do acoustical measurements with the daughterboard
disconnected from the motherboard.






Conclusions and Future Work

The goal of this thesis was to create an ASIC for intra-vascular ultrasonic imaging, that
can be integrated on the tip of a catheter and connects to an imaging system using a
single cable. A chip has been taped-out which implements 64 channels that can be used
to transmit and receive ultrasonic waves using piezoelectric transducers.

To realize a transmit mode, receive mode and test mode using a single coaxial cable,
several techniques have been implemented:

* A novel transmit-switch circuit with a small area has been implemented, making it
possible to fit 64 elements in the form factor of a 1.5 mm diameter circle. The transmit
switches can be individually enabled to pass an arbitrary waveform, with frequencies
ranging from 2 MHz to 20 MHz and voltage levels up to 26 V.

A communication scheme with transmission error detection has been implemented
that can be used to configure the ASIC. An incorrect data transmission is flagged by
increasing the supply current. A reliable configuration of the ASIC can thus be en-
sured. Communication with the chip enables the possibility to multiplex and thus the
possibility to create a multi-element probe design.

Automatic switching, based on the signal-level and timing, has been introduced to
start the receive mode. In receive mode an integrated low-noise current amplifier
reads out a selected piezo element and conditions the signal to drive the coaxial cable
using its output current. The amplifier has three gain settings, covering a dynamic
range of 74 dB, which is well above the target specification of 60 dB.

A test mode that measures the capacitance of the fabricated piezoelectric elements has
been added: By only making minor changes to the LNA it is turned into a capacitance
to time converter. The output signals can be digitized for analysis and verification of
the transducer-fabrication process.

Post-layout simulations predict that the circuit will perform according to the specifica-
tions. A prototype chip has been taped-out and is currently being fabricated for experi-
mental verification. To operate the chip, a system side circuit is designed that conditions
the signals to be compatible with standard ultrasound imaging systems.

7
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The ASIC proposed in this work is the first front-end ASIC that implements transmit
and receive functionality using a single cable. Compared to the demonstrated designs
capable of transmit and receive, the cable count is improved by 4 times. Table 6.1 shows
a comparison with the recent contributions on IVUS front-end ASICs.

Table 6.1: Performance summary and comparison with prior art

(5] [6] (8] (7] This work
Technology 0.18um 0.35pum 0.35pm 0.18pym BCD  0.18um BCD
# coax. cables 1 13 2 4 1
Power (RX mode) 13.2mW  20mW 53 mW 10 mW 6.4mW
Bandwidth 20MHz 40MHz 40MHz 16 MHz 24 MHz
Receive channels 1 56 6 64 64
Transmit channels - 64 6 16 64
Transmit amplitude - 25V - 26V 26V

The table shows that the performance of the circuit does not deteriorate compared to
prior art when using fewer cables to connect to the imaging system. Even with a single
cable very similar specifications can be reached.

6.1. Improvements and Future Work

The main focus of this work was to combine all functions in an ASIC that connects to the
imaging system with a single cable. Individual blocks of the circuit can most likely be
improved to increase the overall performance.

Further circuit improvements can be made in reducing the area of the channels and sim-
plifying the circuit where possible. Some suggestions are provided below:

o After transmit it takes 955 ns before the amplifier is operational. This is longer than
the specified 1 ps from start of transmit to receive operation. The settling time of the
amplifier can be shortened, to reduce the start-up time.

* In the transmit switch transistors can be used that tolerate higher voltages. 45V tran-
sistors of the same technology for example have a marginally larger area.
The pull-up current sources (of Figure 3.6) can be simplified by using a resistor. This
was the initial plan, but because of uncertainty about the voltage tolerance of the poly
resistors and the lack of good documentation, the safer option of using high voltage
P-MOS transistor was implemented. The poly resistors are much smaller, creating the
possibility to integrate them into the channel, removing the routing of all connections
to the current sources.

e The channels can be significantly reduced in size by replacing the transmit switch ca-
pacitor by a MIM capacitor. As the voltage on the capacitor is limited by a zener diode,
the voltage should stay within the safe operating voltage. The current MOM capacitor
takes up an area of 42um x 42pum. A MIM capacitor can be placed over the transmit
switch reducing the area occupied by a channel by 15%.
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* The input clamp of the amplifier can be made smaller, because of the higher parasitic
capacitance seen at the input of the amplifier after post-layout extraction changes the
trade-off for the optimum size.

e Finally an interesting alternative for the N-MOS voltage limiters might be to use de-
pletion mode mosfets in a similar way as the N-MOS limiters were used in this work.
Using depletion mode mosfets eliminates the need for a voltage higher than the sup-
ply voltage, while keeping the protection effect. Potentially this means that the storage
capacitor and initial charging pulse can be left out, simplifying the transmit scheme.

Before the ASIC can be used inside an IVUS catheter, several steps still have to be taken.
One of the first steps will be to find a good way to connect the cable through the back
of the chip to the circuit, and next to that several other mechanical issues need to be
addressed.







Bibliography

[11 W. H. Organization, World Health Statistics 2016: Monitoring Health for the SDGs

(2]

(3]

(4]

(5]

(6]

(7]

[8

[9]

(10]

(11]

(12]

(13]

Sustainable Development Goals. World Health Organization, 2016.

M. C. Moraes, E M. Cardoso, and S. S. Furuie, “Atherosclerotic plaque characteriz-
ation using plaque area variation in IVUS images during compression: a computa-
tional investigation,” Revista Brasileira de Engenharia Biomédica, vol. 30, no. 2, pp.
159-172, 2014.

O. Martinez-Graullera et al., “2D array design based on Fermat spiral for ultrasound
imaging,” Ultrasonics, vol. 50, no. 2, pp. 280-289, 2010.

C. Chen et al., “A prototype PZT matrix transducer with low-power integrated re-
ceive ASIC for 3-D transesophageal echocardiography,” IEEE transactions on ultra-
sonics, ferroelectrics, and frequency control, vol. 63, no. 1, pp. 47-59, 2016.

C. Chen et al., “A single-cable PVDF transducer readout IC for intravascular pho-
toacoustic imaging,” in Ultrasonics Symposium (IUS), 2015 IEEE International.
IEEE, 2015, pp. 1-4.

C. Tekes et al., “Real-time imaging system using a 12-MHz forward-looking cath-
eter with single chip CMUT-on-CMOS array,” in Ultrasonics Symposium (IUS), 2015
IEEE International. 1EEE, 2015, pp. 1-4.

M. Tan et al., “A front-end ASIC with high-voltage transmit switching and receive di-
gitization for forward-looking intravascular ultrasound,” in Custom Integrated Cir-
cuits Conference, 2017. CICC’17. IEEE, 2017.

J. Lim et al., “Towards a reduced-wire interface for CMUT-based intravascular ul-
trasound imaging systems,” IEEE transactions on biomedical circuits and systems,
vol. 11, no. 2, pp. 400-410, 2017.

W. Black and D. N. Stephens, “CMOS chip for invasive ultrasound imaging,” IEEE
Jjournal of solid-state circuits, vol. 29, no. 11, pp. 1381-1387, 1994.

AlphaWire, “48 AWG micro coaxial cable,” 2017. [Online]. Available: http://www.
alphawire.com/Home/Products/Cable/Alpha-Essentials/Coaxial-Cable/9448

AlphaWire, “42 AWG micro coaxial cable,” 2017. [Online]. Available: http://www.
alphawire.com/Home/Products/Cable/Alpha-Essentials/Coaxial-Cable/9442

P. Horowitz and W. Hill, The Art of Electronics, 3rd ed. Cambridge University Press,
2015.

Q. Liu, “A mixed-signal multiplexing system for cable-count reduction in ultra-
sound probes,” Master’s thesis, TUDelft, 2015.

81


http://www.alphawire.com/Home/Products/Cable/Alpha-Essentials/Coaxial-Cable/9448
http://www.alphawire.com/Home/Products/Cable/Alpha-Essentials/Coaxial-Cable/9448
http://www.alphawire.com/Home/Products/Cable/Alpha-Essentials/Coaxial-Cable/9442
http://www.alphawire.com/Home/Products/Cable/Alpha-Essentials/Coaxial-Cable/9442

82

Bibliography

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

D. M. Pozar, Microwave Engineering. John Wiley & Sons, 2011.

R. G. Eschauzier and N. Van Riin, “Self-biased, phantom-powered and feedback-
stabilized amplifier for electret microphone,” Dec. 12 2000, uS Patent 6,160,450.

A. Nguyen and A. A. Chatzipetros, “System for providing audio signals from an aux-
iliary audio source to a radio receiver via a dc power line,” US Patent 6272328,
Aug. 7, 2001, uS Patent 6,272,328.

J. K. Poulsen, “Low loss wideband protection circuit for high frequency ultrasound,”
in Ultrasonics Symposium, 1999. Proceedings. 1999 IEEE, vol. 1.  1EEE, 1999, pp.
823-826.

J. Camacho and C. Fritsch, “Protection circuits for ultrasound applications,” IEEE
transactions on ultrasonics, ferroelectrics, and frequency control, vol. 55, no. 5, 2008.

P. Chatain et al., “Improving ultrasound imaging with integrated electronics,” in Ul-
trasonics Symposium (IUS), 2009 IEEE International. 1EEE, 2009, pp. 2718-2721.

H. Choi and K. K. Shung, “Protection circuits for very high frequency ultrasound
systems,” Journal of medical systems, vol. 38, no. 4, p. 34, 2014.

M. I. Fuller et al., “Novel transmit protection scheme for ultrasound systems,” IEEE
transactions on ultrasonics, ferroelectrics, and frequency control, vol. 54, no. 1, 2007.

C. J. Verhoeven, A. van Staveren, and G. Monna, Structured Electronic Design.
Kluwer, 2003.

J. W. Hunt, M. Arditi, and E S. Foster, “Ultrasound transducers for pulse-echo med-
ical imaging,” IEEE Transactions on Biomedical Engineering, no. 8, pp. 453-481,
1983.

C. Chen, “Front-end amplifiers for ultrasound transducers,” in press.

E. Cherry, “Input impedance and output impedance of feedback amplifiers,” IEE
Proceedings-Circuits, Devices and Systems, vol. 143, no. 4, pp. 195-201, 1996.

G. Gurun, P. Hasler, and E L. Degertekin, “A 1.5-mm diameter single-chip CMOS
front-end system with transmit-receive capability for CMUT-on-CMOS forward-
looking IVUS,” in Ultrasonics Symposium (IUS), 2011 IEEE International. 1EEE,
2011, pp. 478-481.

B. Razavi, “A 622 Mb/s 4.5 pA/v Hz CMOS transimpedance amplifier,” in Solid-
State Circuits Conference, 2000. Digest of Technical Papers. ISSCC. 2000 IEEE Inter-
national. TEEE, 2000, pp. 162-163.

J. Salvia et al, “A 56MQ CMOS TIA for MEMS applications,” in Custom Integrated
Circuits Conference, 2009. CICC'09. IEEE. 1EEE, 2009, pp. 199-202.

G. Gurun et al., “Single-chip CMUT-on-CMOS front-end system for real-time volu-
metric IVUS and ICE imaging,” IEEE transactions on ultrasonics, ferroelectrics, and
frequency control, vol. 61, no. 2, pp. 239-250, 2014.



Bibliography 83

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]
[39]

[40]

A. Seidel et al., “Area efficient integrated gate drivers based on high-voltage charge
storing,” IEEE Journal of Solid-State Circuits, vol. 50, no. 7, pp. 1550-1559, 2015.

K. Hara et al., “A New 80V 32x32Ch low loss multiplexer LSI for a 3D ultrasound ima-
ging system,” in Power Semiconductor Devices and ICs, 2005. Proceedings. ISPSD’05.
The 17th International Symposium on. 1EEE, 2005, pp. 359-362.

E.K. etal., “A reconfiguarable 24x40 element transceiver ASIC for compact 3D med-
ical ultrasound probes,” in European Solid-State Circuits Conference (ESSCIRC), ES-
SCIRC 2017-43st, 2017.

Texas Instruments, “Time gain control (compensation) in ultrasound applications,”
2016. [Online]. Available: http://www.ti.com/lit/an/slaa724/slaa724.pdf

A. S. Sedra and K. C. Smith, Microelectronic circuits. New York: Oxford University
Press, 1998, vol. 1.

R. Forster, “Manchester encoding: opposing definitions resolved,” Engineering Sci-
ence and Education Journal, vol. 9, no. 6, pp. 278-280, 2000.

B. Doki, “CMOS schmitt triggers,” in IEE Proceedings G-Electronic Circuits and Sys-
tems, vol. 131, no. 5. IET, 1984, pp. 197-202.

T. V. Ramabadran and S. S. Gaitonde, “A tutorial on crc computations,” IEEE Micro,
vol. 8, no. 4, pp. 62-75, 1988.

B. Razavi, Design of analog CMOS integrated circuits. McGraw-Hill, 2001.

0. Semenov, H. Sarbishaei, and M. Sachdev, ESD protection device and circuit design
for advanced CMOS technologies. Springer Science & Business Media, 2008.

T. Instruments, “420-MHz high-speed current-feedback amplifier,” 2017. [Online].
Available: http://www.ti.com/lit/ds/symlink/ths3001.pdf



http://www.ti.com/lit/an/slaa724/slaa724.pdf
http://www.ti.com/lit/ds/symlink/ths3001.pdf




Technology

As the transmit signal has an amplitude of several tens of volts, the chip design needs to
be made in a technology compatible with high voltages. Two different technologies were
considered for the high voltage chip design. The XFAB foundary provides fully isolated
devices by using silicon-on-insulator (SOI) technology combined with deep trench isol-
ation (DTI). Due to the isolation properties a relatively small area is occupied by the high
voltage switches. A simplified drawing of the vertical structure is shown in Figure A.1.
Clearly visible in the figure is the isolation around all sides of the device (in grey).

Gte
Drain Source
7 Poly 7 9

Handle Wafer

Figure A.1: Simplified vertical structure of XFAB HV transistor

Another way to isolate a high voltage device from the substrate is by creating a reverse
biased junction that can withstand the high voltage. The TSMC foundary offers such a
technology (0.18 um BCDg2). The downside of using junction isolation is a bigger area
occupied by the transistor. A simplified drawing of a TSMC high voltage transistor is
shown in Figure A.2. The source and bulk of the PMOS transistor are always connected to
the highest potential in the device. This ensures that the P-N junction with the substrate
is always reverse biased.
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Gate Gate
3 3

P-SUB

Figure A.2: Simplified vertical structure of TSMC HV transistor

The area consumed by an XFAB PMOS trasistor is 520 um?. Compared to the TSMC tran-
sistor with the same gate area that consumes 850 um?, it is significantly smaller. For
isolated NMOS transistors the difference is even more substantial, as the TSMC isolated
NMOS transistor occupies 2450 um?.

Although the area benefits of the XFAB technology are convincing, for practical reasons
the TSMC technology has been chosen for this work.



Commercial Low-Noise Opamp

Comparison

Type Manufacturer Va  Vmax GBW  Igpply  Slew-rate
LTC6409 LT 1.10nV/vHz 5.5V  10000MHz 52mA 3300 V/ps
LT6200 LT 0.95nV/vVHz 12V 1600MHz 17mA  310V/ps
ADB8009 AD 1.90nV/vHz 12V 1000MHz 14mA 5500V/us
AD8017 AD 1.90nV/vHz 12V 160 MHz 7mA  1600V/us
OPA695 TI 1.70nV/vVHz 12V 1700MHz 13mA 4300V/us
OPA847 TI 0.85nV/vHz 12V 3900MHz 18mA  950V/ps
LMH6628 TI 2.00nV/vVHz 12V 200 MHz 9mA 550V/us
THS3001 TI 1.60nV/vHz 32V 420MHz 6.6mA 6400V/ps
THS4031 TI 1.60nV/vHz 32V 100MHz 8.5mA 100V/us
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C.1. Reference markers

Several reference markers are added to ease the bonding and piezo fabrication steps.
Figures C.1 shows the locations of the reference marks (in ym). Lines with a pitch of
100 um are added at the top and bottom of the chip to aid the alignment of the dicing
saw (the lines should be collinear with the dicing saw cut).

+

-910,910 910,91.0

+ +

-660,660 660,660

+
660,-660
910,-910

+

Figure C.1: Reference mark locations relative to the center of the chip
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Figure C.2: Chip bonding diagram for PCB footprint

C.3. Bond connections

The output bond pad connections, used to test the ASIC are shown in Table C.1.

Table C.1: Pin mapping of test output multiplexer

Pin Function Pin  Function
SEL 0 SEL 1

A0 TXMuxEN BO DataoutB
Al RXEN Bl Data
A2 Startup B2 Clk

A3 Pulse B3 DataoutA
A4 load reg B4 ERR<0>
A5 config<0> B5 ERR<1>
A6  config<l> B6 ERR<2>
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An overview of all bond pads in the test-padring is printed in Figure C.3
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Figure C.3: ASIC test-padring connections
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