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ABSTRACT 

This thesis presents building blocks and strategies to reach the goal of a thumb-size 
autonomous ultrasound measurement system with wireless communication capabilities. 

The design of modern electronics is based on the possibility to accurately predict 
system behavior by the use of simulation tools. This paradigm can be extended to com
ponents such as sensors attached to the electronics. The ability to simulate mechanical 
components and electronics together renders possible effective optimization at system 
level, i.e. minimizing size, cost and power consumption. Al l of these parameters are im
portant for measurement systems aiming at the rapidly growing field of sensor networking 
and ambient intelligence. 

The work in this thesis connects the mechanics of piezoelectric transducers with the 
design of on-chip microelectronics. Throughout the work, SPICE models of the ultra
sound system are used within the design tool for integrated circuits. Improvements and 
verifications of existing SPICE models for ultrasound equipment is described and applied 
in the design of integrated electronics for an ultrasound measurement system. The overall 
aim has been to achieve minimal system size and power consumption through interdis
ciplinary work based on knowledge within both ultrasonics and electronics. The thesis 
is divided into introductional chapters and eight attached papers. The introductional 
chapters give an overview of ultrasound devices, measurement technology, and simula
tion models. Tools and design flow for analog and mixed signal integrated circuits are 
discussed. Finally, an overview of the electronics in a pulse-echo ultrasound system is 
given. 

The attached papers cover various topics required to reach the goals presented above. 
The first three papers are closely related to the SPICE models of the piezoelectric de
vices and the ultrasound propagation media. First, a design strategy towards an area 
optimized driver stage for piezoelectric crystals with the help of SPICE simulations is 
presented. A prototype chip design has been made and it is shown that simulations 
and measured performance agree well. Second, diffraction loss for ultrasound pulses 
is included in the SPICE models for the ultrasound propagation medium. It is shown 
that this enables accurate simulations of absolute amplitudes in a pulse-echo ultrasound 
system with its associated electronics. Third, the influence of parasitic components stem
ming from cabling in the system are simulated and shown to agree well with measured 
data. 

Analog to digital converters and comparators are useful components in a pulse echo 
ultrasound system. The design of these blocks with focus on low power consumption is 
presented in two papers. The fourth paper presents a low power, high resolution sigma 
delta AD converter, while the fifth paper introduces the deign of a delay-time stable 
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time-continuous comparator suitable for use in time quantization AD converters. 
The last three papers address three aspects of system level design of the ultrasound 

measurement system. The sixth paper presents the mounting of the electronics chip di
rectly onto the piezoelectric crystal using wire bond technology. The setup enables precise 
pulse control and results in a very compact design. The seventh paper discusses the design 
of a complete embedded internet system (EIS) confined in the space 25x23x5 mm 3 . The 
system incorporates an integrated web server, Bluetooth communication, and TCP/IP 
stack and is intended to serve as a base for Internet connected sensors. Finally, the 
eighth paper introduces a complete on-chip solution for the transmission and reception 
of ultrasound pulses with a piezoelectric crystal. The chip is designed in a high voltage 
process, and incorporates an inductive boost pump to achieve a high voltage for the ex
citation of the crystal. An integrated amplifier is used to amplify incoming pulses. The 
chip is controlled by a digital state machine used to achieve intermittent operation of the 
amplifier for minimum power consumption. 
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CHAPTER 1 

Thesis Introduction 

Measurement and sensor systems form important parts of our everyday lives. The range 
of applications and areas is vast, ranging from temperature measurement in our homes, 
over numerous systems in our cars, to medical sensors, and all the way to applications 
in industry such as paper and pulp plants. A research and development trend today 
is that each sensor node is equipped with an increasing amount of "intelligence", i.e. 
it has its own processing capacity. This evolution is assisted by the reduction in size, 
power consumption, and cost of microcontroller systems. Furthermore the availability 
of wireless communication allows easy exchange of data between senor nodes in various 
locations. Important, constraints laid on this type of sensor systems are [1, 2]: 

• Low power. The amount of energy available for operation is often limited, e.g. from 
a battery. Further, the available energy has to be shared between sensing, data 
processing and communication. 

• Communication. The system has to be able to perform wireless exchange of data 
both with adjacent sensor nodes and central server systems. 

• Data collecting and processing. Analog or digital data from a connected sensor has 
to be collected and processed. 

• Small size. The system has to be portable and it is in some applications carried by 
a person, e.g. within medical monitoring or sports activities. 

These requirements and the capacity available in sensors and systems has opened up new 
research areas within sensor networking and ambient intelligence, with whole technical 
conferences now being dedicated to these subjects [3]. 

One widespread technique to perform the actual sensing is to use an ultrasound sensor. 
Ultrasonic waves generated by piezoelectric devices can be used to measure properties 
of e.g. tissue, solids and fluids. Ultrasound measurements find applications both within 
industry and medicine [4]. The measurement system traditionally consists of an ultra
sound probe connected to its electronics unit via a coaxial cable. The division of EISLAB 
at Luleå University of Technology has since several years a strong research group within 
ultrasound measurement technology based on piezoelectric devices. Other active research 
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areas within EISLAB are digital and analog low power ASIC design, EMC, and embedded 
internet systems (EIS). The vision with EIS is to achieve internet connected measurement 
equipment and systems, focusing on sensor networking and ambient intelligence. 

This thesis presents work performed to reach the goal of a thumb-size autonomous 
ultrasound measurement system with wireless communication capabilities. The work 
combines and increases the knowledge available in the various fields within EISLAB. 
The vision is that a complete measurement system that comprises the excitation of the 
piezoelectric device, analog and signal conditioning, communication capability, as well as 
battery power supply shall be integrated in a thumb-size unit . The existence of such a unit 
would increase the applicability of ultrasound measurement systems both in industrial 
and medical applications. In an industrial application, installation would be simplified 
and flexibility increased. In a medical application, the staff or patient would be free to 
move around the premises with the complete measurement system in the pocket. 

The concept of electronics integration into ultrasound sensors is not new as such. 
Preamplifiers has long been integrated with transducers to improve signal quality [51. 
On-chip integration of the sensor electronics is a key to achieve small sensor size. Work 
in this area aimed at piezoelectric transducers and arrays has recently been published 
concerning driver electronics [6] as well as amplifiers [7, 8]. However, the issue of sensor 
power consumption and battery operation has previously been sparsely investigated. As 
discussed above, these are important constraints for mobile sensors. 

The overall aim with the work presented in this thesis has been to achieve minimal 
system size and power consumption by interdisciplinary work based on knowledge within 
both ultrasonics and electronics. The achievable system size depends on many parame
ters, which in turn depend on the desired application. The parameters can however be 
grouped in two categories: 

• Mechanics. The size of the active piezoelectric element is highly decisive for the 
sensor size. Also the amount of elements required is important, e.g. for an array 
transducer where several hundreds of miniature elements might be used. Another 
factor is the type of acoustic matching and backing layers required to tune the 
mechanical behavior of the sensor. 

• Electronics. The size of the affiliated electronics is also important. One end of the 
range is high voltage, high energy pulse generation systems with discrete electronics 
for signal processing. The other end is complete on-chip integration of the elec
tronics into one single chip. The solution chosen for communication in a networked 
sensor will also impact the system size. 

The active elements used throughout this thesis are piezoelectric ceramic discs with di
ameters between 5 mm and 16 mm. The approach taken to minimize system size around 
these devices is to integrate the sensor electronics in an application specific integrated 
circuit (ASIC), whereafter this is attached directly on the transducer. It can then be 
cast into the sensor backing together with battery power supply. The communication 
capability has been solved by the development of a separate minimal sensor network
ing platform including Bluetooth communication and data processing capacity. When 
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needed, the sensor can be connected to the networking platform to form a complete 
networked sensor system. 

The power consumption of the sensor is composed of many components, which must 
all be considered to achieve low power operation. 

• Pulse generation. The voltage used to excite the transducer is highly decisive for 
the power consumption of this operation. Also the pulse shape and duration of the 
excitation is important. 

• Received signal processing. The noise and speed requirements laid on the electronics 
in the reception chain are important. Also the required functionality steers the 
power consumption, with for example full wave A / D conversion requiring a lot 
more power than the time detection of the arrival of a pulse. 

• System control. A digital control unit is required for an autonomous system. The 
type chosen affects the power consumption, with a small state machine being more 
energy efficient than a complete on-chip CPU core. 

• Communication. Short, range radio communication is more power efficient than for 
example full access to the mobile telephone network. Power can be saved by the 
use of short range communication between adjacent sensor nodes and the use of a 
gateway for global reach. 

Throughout the work, emphasis has been laid to keep the developed individual building 
blocks as simple as possible to ensure proper first time operation as well as low power 
consumption. A system level view has been taken to minimize the power consumption 
as a whole, instead of optimizing each single block by 10%. 

Effort has been put to understand the mechanisms around the excitation of a piezo
electric transducer and to optimize the pulse generation electronics for low power con
sumption. Low power design has been applied in parts of the reception signal chain 
regarding comparator and analog-to-digital converter design. Switched operation of the 
signal preamplifier has been used to further reduce the power consumption. The devel
oped sensor networking platform utilizes Bluetooth for short range communication, and 
a gateway such as a mobile phone for connection to the Internet. It is also designed to 
utilize power down modes for both processor core and communication chipset. 

Simulation tools are vital to the building and optimization of a sensor system which 
is to comply with the requirements discussed above. To be efficient, the tool should be 
able to simulate a complete system, comprised of both ultrasound (mechanical) parts 
and the electronics down to transistor level on silicon. This is achieved by the circuit 
simulator SPICE and its progenies. Development of electrical models for piezoelectric 
devices has been an ongoing research area for more than 60 years [9, 10, 11]. The models 
have since been introduced in circuit simulators and gradually improved [12. 13, 14, 15]. 
Throughout the work in this thesis, SPICE models of the ultrasound system have been 
used within the design tool for integrated circuits. Improvements and verifications of 
existing SPICE models for ultrasound equipment is described and applied in the design 
of integrated electronics for an ultrasound measurement system. 



4 INTRODUCTION 

The papers presented in the thesis present building blocks, tools, and strategies to 
reach the goal of a thumb-size ultrasound measurement system. The presented work 
is performed across the disciplines of ultrasonics and electronics. The intention with 
the introductional chapters of the thesis is to give readers from both of these fields a 
background to be able to follow the discussions in the papers. Chapter 2 takes the reader 
through basic ultrasound definitions, theory and simulation techniques. An introduction 
to the subject of integrated circuit design is given in chapter 3, and an overview of 
the electronics useful in a pulse-echo ultrasound system is given in chapter 4. Finally, 
chapters 5 and 6 give conclusions and a summary of the papers attached in the thesis. 



C H A P T E R 2 

Ultrasound Basics 

2.1 Ultrasonic waves 
Sound is audible for human beings in the frequency range between 20 Hz up to about 
20 kHz. Sound with frequencies above the audible range is called ultrasound, and sound 
with frequencies below the audible range is called infrasound. A sound wave propagates 
by the movement of particles, creating pressure variations in the material where it prop
agates. There are two basic types of ultrasonic waves, longitudinal and transverse [16]. 
For a longitudinal wave, the motion of the particles is only in the direction of propaga
tion. That is, the medium expands or contracts in the direction of wave propagation. 
For a transverse (shear) wave, the motion of particles in the medium is transverse (per
pendicular) to the direction of wave propagation. Transverse waves can only propagate 
significantly in a solid medium. Longitudinal waves on the other hand will propagate in 
any medium, and are suitable for use in fluids such as gas or liquid, as well as in solids. 
Throughout this thesis, longitudinal waves are used in the applications. Thus, from here 
on, when discussing ultrasound pulses or waves they are understood to be longitudinal 
unless otherwise stated. 

2.1.1 Acoustic impedance and reflection 

When a propagating ultrasonic wave crosses an interface between two media, part of the 
wave will be reflected back into the first medium. This is analogous to the reflection of 
light travelling between two media with different refraction index. For acoustic reflection, 
the decisive factor is the acoustic impedance Za of the media. For a low loss medium, 
the acoustic impedance can be written [16] 

Za = PC (2.1) 

where p is the density (kg/m 3) and c is the speed of sound (m/s) in the medium. Assuming 
a wave incident normally to the surface between medium 1 and medium 2, the ratio 
between reflected and incident pressure is 

R = Pr = Za2 - Z a l ( 2 2 ) 

Pi Za2 + Zai 

5 
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Figure 2.1: Beam spreading of an ultrasound pulse. 

I f R is negative (Za2 < Zal) a phase shift of 180 degrees has occurred in the reflected 
wave compared to the incident wave. 

2.1.2 Attenuat ion 

When an acoustic wave propagates, energy is converted to heat due to friction in the 
medium which is being compressed and expanded. This is also known as viscoelastic 
loss, which is the major loss contributor for the materials and frequencies discussed 
in this thesis. Other, less significant, effects are losses due to relaxation and thermal 
conductivity [16, 17]. The pressure amplitude of a plane wave propagating in the x 
direction decays exponentially with the distance travelled. It can be expressed as 

where \pzo\ is the pressure amplitude at x = 0 and a is the attenuation constant in 
Np/m. The attenuation constant is highly dependent on the frequency used, with a 
higher frequency giving higher attenuation. The properties of the propagation medium 
also affect the attenuation constant. For example in water, a sound wave at a frequency 
of 1 MHz keeps 97.5% of its pressure after a distance of 1 m. This can be compared to 
the same situation using PMMA (Plexiglas), where the pressure is attenuated to 10~1 0 

of its original value after a distance of 1 m. 

2.1.3 Dif f rac t ion 

Another source of apparent attenuation in an ultrasound system is diffraction or beam 
spreading [18]. This causes the energy in the ultrasonic wave to spread over an increasing 
frontal area as it propagates through the medium. In figure 2.1 this is illustrated on a 
wave sent in the x direction from a transducer with radius a transmitting on a wavelength 
A. Close to the transducer, the spreading is very small for some distance. This is called 

\Pz\ = \Pzo\e —ax (2.3) 
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Figure 2.2: Attenuation due to diffraction when a sound pulse is sent between two transducers 
of equal radius. 

the near field. As the wave passes the near field limit at 

Xnf = ~ , (2-4) 

its radius starts to expand leading to a decrease in pressure amplitude approximately 
proportional to 1/x. This is called the far field. As the wave front gradually increases 
its area, a receiving transducer will not. be able to sense all the incoming energy unless 
it is infinitely large. Given two transducers with radius a spaced a distance x apart the 
diffraction loss when a pulse is transmitted from one to another is shown in figure 2.2. 
Here, the x-axis is the dimensionless Seki parameter S defined as 

S = ~ . (2.5) 
a1 

The wavelength A of the ultrasonic wave can be calculated as 

\ = - f (2-6) 

where c is the speed of sound in the medium and / is the frequency of the wave. The 
influence of diffraction is highest for a material with high speed of sound when a low 
frequency is used. Also, the diffraction loss is higher for a transducer with a small radius. 

As an example, we once again consider a signal on a frequency of 1 MHz from a 
transducer with a diameter of 10 mm. For a distance of 1 m in water, the diffraction loss 
will be 95%. For PMMA, the loss will be 97%. When these values are compared with the 
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losses due to attenuation discussed in the preceding section, it is clear that the relative 
influence of diffraction on a signal can vary widely, being significant for water but a lot 
smaller for PMMA. 

2.1.4 Generation of ultrasound 

Ultrasound is generated by the coupling of a vibration on ultrasonic frequencies, into the 
medium of wave propagation. If physical contact with the medium is used, a variety of 
transmitter topologies exist. The transmitter can be built from a piezoelectric thin film 
(PVDF), which gives low acoustic impedance and possibilities to shape the transducer 
in various geometries. These are both desired specifications for example in the field of 
medical imaging [19]. Another technique which gives low acoustical impedance and the 
possibility to build small dimensions is to build a transducer based on a silicon substrate. 
This may also carry the electronics needed [20, 21]. 

One commonly used method to build a transducer involves the use of a piezoelectric 
ceramic [22, 23]. This type of transducer is used throughout the papers included in this 
thesis, and will be given a closer examination in the section below. A method which not 
involves actual physical contact is to use a laser. This can be used to generate ultrasound 
pulses in both fluids and solids [24]. A laser pulse is sent towards the material, which 
absorbs the energy in the pulse. The material is locally heated by the incoming laser 
pulse and it expands due to the thermoelastic effect. This expansion creates a sound 
pulse in the material. 

2.2 The piezoelectric transducer 

2.2.1 Physical principle 

A piezoelectric material has an asymmetric atomic lattice. When it is subject to an 
electric field, the material changes its dimensions. The process is reversible, such that if 
the material is strained or compressed, an electric field is generated. Hence, there is a 
coupling between mechanical and electrical properties. This coupling is described by the 
piezoelectric constitutive relations [23] 

T = cES - eE (2.7) 

and 
D = esE + eS. (2.8) 

Equation 2.7 couples the stress T in the material to mechanical strain (deformation) S 
and to applied electrical field E. Equation 2.8 couples the electrical displacement D in 
the material to the applied electrical field and to the strain. The constant eE is the elastic 
stiffness at constant electrical field, es is the free permittivity, and e is the piezoelectric 
coupling constant. 

As the piezoelectric material is anisotropic, its properties depend on the direction of 
the applied fields. For clarity in the following discussion, it is limited to one dimension 
only. 



2.2. T H E PIEZOELECTRIC TRANSDUCER 

The propagation of a compressional wave in the material can be described by the 
constitutive relations combined with Newton's law of acceleration, which can be written 
[25] 

= ±T. (2.9) 
pdt2 dx y 1 

Here, £ is the particle displacement in the x direction and p is the density of the material. 
The combination of equations 2.7, 2.8, and 2.9 yields the wave equation that describes 
particle displacement in a piezoelectric material, 

d2£ 1 <92£ 

dx2 v'2 dt2 

The propagation velocity v can be defined for two distinct states of the material: short 
circuit and open circuit. In the short circuit case, 

VE = M , (2.11) 

while in the open circuit case 

VD (2.12) 
P 

The constant cD is the elastic stiffness for the open-circuited crystal and is defined as 

„2 
„D cD = cE 1 + - ^ . (2.13) 

£SCE 

The quantity e2/escE is the electromechanical coupling constant kj.. It is an index of the 
strength of the piezoelectric effect. The particle velocity u is defined as 

M = | . (2.14) 

Using this together with the definition for strain, 

equation 2.9 can be rewritten as 

S = | i , (2.15) 
ox 

= ( 2 ' 1 6 » 

Using the fact that 

a s a * (2.17) 
dt dt dx dx dt 

together with equation 2.14 yields 

d d 

Equations 2.16 and 2.18 are used in section 2.4.2 to derive the Leach electrical model of 
a piezoelectric transducer. 
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Plastic housing Electrodes 

Backing Piezoelectric disc 

Figure 2.3: A piezoelectric ceramic transducer with backing. The transducer is mounted in a 
plastic housing which also serves as quarter wave matching at the front. 

2.2.2 Sensor design 

A common way to build a transducer is to use a disc made of an artificial ceramic such as 
lead zirconium titanate (PZT). The disc is equipped with thin metal electrodes on each 
surface to form a transducer. When a voltage source is connected to the electrodes an E 
field is generated, and the disc either increases or decreases its thickness depending on 
the polarity of the applied field. The transducer will also work the other way around, i.e. 
when subject to a mechanical deformation, a voltage will develop across the electrodes 
of the transducer. This is used for reception of ultrasonic waves. 

For both generation and reception of ultrasound pulses, the vibration must be coupled 
between the transducer and the medium in which the ultrasound pulse is propagating. 
If the acoustic impedances of the transducer and the medium are of the same order of 
magnitude, a fairly good coupling of ultrasonic waves can be achieved just by creating a 
good mechanical contact between the surfaces. To do this, a couplant such as glycerin 
is used between the transducer and the medium. If there is a large difference in acoustic 
impedance between transmitter and medium, a matching layer attached to the transducer 
might be needed. To be efficient, the matching layer should have acoustic impedance in 
between those of the transducer and the medium. 

A complete sensor with matching layer and backing is shown in figure 2.3. A backing 
layer can be used to tailor the ringing of the transducer after excitation. Reflections will 
occur towards the backing if a material with completely different acoustic impedance 
than that of the transducer is used. Thus, most of the generated ultrasound energy 
will be transmitted into the medium. However, this also results in a long ringing after 
excitation, creating a pulse that is rather narrow in bandwidth. On the other hand, if a 
backing with acoustic impedance similar to that of the transducer is used, the backing 
will absorb some of the generated mechanical energy. This will result in a pulse with 
lower amplitude and a higher bandwidth as shown in figure 2.4. 
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Figure 2.4: Echo signals produced by a transducer with poorly matched backing (a), and with 
well matched backing (b). 

2.3 Ultrasound measurement techniques 

Ultrasound is widely used for measurement and investigation purposes in many areas, 
e.g. medicine [26], nondestructive evaluation [27], and process industry [28]. An ultra
sound measurement system has its foundation in the various parameters that can be 
extracted from a transmitted or reflected ultrasound pulse [29, 30]. The time of flight of 
an ultrasound pulse is commonly used. From this, the speed of sound can be calculated 
if the distance travelled is known, or vice versa. The amplitude of an ultrasound pulse 
can reveal the attenuation in a medium, or the reflection coefficient between two media. 
Further information can be extracted if signal processing is applied to the pulse shape or 
frequency content of a received pulse. In the remainder this section, a few examples of 
measurement systems are given. 

2.3.1 Distance measurement 

The distance to a target can be measured with a pulse-echo system. Here, a pulse is sent 
at i = 0. When it hits the target, the pulse is reflected back to the sensor. If the speed 
of sound in the material is known, the distance to the target is easily calculated using 
the time of flight registered. One application for a system of this kind is sonar in boats, 
for measuring water depth. An overview of sonar techniques is found in [29]. 
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Figure 2.5: A basic densitometer. 

2.3.2 Flaw detection 

Another application for a pulse-echo system is flaw detection, which for example is used 
to search for cracks in metal. An ultrasound pulse is sent through the material. If an 
echo occurs earlier than the time it would take the pulse to travel through the material 
sample and return, this indicates some sort of flaw in the material [27]. 

2.3.3 Density measurement 

As discussed earlier the amplitude of a reflected echo is dependent on the differences 
between the acoustic impedances of two media. Further, the acoustic impedance is 
dependent on the density and speed of sound in the media, making it, feasible to indirectly 
measure density of a material sample. A basic scheme of a densitometer for liquids is 
shown in figure 2.5 [31]. The pulse amplitude A0 (not shown in the figure) is calibrated 
using a known liquid such as water. The calibration liquid is thereafter replaced with the 
liquid to be investigated. Another pulse is transmitted. The ratio between the amplitude 
of the echo Ai and the pulse amplitude A0 can be written 

AI = ZL 

A0 Z L 

(2.19) 

where ZB is the acoustic impedance of the buffer rod. If ZB is known and the amplitude 
of A\ is measured, the acoustic impedance ZL of the liquid can be calculated. The speed 
of sound in the liquid is measured as 

cL = ^ , (2.20) 
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Figure 2.6: An ultrasonic flow meter. 

where d3 is the distance travelled through the liquid, t\ is the time of arrival for the first 
echo and t2 is the time of arrival for the second echo. The density of the liquid is then 
calculated as 

The construction of a densitometer based on the above discussed principle is an active 
research area [32, 33]. 

2.3.4 Flow measurement 

One example of a through-transmission system is a flow meter as illustrated in figure 2.6 
[34]. The flow meter has two transducers facing each other, separated by a distance d. A 
sound pulse is sent from one piezoelectric transducer and received by the other, and the 
time of flight t\ is recorded. If the medium inside the flow meter is moving, the speed of 
the medium will be added to the speed of sound. The roles of the transducers are then 
reversed and the process is repeated giving a second time t2. I f the medium is stationary, 
the times measured in both directions will be the same. If the medium is moving, the 
times will differ, and the average velocity of the medium can be calculated as 

(2.21) 

U = 
2cosé t\ t2 

(2.22) 

Here, é is the angle between the path of the sound and the direction of the flow. The 
volumetric flow is given by multiplication of this average velocity with the cross sectional 
area of the pipe. 
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Figure 2.7: SPICE implementation of an electrical model of a piezoelectric device. 

2.3.5 Principle component analysis (PCA) 

Principle component analysis (PCA) recreates an original signal using a limited number 
of new orthogonal basis functions. The method can be applied to an ultrasound echo that 
has been sampled with high accuracy and speed. The obtained basis functions can be 
used to quantify changes in pulse shape stemming from changes in frequency-to-pressure 
ratio and gas composition. Preliminary results show the possibility to distinguish Ethane 
from Oxygen with the method [35]. 

2.4 Modelling of ultrasound systems 

2.4.1 Overview 

The development of ultrasound systems is a task involving a large number of free pa
rameters that should be set. Hence, the use of simulation tools is advantageous in the 
design process. For system level design and optimization, the tool should be able to sim
ulate a complete system where both ultrasound (mechanical) parts and the electronics 
are modelled. Ultrasound systems can be simulated using various approaches. As it is 
a mechanical system, simulations using FEM (Finite Element Methods) or FID (Finite 
Differences) are feasible [36, 37]. If the system is described mathematically, programs 
such as Matlab can be used for simulations [38]. Dedicated computer programs for sim
ulations of ultrasound transducers were previously found on the market [39]. However, 
for an electronics engineer working on electronics for an ultrasound system none of these 
approaches is very practical, as they do not simulate electronics. Fortunately, there is 
one way out which is well used for electronic design: simulation of the ultrasound system 
in simulators for electronic circuits, such as SPICE and its progenies [40]. 

The development of electrical models for piezoelectric devices started already in the 
1940's, when Mason published an equivalent circuit based on impedances and a trans
former [9]. Obviously, the target for the model was not computer simulation at this time. 
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Nevertheless, the aim with the model was the same as today - to be able to predict the 
performance of a system or transducer before it is built. Using the analogy between 
electromagnetic waves and acoustic waves, Redwood in 1961 [10] incorporated a trans
mission line into the Mason model. With this, the electromagnetic waves travelling back 
and forth in the transmission line are used to model the acoustic waves in the piezoelec
tric transducer. Yet another model was presented by Krimholz et al. in 1970 [11]. In 
this, a frequency dependent network is connected to the middle of a transmission line, 
making it suitable for acoustically cascaded transducers. 

Implementation of the models in circuit simulation programs was first published in 
1986 by Morris and Hutchens [41]. They chose a modified version of Redwood's model, 
as the models of both Mason and Krimholz have frequency dependent components not 
suitable for simulation in all time domain simulators. 

In 1994, Leach [13] replaced the transformer in Redwood's model with controlled 
sources. This also removed a negative capacitor present in the Redwood implementation. 
The Leach model is shown in figure 2.7. Here, the voltages at the mechanical ports 
represent the acoustic pressure, and the currents represent the particle velocity at the 
transducer surfaces. The electrical port is equivalent to the connections to the electrodes 
at the transducer surfaces. The piezoelectric effect is modelled by the current controlled 
current sources, while the static capacitance of the transducer is modelled by capacitor 
C0. If a propagation medium is to be added to the circuit, it is modelled as a second 
transmission line connected to either of the mechanical ports. A medium against which 
only a reflection is of interest, such as backing, can be modelled by a single resistor 
instead of a transmission line. 

Püttmer et al. [14] included mechanical losses in the Leach model to account for 
propagation loss in both the piezoelectric device and the propagation medium. Tö achieve 
correct modelling of total loss in a propagating sound wave, diffraction loss must be taken 
into account. This matter is dealt with in paper B presented in this thesis. To enhance 
the practical usefulness of the models, van Deventer et al. [15] in 2000 applied the 
model presented by Püttmer to liquids, polymers and piezoelectric materials. They also 
introduced temperature dependencies into the model equations. 

2.4.2 The Leach model 

A large part of the work presented in this thesis involves the use of a SPICE implemen
tation of the Leach model. The intention with the following paragraph is to give an 
introduction to the principles of this model. As in section 2 .2 .1 , the discussion is limited 
to one dimension only, which is also the limitation of the model. 

In a piezoelectric device there is no free charge within the material. This makes the 
electrical displacement D constant throughout the material, and equal to the surface 
charge density accumulated on the electrodes of the transducer i.e. 

D = ± (2.23) 

Where A is the transducer area and q is the charge on the surface. Using the fact that 
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Figure 2.8: Leach' equivalent circuit of a piezoelectric device. 

charge is the integral of current J p 2 , and transferring to the Laplace domain yields 

£> = % 
sA 

Defining the stress T as 

and solving for S in equations 2.7 and 2.8 yields 

— 3 

s 

(2.24) 

(2.25) 

(2.26) 

Here, F is the force on the transducer surface, er is the open circuit elastic constant, 
and h is defined as 

ft = 4 (2.27) 

Equations 2.16 and 2.18 that describe the one-dimensional wave propagation in a piezo
electric crystal as discussed in section 2.2.1 can then be transferred to the Laplace domain 
and written 

j-\F - -gIpz] = -PAsUpz (2.28) 

dx p z 
(2.29) 

These equations give the relation between electrical current Ipz and particle velocity Upz 

in the material. 
As mentioned in section 2.4.1, an electrical transmission line is used to model the me

chanical part of the system. Wave propagation in a lossless- transmission line is described 
by the telegraphist's equations [42]: 

d_ 

dx 
Vt, — LfrSlu (2.30) 
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~r~Itr — —CtrSVtr. (2.31) 
ax 

where Itr is the current and Vtr is the voltage. Further, Ltr and Ctr are the inductance 
and capacitance per unit length of the transmission line. Thus, the assignment of 

Vtr •= [F - -sIpz) (2.32) 

and 

kr := Upz (2.33) 

reveals the equivalence between the wave propagation in the transducer and the trans
mission line. A model as depicted in figure 2.8b can then be used to model the mechanics 
of the transducer with a transmission line that has the properties 

Ltr = pA (2.34) 

and 

With this, the velocity in the transmission line is 

1 !(P 
V t r = n—rr- = \ — = VD- (2-36) 

The velocity in the transmission line is equal to the velocity vu (i.e. speed of sound) in 
the piezoelectric transducer. The characteristic impedance in the line is 

Zo.tr = x f ^ = pAvtr = AZa (2.37) 
V Ctr 

where Za = pvtr is the specific acoustic impedance of the transducer. 
The model as depicted in figure 2.8b gives the possibility to model the mechanical 

impact of a current I p z that is introduced into the piezoelectric transducer. Tö complete 
the electrical side of the model, the resulting voltage Vpz is found by solving for E in 
equation 2.8, 

eb dx 

Integrating over the thickness of the piezoelectric disc and rearranging gives 

E = - s E + h ^ - ( 2 - 3 8 ) 

Vpz = -[Ul-U2] + -^-Ipz. (2.39) 
S UQS 

Here, U\ and U2 are the velocities of the surfaces of the disc, and 

(2.40) 
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is the static capacitance for the piezoelectric disc with the clamped permittivity es and 
thickness /. The result from equation 2.39 can be included in the model as depicted in 
figure 2.8a. 

Standard SPICE does not allow frequency dependent sources. Thus, the frequency 
dependence has been modelled using a different approach in the implementation showed in 
figure 2.7. For the electrical part of the model this is achieved by the use of a dependent 
current source that together with C 0 achieves the required integration of [Ui — f / 2 ] in 
equation 2.39. In the mechanical part of the model a dependent current, source is used 
together with an added capacitor C\ of 1 F to achieve the integration of Ipz for equation 
2.32. The resistor Rx has been added to avoid a floating node. Ri is set to 1 kO, which 
makes the time constant of R\C\ several decades higher than the time scale of interest 
for the majority of the simulation setups normally required. 

Finally it should be noted that the derivation of the Leach model is based on the 
assumption that the impedance loading the transducer is infinite or very high. This is 
discussed in detail in [10]. When the transducer operates in the receiving mode, this is 
most often the case, as the impedance of an oscilloscope probe or an amplifier is normally 
high. In transmitting mode however, the transducer is connected to a voltage source that 
supplies the excitation voltage. This voltage source normally has a low output impedance. 
Thus, the model can not be assumed to be completely valid for this case. However, in all 
papers in this thesis, the model has been used as derived by Leach. This has produced 
excellent results both for excitation and reception of echoes. 



CHAPTER 3 

Introduction to ASIC Design 

3.1 The MOS transistor 

Both analog and digital electronic design relies on the use of the transistor as a funda
mental building block. As a starting point for further descriptions of design flow and 
electronics affiliated with ultrasound systems, this chapter gives an introduction to the 
type of transistor used in this thesis, i.e. the metal-oxide-semiconductor (MOS) transis
tor. 

A transistor can be viewed as a voltage or current controlled current source. There are 
two basic types of transistors, field effect devices (FET) and bipolar devices. Overviews 
of transistor technology are given in most basic books on electronics [43]. For more 
in depth coverage starting on atomic level, specialized books on electronic devices and 
physics are available [44]. In modern digital circuits one kind of FET transistor has 
become dominating due to its simplicity, small feature size, and ease of fabrication. The 
device is the metal-oxide-semiconductor field-effect transistor (MOSFET), often referred 
to as MOS transistor. The analog performance, i.e. gain, bandwidth, and noise of this 
type of device is generally somewhat worse than for devices built in bipolar technology. 
Yet, analog designs are integrated together with digital designs in many applications 
where only MOS transistors are available. Hence, the device is becoming increasingly-
important also for analog design. 

The material used as a base for the transistor is silicon. This is a semiconducting 
material which is not a good conductor, nor a good insulator. It can, however, be made 
more conductive by doping with either holes (p-doping) or electrons (n-doping). If an 
n-doped area is in contact with a p-doped area, a so called p-n junction is formed. This 
will conduct current only if the voltage potential on the p-side is higher than on the 
n-side. Devices such as diodes are based on p-n junctions. 

A MOS transistor carries current with one type of charge, either holes or electrons. 
An NMOS transistor as shown in figure 3.1 uses electrons as carriers. The device is 
based on two areas of n-doping, drain and source, in a p-doped material, the substrate. 
A metallic gate is placed above the area between drain and source. The gate is isolated 
from the substrate with a layer of oxide. The output connections of the NMOS are drain 
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metal n doping 
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Figure 3.1: Cut away of an NMOS transistor. 

and source, while the inputs are the gate and substrate. Often, source and substrate are 
connected together, creating a three terminal device with gate as input, drain as output 
and source/substrate as common. This case will be assumed below. 

The transistor is either non-conducting or conducting, depending on the voltage ap
plied to the gate. If a positive gate-source voltage is applied electrons will be attracted 
to the underside of the gate oxide, and a channel will form between drain and source. 
This creates a conductive path, and current will flow if a voltage is applied between 
drain and source. The amount of current is dependent on the gate voltage as well as on 
the drain-source voltage. Thus, the transistor is working as a voltage controlled current 
source. If no voltage is applied to the gate, no channel will be formed. Going from the 
drain to the source will then present two junctions, one n-p and one p-n. This means 
that if voltage is applied between the drain and source, there will always be one of the 
junctions blocking the current path, i.e. the transistor is off. A MOS transistor working 
with holes as carriers is called a PMOS device. This is built like an NMOS, with p and 
n-doping changing places. This means that the transistor will be conducting for negative 
gate-source voltages. 

The MOS transistor has two characteristic dimensions, width (W) and length (L) as 
indicated in figure 3.1. One important relationship is 

where / is the current through the transistor at given gate and drain voltages. The 
factor k is dependent, on the process chosen. In the literature, transistor feature size is 
often discussed. This is referring to the minimum length of the transistor that is possible 
to build. Today, MOS transistors have minimum gate lengths down to below 0.1 /an. 
Minimum feature size is often used for digital design, as size is crucial because of the 
number of transistors used. In analog design, the length used varies dependent on the 
application at hand. The transistor width used for digital design is often in the sub-
micron range. Also here, analog designs have a wider spectrum. If high output current 
is desired, widths up to several millimeters are used. 

(3.1) 
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Figure 3.2: Design flow for an analog integrated circuit. 

3.2 Design flow for an analog integrated circuit 

To be able to design an integrated circuit, one does not only have to master the art 
of analog and digital electronics. The tools used and the design flow to create the 
actual chip often cause a headache to the designer (both young and old). The intention 
with this chapter is to describe and exemplify the design flow used to build an analog 
application specific integrated circuit (ASIC). Circuit solutions are out of the scope for 
this chapter. In depth coverage of analog and digital electronic design are subjects covered 
in a multitude of books, e.g. [45, 46]. Here, an analog complementary MOS (CMOS) 
inverter driving a capacitive load is chosen as an example. Although this is a basic design, 
the design flow as shown in figure 3.2 is the same as for more complex systems. 

3.2.1 Specification 

The requirements on the design are set during the specification phase. In our example we 
know that we want to build an inverter, and that the load is capacitive. We also know 
that the process to be used is a CMOS process, giving us access to both NMOS and 
PMOS transistors. In the specification, requirements on area of the design, load values, 
temperature range, and desired rise and fall times are given. 

3.2.2 Prel iminary design 

From knowledge of design blocks, we choose one possible solution for a CMOS inverter as 
shown in figure 3.3. T l is a PMOS transistor and T2 is an NMOS transistor. Capacitor 
C is the load. Supply voltages are V D D and GND. The goal is to load and discharge 
the capacitance within given times. Thus, a minimum length transistor is chosen, as 
output current increases with decreased length. To set a preliminary value for the width, 
we make the simplified assumption that the transistor is charging the capacitor with 
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Figure 3.3: Inverter schematic. 

constant current. From the relationship 

At 
(3.2) 

the current required to charge the load within the allowed time is found. From informa
tion on the chosen process, the output current per um transistor width is given. With 
this, starting values for the widths of the transistors are set. 

3.2.3 Simulation 

Simulation is a necessary step in the design of analog integrated circuits. Even rela
tively simple circuits need to be simulated, as the models used for hand calculation are 
very rough and valid only for certain process parameters and temperatures. A popular 
simulation tool within the electronics industry is SPICE and its progenies [40]. Models 
are available for most processes for integrated circuit manufacturing, as well as for com
mercially available components. Models for simulation can be very complex. For MOS 
transistors, books are available on the subject of modelling the transistor alone [47]. 

For transistors and other components in an integrated circuit, variations in perfor
mance occur between batches. The manufacturer deals with this by giving the circuit 
designer models of the process in so called "corners". Three corners given may be typical, 
fast, and slow. These will give simulations with typical, fast and slow performance of the 
components respectively. As many components have high temperature dependence, cor
ner simulations should be run with temperature variations included. Apart from corner 
analysis, SPICE based tools support so called Monte Carlo analysis. In this, parame
ters are varied randomly for a very large number of runs. Also, optimization tools are 
available, which can tune a design to fit specified performance criteria [48]. 
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Our example circuit is drawn using a schematic editor. From this schematic, several 
simulation runs are performed with various process and temperature settings. From these 
simulations it might be concluded that the hand calculated widths are too small. The 
widths must then be adjusted, and the simulation runs repeated. 

3.2.4 Layout and crosschecking 

When the simulation performs as expected, layout work can be started. Creating an 
analog layout is in many parts a handcraft, in spite of many computer based tools [49]. 
Basic transistor shapes can be derived automatically from schematic, but placement and 
routing must often be made by hand. The shape and placement of components require a 
thorough understanding of circuit theory, device fabrication, and semiconductor physics. 

Every semiconductor manufacturing process has its own set of design rules for lay
out to be followed. These give minimum distances between devices, allowed stacking 
of components etc. An automatic check to assure that design rules are followed can be 
performed by the design tool. Matching issues must be addressed to get expected per
formance from for example differential pairs or equal size capacitors. Layout is a time 
consuming job that can consume several days for a circuit containing a few tens of com
ponents. One possible layout for an inverter is shown in figure 3.4. From the finished 
layout an extraction of a schematic can be made. This schematic is compared with the 
original schematic to find errors in the layout. 
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3.2.5 Simulation w i t h parasitic components 

When the layout is finished, parasitic components can be taken into account. Parasitic 
components are resistance, inductance, and capacitance originating in for example bond 
wires and metal areas on chip. In order to accurately model the behavior of an electrical 
circuit, these components might need to be taken into account. To be able to include the 
parasitics in a simulation, the values of the components must be estimated. On chip level, 
this can be done by the layout program used. For bond wires connecting a chip to a socket, 
approximate values can be achieved from the packaging facility. When the parasitic 
components have been extracted they are added to the schematic either automatically 
by the tool, or by hand for external parasitics such as bond wires. The simulations 
discussed above then need to be rerun, to assure that the inclusion of parasitics does not 
change the circuit behavior too much. 

3.2.6 Manufactur ing and test 

After all steps discussed above are satisfactorily completed, the circuit layout is sent to 
a semiconductor manufacturer. The subject of semiconductor fabrication is covered in 
various books [50]. Normally, one silicon wafer is used to produce a large amount of 
one chip. For universities this is not a practical approach, as often only a few research 
samples are needed. This is overcome by the use of so called multi-project wafers, where 
different designs are produced on one single wafer. One organization allowing universities 
and small companies within the European Union to take part in this type of project is 
Europractice [51]. After fabrication, the silicon chips (dies) can be delivered either loose 
as bare die or mounted in a package of choice. For large series of devices, the manufacturer 
can offer different types of test and verification. For small series, this is often too costly, 
and the design has to be verified at delivery. This is the last step in the design chain. 



C H A P T E R 4 

Electronics for Ultrasonics 

An ultrasound measurement system incorporates many different electronic blocks. Which 
blocks that are used and what specifications they must fulfill are obviously highly depen
dant on the application at hand [52, 4]. The intention with this chapter is nevertheless 
to give an overview of the electronics that might be needed in an ultrasound pulse echo 
system. Further, the papers regarding electronics for ultrasound systems that follow in 
this thesis are placed on the system map. 

4.1 The system 

Depending on what type of information that is needed from an ultrasound pulse echo 
system, different signal paths can be chosen as indicated in figure 4.1. One part that 
is always needed but can be performed using various techniques is the pulser/driver. If 
the system shall be autonomous, a state machine or CPU is needed for system control. 
Once a pulse has been sent and received, various paths can be chosen. The addition 
of a reception amplifier might be needed for all paths, depending on the attenuation in 
the system. If pulse data are to be handled digitally, a high speed A / D converter is 
necessary (path A). For a system requiring only the measurement of time of flight, a 
time continuous comparator and a timer are needed (path B). If attenuation shall be 
measured, pulse amplitude can be measured using a peak detector and a low speed A / D 
converter (path C). 

Regardless of what parameters that are extracted, the results need to be communi
cated. This can be done either via a physical (electrical or optical) interface or via a 
wireless communication link, e.g. Bluetooth. 

4.2 Pulse generation circuit 

As discussed in section 2.2.2, the mechanical matching has high influence on the pulse 
shape generated by a piezoelectric element. Another important factor is the shape of 
the electrical pulse driving the transducer. A short transmitted ultrasound pulse with 
high bandwidth is often desired in pulse echo applications, as this increases the axial 
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Figure Jhl: Block schematic for a pulse echo ultrasound measurement system with signal paths 
for different applications. 

resolution of the measurement performed [26]. Short pulses are generally generated using 
the fundamental oscillating frequency of the transducer. One often used method is to 
apply a transient electric pulse to the transducer [53]. This pulse is generated by the 
discharge of a capacitor across the connectors of the piezoelectric disc. The voltage 
and the size of the capacitor set the amount of energy transferred to the transducer, 
deciding the pressure amplitude of the transmitted pulse. With this type of excitation, the 
bandwidth of the pulse is hard to control with the pulse shape. Instead, the mechanical 
system decides this. Better control of the frequency response of the system can be 
achieved by the use of pulses with controlled shape, such as square waves or parts of a 
sinusoidal waveform. 

A square wave excitation pulse can be achieved with a set. of transistors which connect 
the transducer to positive and negative supply voltages as shown in figure 4.2a. In this 
case the output power from the transducer is dependent on the sizes of the transistors. 
Paper A in this thesis addresses this issue and shows that system level simulations can 
be used to find optimal dimensions for the transistors. The ideal square wave output 
pulse will be affected by parasitic components stemming from for example cabling and 
circuit board paths. Paper C in this thesis investigates these effects and shows that they 
are possible to predict by system simulations. 

When a driver yielding controlled pulses is used, the frequency response of the ul
trasound system can be enhanced by combining pulses of different length, voltage and 
polarity [54, 55]. The effects of a varying excitation pulse width is investigated in detail 
in paper F in this thesis. A third approach for short pulse generation involves the use of 
very high speed D / A converters. The waveform, which will be applied to the transducer, 
can be computed by deconvolving the desired transducer response by the transducer im
pulse response [56]. High speed D / A converters can also be used in conjunction with 
an array of transmitters/receivers. I f a time reversed echo signal is used to excite the 
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Figure 4-S: Square wave pulse generation. 

transducers, the resulting pulse will be focused on the target [57]. 
In applications using multiple frequencies of ultrasound, precise control of the fre

quency spectrum of the ultrasound pulse is desired. This can be achieved by using burst 
type excitation, employing a number of cycles of a square or sinusoidal wave to the trans
ducer as shown in figure 4.2b. Square wave excitation is frequently used, as it employs 
only a simple switching circuit as discussed above. 

Ultrasound measurement systems often involve a coaxial cable to connect the trans
ducer to the electronics. This cable has a certain characteristic impedance which will 
require a matching network in the transducer end to achieve optimum power transfer 
and system performance [58], [59]. These matching networks are most often analyzed in 
the frequency domain. One way to overcome the matching issue is to move the driver 
electronics and mount it directly at the transducer, as presented in paper F in this thesis. 
With this approach, the power transfer to the transducer is not dependant on interme
diate electrical networks. The issue can then be turned from impedance matching in 
the frequency domain, to control of time constants and rise and fall times in the time 
domain. 

The high voltage used to excite an ultrasound transducer is often a limiting factor in 
the design of an ultrasound sensor with integrated electronics. To achieve a true stand
alone sensor it is necessary to generate the high voltage locally from a battery supply 
[60]. Paper H in this thesis presents an energy efficient way to do this, where an inductive 
boost pump is used to charge the piezoelectric disc to high voltage. The transducer is 
thereafter discharged to create the excitation pulse. 

4.3 Amplifier 

The received signal in an ultrasound pulse echo system can have a very high dynamic 
range. For a system with short distance in a low-loss medium such as water, the signal 
amplitudes at the piezoelectric sensor can be several hundred millivolt. On the other 
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hand, for a system with high loss and/or long distance, e.g. within medical ultrasound, 
the received voltage amplitudes can be in the microvolt range. To complicate matters, 
this dynamic range might be observed in one and same measurement during medical 
investigations. This is due to the fact that attenuation increases rapidly as the received 
echoes are generated by more and more distance objects in the body. Commonly used 
techniques to handle this is to use time-gain amplifiers (TGA), as well as logarithmic 
amplifiers [52, 7], A TGA increases its amplification with the time elapsed since the 
excitation, thus yielding a higher amplification for echoes deeper into the investigated 
material. A logarithmic amplifier compresses the received signal, yielding a higher effec
tive amplification for low input levels. Naturally, the more static the application is, for 
example for an ultrasound flow metering system in a known fluid, the more relaxed will 
be the requirements on dynamic range of the amplifier. 

The noise from a piezoelectric transducer is normally very low [61, 62]. Thus, in 
many cases, the amplifier will be decisive for the achievable signal to noise ratio (SNR) 
in the system. A couple of low-noise designs targeted at ultrasound systems are found 
in [63, 64]. As always in electronic design, performance is a trade-off between power 
consumption, bandwidth, and noise. A design optimized for low noise and maximum 
dynamic range will consume more power than one with relaxed noise requirements, and 
the same goes for bandwidth. For a battery operated portable measurement system, 
the power consumption is vital. Thus, bandwidth and noise requirements must not be 
over-specified. 

One effective way to save power in a pulse-echo system is to use the amplifier inter
mittently, i.e. only turn it on in preparation to receive a previously transmitted pulse. 
Obviously, this requires the prior knowledge of approximately when in time the echo is 
to arrive. With this approach, if a reception window of 50 /JS is used in a system with a 
repetition rate of 1 kHz, The power consumption of the amplifier is reduced by 95% com
pared to continuous operation. As the power consumption of the digital control clocks 
and logic is low compared to that of the amplifier (fÆ v.s. mW) large power savings 
can be made. This approach is used in paper H presented in this thesis. The concept of 
intermittent use of the electronics applies also to other parts of the electronic system, for 
example A / D converter and comparator as further discussed below. 

4.4 Path A - high speed A / D converter 

If the information in the received signal is to be handled digitally, a high speed A / D 
converter is necessary. The dynamic range of the A / D converter depends on how well 
the preceding amplification has been done. A resolution of 10-12 bits is sufficient in many 
ultrasound measurement applications such as flow and density measurement. According 
to the Nyquist theorem, the sampling speed of the A / D converter must be at least twice 
the frequency of interest [65]. Spectral folding might occur due to non-ideal anti aliasing 
filters before the A / D converter. Thus, it. is often necessary to use sampling frequencies 
higher than the Nyquist. limit. 

If discrete devices are used, converters with the required resolution and sampling 
speeds are offered by major manufacturers. For an on-chip integration, various structures 
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can fulfi l the requirements [66]. A flash architecture will give the shortest acquisition 
time, but on the other hand it will be expensive in terms of chip area and consumed 
power. Two alternatives which can also achieve the desired sampling rate but give an 
increased time lag are the sub-ranging and the pipeline architectures [67]. A completely 
different alternative would be to use a time-quantization A / D converter [68, 69]. Here, 
the sampling event is triggered not by an incoming clock, but by a level crossing. The 
time between level crossings is measured, and the accuracy in this measurement gives 
an equivalent oversampling ratio for the system. The comparator used to detect a level 
crossing is highly decisive for the performance of such a system. Paper E in this thesis 
discusses the development of a comparator intended among others for this type of system. 

4.5 Path B - comparator and timer 

In a system where the time between two incoming echoes is of interest, a continuous-
time comparator and a timer are necessary. The precision required in these components is 
determined by the distance or time resolution required. For example, a distance resolution 
of 1 jim in water requires a time resolution of about 1 ns for the comparator and timer 
combination. A timer based on a ring oscillator can be used to achieve this resolution, 
while a time-to-digital converter can be used if even higher resolution is desired. [70, 71]. 

Continuous-time comparators with the required precision have been reported [72]. 
The main drawback of these designs is a high power consumption, which makes them 
unsuitable for battery operated systems. One way to overcome the problem with high 
power consumption is to use the fact that it is not the absolute propagation time through 
the comparator that must be low, but its variation. The incoming echoes in an ultra
sound system are normally separated by several us. Thus, an absolute propagation time 
of some ns is non-critical, as long as it is constant for various echo amplitudes. The 
comparator design presented in paper E in this thesis exploits these possibilities. 

4.6 Path C - peak detector and low speed A / D con
verter 

The knowledge of the amplitude of incoming echoes is sufficient to measure attenuation 
or density of a material. As a high speed A / D converter consumes a fair amount of 
power, it could be advantageous to extract only the peak value of the incoming echo, 
whereafter a low speed A / D converter can be used to digitize the value. The design of 
an analog peak detector for this purpose with the use of discrete components has been 
addressed in [33]. The conclusion therein is that it is difficult to achieve the desired 
precision (12 bit) with discrete components. Also for an on chip implementation, it is 
a demanding task. A thorough analysis of classical peak-detect circuits is given in [73]. 
The conclusions drawn are used in [74] to design a peak detect and hold circuit with an 
absolute inaccuracy of 0.2% for 500 ns pulse widths. This performance (9 bits) approach 
the necessary requirements for an ultrasound measurement system. 
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A variety of structures are possible for the subsequent low frequency A / D conversion. 
In a system with a repetition rate in the kHz-range, a sigma-delta (SD) converter could 
be a good choice. A SD converter with the required resolution can be built on a small 
chip area with very low power consumption [75]. The converter presented in paper D of 
this thesis can be used in this application. 

4.7 Control and communication 

For an autonomous sensor, some kind of control logic is required. In its simplest case this 
can consist of a state machine integrated on the same chip as the rest of the electronics, 
as used in paper H in this thesis. If more complex algorithms are to be implemented, it 
is advantageous to use a CPU core. Possibilities exist to integrate also this as a block in 
a mixed mode design. Another solution is to build a multi chip solution where the CPU 
is purchased commercially. This approach has been used in paper G in this thesis, where 
the CPU is also combined with a Bluetooth chipset for wireless communication [76]. 

The existence of local processing power in the sensor system opens for power opti
mization on system level. As a wireless communication link can be power consuming, it 
might be power efficient to use the CPU power to condition data before transmission. 
This can involve either data compression if all data are to be sent, or conditional trans
mission of data if some limit is passed. The availability of in-sensor processing power 
and wireless communication also allow applications aiming at the growing field of sensor 
networking and ambient intelligence [1, 2]. 



CHAPTER 5 

Thesis Summary 

5.1 Paper summaries 

This section gives summaries of the papers included in the thesis. It includes a comment 
for each paper on my personal contributions to the work performed and the involvement 
of the other authors. Jerker Delsing has been my supervisor throughout the work. Most 
of the presented work has roots in his original ideas about the thumb-size ultrasound 
measurement system. He has also been providing valuable comments and insights during 
the writing of the papers. 

5.1.1 Paper A - Optimization of a Piezoelectric Crystal Driver 
Stage using System Simulations 

Author: Jonny Johansson 
Published: In Proceedings of IEEE Ultrasonic Symposium, San Juan, Puerto Rico, 2000. 

Summary 
The goal with this paper is to show that system simulations can be used to minimize 
the size of the transistors used in a driver stage for piezoelectric transducers, while the 
ultrasound energy is kept at its maximum. The design of a driver stage is made, where 
the performance of the system is predicted with system simulations where SPICE models 
of the ultrasound devices are used. The driver stage is implemented in an ASIC which is 
manufactured in a 0.6 /jra CMOS process. The driver is designed to be part of a larger 
future design. Measurements and simulations show that the optimum transistor size can 
be chosen from simulation data with very good precision. 

Personal contributions 
Chip design, measurements and simulations. Initial design strategy by J. Delsing. 
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5.1.2 Paper B - Incorporat ion of Dif f rac t ion Effects in Simula
tions of Ultrasonic Systems Using PSpice Models 

Authors: Jonny Johansson and Pär Erik Martinsson 

Published: In Proceedings of IEEE Ultrasonic Symposium, Atlanta, USA, 2001. 

Summary 
Previously published electrical models of piezoelectric transducers and the propagation 
media include viscoelastic loss but disregard loss due to diffraction. This gives incorrect 
simulation results for received echo amplitudes, e.g. in a pulse echo system. This paper 
presents a method to include diffraction loss in SPICE simulations of ultrasound sys
tems. The conductive loss in the transmission line that models the propagation media 
of the ultrasound pulse is used to model the loss due to diffraction. Measurements and 
simulations showing very good agreement are presented for a pulse echo system in water. 

Personal contributions 
Strategy, implementation in SPICE, simulations, and measurements. Mathematical and 
physical knowledge provided by P-E Martinson. 

5.1.3 Paper C - Effects of Parasitic Electrical Components on 
an Ultrasound System - Measurements and Simulations 
using SPICE models 

Authors: Jonny Johansson and Jerker Delsing 

Published: In Proceedings of SPIE, Conference on Transducing Materials and Devices, Brugge, 

Belgium, 2002. 

Summary 
When the electronics for an ultrasound measurement system is physically implemented, 
it is inevitable that parasitic components are introduced in the system. These may arise 
from bond wires, circuit board paths or cabling. The parasitic components will influence 
the excitation pulse behavior as well as amplitude and time of arrival for received pulses. 
This paper investigates the effect of parasitic components, with focus on the influence 
of the coaxial cable that connects the electronics with the transducer. Measurements 
and simulations have been done for cable lengths up to 2.3 m. It is shown that system 
simulations using SPICE models can be used to accurately predict the effects caused by 
the coaxial cable. 

Personal contributions 
Strategy, simulations, and measurements. 
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5.1.4 Paper D - A 16-bit 60//W M u l t i - B i t EA Modulator for 
Portable ECG Applications 

Authors: Jonny Johansson, Harald Neubauer, and Hans Hauer 

Published: In Proceedings of IEEE European Solid State Circuits Conference, Estoril, Portugal, 

2002. 

Summary 

The field of ondine, out-of-hospital health care and health supervision is constantly ex
panding. This is also the case for electrocardiographic (ECG) systems, which makes 
them available not only for clinical use but also for monitoring in sports or other ac
tivities. In these cases, the complete equipment is portable and carried by the patient. 
This paper describes the design of a single channel EA converter intended as front end 
in these systems. Together with a preamplifier it will adhere to IEC60601-2-47, which 
governs ambulatory ECG equipment. The converter is realized as a first-order, 3-bit EA 
with an oversampling ratio of 512. The single ended design achieves a dynamic range of 
16 bits for signal offsets up to ±1.25 V with a power consumption is 60 tiW. 

Personal contributions 
Complete chip design. Design strategy developed in cooperation with H. Hauer and 
H. Neubauer. Measurements performed in cooperation with H. Neubauer. 

5.1.5 Paper E - A Low Power, Propagation Delay Stable, 
Continuous-Time Comparator 

Authors: Kirill Kozmin, Jonny Johansson, and Jerker Delsing 

Published: In Proceedings of Norchip 2004, Oslo, Norway, 2004. 

Summary 
This paper describes a design strategy towards a low power, DC level insensitive compara
tor with stable propagation time. The comparator is most suitable in applications were a 
constant propagation delay is critical, such as level crossing detection in ultrasound mea
surements and time quantization A / D converters. The use of a long absolute propagation 
delay allows low power consumption while keeping the signal dependent propagation de
lay variation low. The comparator is able to process signals with DC levels within power 
rails due to a constant-gm, rail-to-rail, single-ended to differential converter implemented 
in the input stage. Schematic simulations show that the comparator has less than 1 ns 
delay variation at an absolute propagation delay of 12 ns. 

Personal contributions 
Design strategy by K. Kozmin in cooperation with me and J. Delsing. Chip design 
performed by K. Kozmin with my support. 
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5.1.6 Paper F - Microelectronics Mounted on a Piezoelectric 
Transducer: Method, Simulations, and Measurements 

Authors: Jonny Johansson and Jerker Delsing 

Published: Under revision for publication in Elsevier Ultrasonics 

Summary 
The integration of sensor and electronics is important to reduce size, cost and power 
consumption for a measurement system. This paper describes the design of a highly 
integrated ultrasound sensor where the piezoelectric ceramic transducer is used as the 
carrier for the driver electronics. An ASIC driver stage with 5 V supply voltage is 
mounted directly on the transducer. Electrical connections are made from the driver 
stage to the transducer using wire bond technology. The absence of wiring between driver 
and crystal provides excellent pulse control possibilities. Measured power consumption 
varies with the excitation pulse width, which also affects the received ultrasound energy in 
a pulse echo system. System simulations where SPICE models of the ultrasound devices 
are used agree well with measured data. 

Personal contributions 
Implementation, simulations, and measurements. System design strategy in cooperation 
with J. Delsing. 

5.1.7 Paper G - M U L L E : A M i n i m a l Sensor Networking Device 
- Implementation and Manufacturing Challenges 

Authors: Jonny Johansson, Matthias Völker, Jens Eliasson, Åke Ostmark, Per Lindgren, and 

Jerker Delsing 

Published: In Proceedings of I MAPS Nordic Conference, Helsingör, Denmark, 2004. 

Summary 
Network connected sensors are today increasingly used in the industry. In this paper, the 
perspectives of wireless networked sensors using standardized Internet communication 
is discussed. The design of a minimal CPU / communication unit designed for this 
purpose is presented. The size of a complete unit is (25x23x10) mm including battery 
supply. The use of advanced PCB manufacturing and bare die mounting techniques 
allows hosting of a Bluetooth chipset and a microcontroller, as well as a number of other 
SMD components. On-chip software includes a full web server, TCP/IP and Bluetooth 
communication stacks. The choices and design trade-offs for the system are discussed, and 
the future use together with compact ultrasound industrial sensors and health monitoring 
systems is briefly presented. 

Personal contributions 
Project coordinator. Responsible for hardware design and assembly procedures. System 
strategy by J. Delsing and P. Lindgren. Hardware design by M . Völker and J. Johansson. 
Software by Å. Ostmark and J. Eliasson. 
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5.1.8 Paper H - Ul t ra-Low Power Transmit/Receive ASIC for 
Bat te ry Operated Ultrasound Measurement Systems 

Authors: Jonny Johansson, Martin Gustafsson, and Jerker Delsing 

Published: Submitted to Elsevier Sensors and Actuators A: Physical 

Summary 
This paper describes the design of the complete transmit and receive electronics circuitry 
for a piezoelectric transducer into one single application specific integrated circuit (ASIC). 
To overcome the limitations imposed by a battery supply the piezoelectric transducer is 
charged with an on chip boost converter, which uses one external inductor to generate up 
to 40 V on the crystal. The design has three main building blocks: a charge/discharge 
unit, an amplifier and a state machine to control the functionality. The function of the 
chip is completely autonomous and does not require any external control signals or clocks. 
The power consumption for the complete system reaches within a factor of two of the 
minimum power that would be needed to charge the capacitance of the transducer alone 
from a fixed voltage source. 

Personal contributions 
System design strategy in cooperation with M. Gustafsson and J. Delsing. Chip design 
except amplifier, which was performed by M. Gustafsson. Experimental measurements. 

5.2 Other work 

This section gives references to my other publications related to the work presented in 
this thesis. 

A Compact Ultrasonic Transducer using the Act ive Piezoceramic Mater ia l as 
Electronics Carrier 
Author: Jonny Johansson and Jerker Delsing 

Published: In Proceedings of IMAPS Ceramic Interconnect Technology, Denver, USA, April, 

2004. 

A CMOS A m p l i f i e r for Piezo-Electric Crystal Interfaces 
Author: Martin Gustafsson, Jonny Johansson, and Jerker Delsing 

Published: In Proceedings of MIXDES2004, 11th International Conference on Mixed Design 

of Integrated Circuits and Systems, Szczecin, Poland, June, 2004. 

Energy and Pulse Cont ro l Possibilities using Ul t r a -T igh t Integrat ion of Elec
tronics and Piezoelectric Ceramics 
Author: Jonny Johansson and Jerker Delsing 

Published: In Proceedings of IEEE Ultrasonic Symposium, Montreal, Canada, Aug., 2004. 



36 SUMMARY 



C H A P T E R 6 

Conclusions 

The design of a thumb size ultrasound measurement system is a task that requires knowl
edge in many areas. In this thesis work in some of these areas has been presented. The 
major contributions can be grouped as follows: 

• Models and simulation tools. It has been shown that the available simulation tools 
and SPICE models of ultrasound devices can be used to accurately predict the 
behavior of an ultrasound measurement system. With the addition of diffraction 
to the models, absolute amplitude of incoming acoustic signals can be correctly 
simulated. I t has also been shown that power consumption and influence of parasitic 
components can be correctly modelled. 

• Microelectronics. ASIC design incorporating driver electronics as well as integrated 
amplifier and comparator aimed at ultrasound measurement systems have been in
troduced. By the use of an on-chip boost converter, a high level of output ultra
sound energy has been made possible from a low supply voltage, e.g. as delivered 
by a battery. 

• Sensor networking. A state of the art sensor networking platform with integrated 
web server and Bluetooth connection has been developed. This will serve as a base 
for complete, self contained networked sensors aiming towards ambient intelligence. 

• Sensor design. To aid in the design of an ultrasound sensor with minimal size, a 
method to mount ASIC electronics directly on a piezoelectric transducer has been 
presented and implemented. 

The results presented in the thesis make it clear that a design methodology based on 
system level simulations can be used to optimize a complete sensor system comprised of 
both ultrasonics (mechanical components) as well as electronics at transistor level. 

Initially, one main objective was to achieve low power operation. The minimum power 
required to charge a capacitive transducer alone from a fixed voltage source can be used 
as a benchmark for this objective. The power consumption achieved for a complete 
system with digital logic and clock generator, boost pump, and amplifier operation has 
been shown to reach within a factor of two from this benchmark. 
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The second main aim was to achieve small system size. The integration of blocks 
into ASIC's help in this desire. The mounting of the ASIC directly on the piezoelectric 
transducer achieves an extremely compact system solution, at the same time as the 
removal of all cabling provides excellent pulse control possibilities for the excitation of 
the transducer. 

The work presented in the thesis will serve as a base for further development towards 
the thumb size ultrasound measurement system. The next, development will include the 
addition of signal conditioning such as analog signal processing and high speed A / D 
converter onto the driver/receiver ASIC. In addition, digital signal preprocessing will be 
incorporated to allow power savings on higher level in the system, by selectively sending 
data to next level. On the mechanical side, issues regarding reliability of wire bonds 
and glue connections in the presence of high acceleration ultrasonic vibrations will be 
investigated. The long term functionality of the ASIC itself in this environment will also 
need to be considered. 
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Optimization of a Piezoelectric Crystal Driver Stage 
using System Simulations 

Jonny Johansson 

Abstract 

Using SPICE, successful efforts have previously been made in modelling piezoelectric 
devices and their functionality. In this paper the piezoelectric device is simulated together 
with MOS transistor models. The design of a CMOS piezoelectric crystal driver stage is 
presented. Measurements on a manufactured chip verify the chosen design approach and 
the performance predicted by the simulations. In the work, achieving small silicon area 
while maintaining maximum possible output ultrasound pulse amplitude has been a key 
criterion. 

The driver stage has been implemented using a 0.6 am CMOS process. Measurements 
and simulations have been performed using PZ-27 crystals without backing. Results 
clearly show that the performance of a complete system comprising both piezoelectric 
and electronic devices can be predicted with good accuracy using the proposed SPICE 
simulation approach. 

1 Introduction 

In the area of ultrasound pulse generation, two main routes are present in the literature. 
One is dealing with integrating complete ultrasound devices including the active element 
into very small units [1, 2, 3]. The other concerns generation of ultrasound pulses without 
regarding size or power consumption for the pulse generation electronics [4, 5, 6]. How
ever, the area of miniaturization of pulse electronics for use with standard ultrasound 
crystals is sparsely exploited. 

The work in this paper is aimed at creating a design method for driver electronics for 
ASIC integration, and showing that simulations can be used to predict the performance of 
a complete system. The design of a CMOS piezoelectric crystal driver stage is presented. 
SPICE models for the piezoelectric crystal and the acoustic materials have been used in 
simulations together with semiconductor models and data from the ASIC manufacturer, 
allowing optimization of the complete system. 

Measurements on a manufactured chip verify the chosen design approach and the 
performance predicted by the simulations. An important aspect during the design work 
has been to minimize the consumed silicon area while maintaining maximum possible 
ultrasonic output signal amplitude. The resulting circuit is intended to be used as a 
block in a complete mixed mode ASIC for ultrasound transmission, receiving and signal 
conditioning. 
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Figure 1: Circuit used for system simulations. 

2 Design 

2.1 Design environment 

The design and simulations have been made using the Cadence IC 4.43 design framework. 
Simulations used the Cadence Spectre simulation engine. The target process for the 
implementation of the design is a 0.6 ßm CMOS process. 

2.2 Ultrasound device 

The SPICE models used in the work are those presented by van Deventer [7], The 
ultrasound device is a PZ-27 piezoceramic disc manufactured by Ferroperm, Denmark. 
The disc has a diameter of 16 mm and a thickness of 487 pm, giving a fundamental 
frequency of 4 MHz corresponding to a period time T of 250 ns. It has been of interest to 
verify the design approach using different capacitive transducer loads. Thus, simulations 
and measurements have been carried out for one single disc and for two discs connected 
in parallel. In both cases, the discs are glued with cyanoacrylate glue to a 15 mm thick 
plate of PMMA. No backing material is used for the crystals. The maximum peak-to-
peak amplitude for the echo received from the PMMA-air interface has been used as a 



51 

Approximate 

characteristics 

Simulated 

characteristics 

h> vDS 

Figure 2: Approximation of transistor characteristics. 

measure of output pulse amplitude. According to van Deventer [7], the resistive part in 
the transmission line model of PMMA, modeling the acoustic attenuation, is frequency 
dependent, However, this is not modeled, but the parameters are calculated at the 
resonance frequency of the crystal. Comparisons between measurements and simulations 
on the PMMA model also clearly show that high frequency components in a transmitted 
signal are attenuated more in reality than in the simulations. To create a first-order 
model of this effect, all received signals for the simulations in this work are measured 
after passing a first order low pass filter with a corner frequency of 400 kHz. 

2.3 Design considerations 

The driver is designed to be integrated into a larger standard CMOS design. Thus, 
emphasis has been made to avoid external components and to keep the silicon area 
minimal. Also, in the 0.6 pm process used, available power supply is restricted to +5 V. 
In achieving maximum output signal amplitude while holding these constraints, the shape 
of the excitation pulse applied to the crystal is decisive. As the design is focused on pulse 
amplitude rather than on short pulse time, it was decided to use a single square wave 
excitation pulse with a pulse time of half the crystal oscillating period time [6]. Also, 
the fall and rise times of the discharging and charging of the crystal are important in 
getting maximum amplitude from the ultrasound pulse. The choice of large driving 
transistors can decrease the times giving a higher output amplitude. On the other hand, 
this consumes chip area and increases the load on the preceding transistor stage as well as 
on the crystal. Simulations of the PZ-27 crystal driven by a pulse source with adjustable 
fall and rise times, show that setting the times to 1/10 of the crystal resonance frequency 
period time gives maximum pulse amplitude from the crystal while avoiding to use faster 
transitions than necessary. The driver stage is designed to be controlled by an external 
pulse source. One pair of push-pull transistors is used as main output transistors to give 
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good control of rise and fall behavior. In order to achieve good receiving conditions for 
the returned echo, the output transistors are automatically set to high impedance after 
the pulse has been sent. 

2.4 Circui t funct ional i ty 

This section gives a qualitative description of the circuit. The complete circuit is shown 
in figure 1. Al l transistors are minimum length (0.6 am), with widths as given in the 
figure. There are two main driving transistors, N3 for discharging and P7 for charging. 
The starting state for the crystal is charged, being held by P3. N3 is controlled directly 
by the input via two inverters, while P7 is controlled by the input signal AND gated with 
the output crystal voltage. Thus, for P7 to be able to conduct, both the input and the 
output should be low. One pulse operation is described below: 

• The US crystal is held at V D D via the P channel transistor P3. P7 and N3 are 
blocked. 

• When a positive pulse is applied to the input, the crystal is rapidly discharged via 
transistor N3. P7 is still blocked. 

• As the input voltage returns to ground, N3 blocks and P3 again starts to slowly 
charge the crystal. Also, P7 starts to conduct and rapidly charges the crystal up 
to V D D . 

• As Vc again reaches V D D , P7 is blocked and the pulse cycle is completed. 
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2.5 Transistor dimensioning 

As discussed above, the driving transistors N3 and P7 should be dimensioned to achieve 
rise and fall times less than T/10, where T is the period time of the crystal resonance 
frequency. To get a starting point for the dimensioning, an approximate formula for 
charging time was used. This was derived from approximating the transistor character
istic at maximum gate voltage with two straight lines as shown in figure 2. The static 
crystal capacitance Co is then discharged to 5% of VOJJ within the time 

where ISAT is the saturation current for the transistor used. For given tf and C 0, the 
approximation gives a conservative value of I s AT- This is useful as it helps to account 
for process variations. Using the given ISAT per A™ for the chosen CMOS process, the 
required transistor widths for a single 16 mm PZ27 crystal are calculated to 3.4 mm for 
N3 and 6.8 mm for P7. For two parallel crystals C0 is doubled giving the widths of 6.8 mm 
for N3 and 13.6 mm for P7. The input impedance of the driver stage when receiving 
an echo signal from the crystal is decided by transistor P3. Thus, the width of P3 is 
chosen to give dynamic impedance in the conducting state that is larger than the crystal 
impedance at the resonance frequency. Transistors P2, N2 and N6 are dimensioned to be 
able to drive the gates of the driving transistors N3 and P7 with at least a rise/fall time 
of T/10. Here, the resulting minimum values were multiplied by a factor of 5 to improve 
the balance in the inverter chain and reduce switching losses for lower loads than the 
target crystal [8]. The size of transistor P6 is made small in order to prolong the turn 
off time for P7 so that the charging of Co will be fully completed before P7 is turned off. 
The inverter P l / N l and the NAND gate P4/P5/N4/N5 are dimensioned with minimum 

tf = 1.65 (1) 
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Figure 5: Simulation on a single crystal using a non-ideal electronic model showing normalized 
echo amplitude as function of transistor width. 

size transistors, having the P channel devices 2 times the N channel devices to achieve 
balanced performance. 

3 Simulations 

3.1 Ideal driver model 

As a starting point, simulations were made on one driver stage where the widths of the 
driving transistors N3 and P7 were varied. The ratio P7/N3 was kept constant at 2 to 
keep balanced performance. Simulations were made using typical transistor performance 
for the chosen process, and no internal or external parasitics were included at this time. 
Results for single and dual crystals are shown in figures 3 and 4. The amplitudes on the 
y-axis are normalized at N3=10 mm for the curves individually. To verify the simulations, 
it was desirable to measure on a range of transistor widths as shown in figure 3. Thus, 
it was decided to implement the driver stages with three different sizes (2mm/4mm, 
lmm/2mm and 0.5mm/lmm) for the output transistors N3/P7. Each manufactured 
die contains 2 each of the above mentioned sizes. In order to achieve larger widths for 
measurements several stages and dies are connected in parallel. 

4 Simulating the manufactured chip 

Simulations were also made using a model for the driver stage including parasitic ca
pacitance extracted from the actual chip layout. Also package parasitics and external 
wiring parasitics were included. In order to achieve different output transistor widths 
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Figure 6: Simulation on dual crystals using a non-ideal electronic model showing normalized 
echo amplitude as function of transistor width. 

different number of drivers were connected in parallel as also done during measurements. 
Results from the simulations are shown in figure 5 for the single crystal and in figure 6 
for the dual crystals. Due to changes in the loading of the crystal when several stages 
are connected in parallel, the resulting curve has been divided into sections dependent 
on the number of transistor stages used. Loading on the crystal when receiving an echo 
stems from the pull up transistor P3 and the different parasitics mentioned above. 

5 Measurements 

Measurements were made on the fabricated chip for a total output transistor width up 
to 9 mm for N3, corresponding to 18 mm for P7. Different number of driver stages were 
used in parallel to achieve different total output transistor widths. Results from the 
measurements are presented in figure 7 for the single crystal and in figure 8 for the dual 
crystal. The curves have been divided into sections dependent on the number of driver 
stages used as discussed for the simulations above. 

6 Discussion 

6.1 Simulations 

The results from the simulations with ideal electronic models (fig. 3) show a peak in echo 
amplitude around the 2 mm transistor width for both the single and dual crystals, after 
which a slight drop takes place. One possible explanation to this behavior is that the Q 
of the LCR parallel oscillation circuit formed by the crystal and N3 is dependent on the 
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transistor width. For small transistor width the dynamic impedance in conducting state 
for the transistor is high leading to a high Q during the excitation pulse. As the width 
increases the Q value decreases and settles to a value decided by the crystal. The peak is 
not seen in the simulations where parasitic effects are taken into account (fig. 5, 6). This 
is likely due to the parasitic L, R and C lowering the Q of the circuit from the start. In 
these simulations a slight drop in echo amplitude can be observed as more driver stages 
are connected. The maximum output amplitude stabilizes as the width passes 3 mm for 
the single crystal (fig. 5) and 6 mm for the dual crystal (fig. 6). 

The ideal simulations (fig. 3, 4) show a gradual increase in echo amplitude from 3 mm 
transistor width up to 10 mm for the single crystal and 50 mm for the dual crystal. After 
these points the echoes decrease (fig. 4). This is due to the fact that the load capacitance 
presented by the drains of N3 and P7 is increasing. In the simulations where parasitics 
are included (fig. 5, 6), the gradual increase in the range 3 to 10 mm can not be seen. 
Probable cause for this difference is that the load capacitance in these cases are dependent 
also on pads and the amount of metal used in the chip, giving a higher value than for 
the drain on the transistors only. 

6.2 Measurements 

The measurements for the single crystal (fig. 7) show a higher dependence on the number 
of stages used than what is seen in the simulations. Probably this is due to the parasitics 
not being correctly estimated in the simulations. However, measurements and simula
tions show a fair agreement in the dependence on transistor width if the load influence 
is excluded. For the dual crystal the measurements presented in figure 8 show that the 
load influence is smaller, which is to be expected as the source impedance for the par-
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allel crystals is half of the source impedance for a single crystal. For the dual crystal, 
measurements and simulations agree well in the dependence on transistor width. 

6.3 Design 

Results from both simulations and measurements suggest that the calculated widths give 
more than 90% of maximum possible output amplitude for a 5 V push-pull configuration, 
providing the number of driver stages used is kept minimal. Also, using the calculated 
widths, a margin of 15-20% is provided before a drop in output amplitude takes place. 
This will account for process variations in the manufacturing of the chip. For the single 
crystal, using two 2 mm driver stages gives a transistor area smaller than 0.1 mm 2, 
excluding pads and metal interconnections. 

7 Conclusions 

System simulations using SPICE models for the piezoelectric crystal together with MOS 
transistor models have been used with very promising results, in the design of a CMOS 
driver circuit for piezoelectric crystals. The circuit has been manufactured using a 0.6 urn 
CMOS process. Measurements on the manufactured chip verify the chosen design strat
egy and the performance predicted by the simulations. The results show that simulations 
can be used to optimize the performance of a complete system comprising both piezoelec
tric and electronic devices. This indicates that a purely simulation based design strategy 
can be proposed based on the findings. 
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Incorporation of Diffraction Effects in Simulations of 
Ultrasonic Systems Using PSpice Models 

Jonny Johansson and Pär-Erik Martinsson 

Abstract 

The use of PSpice models for piezoelectric devices and ultrasonic transmission media is of 
major importance in the design of electronics for ultrasonic systems. Today, these models 
include viscoelastic loss but disregard loss due to diffraction, i.e. beam spreading. This 
paper presents a method to include diffraction loss in PSpice simulations of ultrasonic 
systems. The conductive loss in the transmission line, that models the propagation media 
of the ultrasound pulse, is used to model the loss due to diffraction. Parameter variations 
for the piezoelectric device can affect the result greatly. Thus, a sensitivity analysis for 
the simulation model is presented. Measurements and simulations have been performed 
using a pulse echo system in water. Maximum distance to the reflector was 200 mm. The 
piezoelectric devices used were PZ-27 crystals with diameters 6 mm and 12 mm, with 
a center frequency of 4 MHz. Results show that the simulated amplitude of the echo 
follows measured values well in both near and far fields, with an offset, of about. 10%. 

1 Introduction 

The use of simulation tools intended for electronic circuits (e.g. SPICE, PSpice) is well 
established in the design of ultrasonic systems. Equivalent circuits for piezoelectric el
ements using passive components were initially developed in [1, 2, 3]. Leach [4] used 
controlled sources to avoid negative capacitance and frequency dependent transformers. 
Püttmer et al [5] included losses in this model to model low-Q thickness mode transduc
ers. Also, losses were introduced in the transmission media to give the attenuation of the 
propagating wave. Van Deventer et, al. [6] further investigated material properties gov
erning viscoelastic loss and wave speed. However, none of the works hitherto presented 
has concerned simulations giving absolute amplitudes of received signals. In the design 
of electronics for an ultrasonic system absolute amplitudes are of importance, as they set 
required dynamics in the electronic system. If correct amplitudes can be achieved in sys
tem simulations, electronic designs can be built solely based on simulation results. One 
important factor when aiming for correct amplitude is the loss introduced in a system 
due to diffraction, i.e. beam spreading. The paper at hand presents a. method to include 
diffraction loss in a pulse echo simulation, in order to achieve absolute amplitude cor
rectness. Material parameters used have a large influence on received echo amplitudes. 
Therefore, a sensitivity analysis for the simulation model is presented. 
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2 Method 

2.1 Model l ing the Di f f rac t ion Effect 

When an ultrasonic system is simulated with PSpice, electrical transmission lines are used 
to model the propagation medium [5, 6]. Under the assumption of lowdoss conditions 
(R <C LOL, G <C u>C), the attenuation constant (Np/m) for an electrical transmission 
line can be written [6]: 

2 \L J 2 VC. 

Here R (Sl/m) is resistive loss, G (1/f im) is conductive loss, C {F/m) is capacitance, 
and L (H/m) is inductance per unit length. This can be rewritten 

where Z0 = \fL~JC is the characteristic impedance of the transmission line. A propagat
ing sound wave is modelled as a forward travelling voltage wave in the transmission line. 
The amplitude of this voltage wave can be expressed as [7]: 

|U(x ) | = |U 0 | e - M ' , (3) 

where Vo is the voltage amplitude at x = 0. Using 2 we get 

\V(x)\ = \V0\e-W2Zo^€-^2\ (4) 

Previous works on simulation of ultrasound propagation using electrical transmission 
lines have used R to model viscous losses while setting G to 0 [5, 6], Here, by using 
G / O w e can add an attenuation term non-dependant of the attenuation caused by R. 
This can be used to model the attenuation due to diffraction as 

\V (X)\ _ (GZo/2)X jr, 
A ^ f S - | y 0 | e - W 2 Z 0 ) * - 6 [ b ] 

Solving for G gives 

G = ^ l n ( A d i f f ) , (6) 

which can be used as a parameter in PSpice once the required diffraction loss Adiff is 
known. 

Given two identical transducers with radius a spaced a distance x apart, the diffraction 
loss when transmitting from one to another is given by Kino [8] as 

J i ill rjy
2s/47v. Aloss = 2 f ^ e ^ d y 

I Jo v 
(7) 

Here 
S = xX/a2 (8) 



65 

20 

15 

PQ 
•a 

o 
110 
3 
C 

Approximation 
Kino 

Ii Ii 

SÅ 

i i i i 

10 10" 
Seki parameter 

10 

Figure 1: Diffraction loss after Kino [8] vs. approximation. 

is the Seki parameter [9], and A is the wavelength of the transmitted ultrasound pulse. 
The integrand is 

y = kra (9) 

in which kr is the radial propagation constant. For a pulse echo system with a perfect 
plane reflector, x in (8) is replaced with 2x, where x is the distance to the reflector [8]. 
Aloss as given by (7) is plotted for 1 < S < 30 in Fig. 1. As equation (7) must be solved 
numerically, the use of it as a parameter in PSpice simulations is not straightforward. 
From Fig. (1) it is seen that the behavior of (7) can be approximated with two straight 
lines in a log-log scale. Thus, an analogy with electrical filters was used to create an 
approximation of the diffraction loss. Two "filter" sections were used, one to create a 
straight line for S < 4, 

- i . = v : : , ' r v w (10) 
1.05 (5/0.1) 

and one to increase the slope for S > 4 

A2 = 
[(1 + S/A) 5-1 0.184 • 

(11) 

The total attenuation is given by 

AXA2 
(12) 
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The exponents for the denominators in (10) and (11) are chosen to give Atot a slope of 
1/5 in the far held for 5 > 4, following the Fraunhofer approximation [8]. The order of 
the "filter section" in (11) is chosen to match the roll-off to the curve given by (7). Atot is 
plotted for 1 < 5 < 30 in Fig. (1). It is seen here that the small variations in attenuation 
for 5 < 2 are excluded in the approximation. If these were to be included, the model 
could easily be extended using more "filter sections" containing higher order terms of 5. 
In this paper, they have been omitted for clarity. Using (6) and (12) and setting 

Adiff = Atot (13) 

now gives a complete set of input parameters to model diffraction loss in a PSpice simu
lation. The method described above is applicable only if the diffraction occurs mainly in 
one medium, i.e. if other parts of the propagation path are thin enough that diffraction 
in these can be considered negligible. 

2.2 Simulation Setup 

The schematic used for simulation is shown in Fig. 2. Simulations were performed using 
the Cadence Spectre simulation engine. Spectre has the possibility to run netlists created 
for PSpice, enabling the use of models previously developed for PSpice. The model used 
for the simulation of the piezoceramic disc was initially presented by Leach [4], further 
developed by Püttmer [5] and van Deventer [6], Also the medium through which the 
ultrasonic pulse is transmitted is modelled as a transmission line, with data calculated 
using methods from [6]. Simulation of the electronics is made using transistor models 
from the semiconductor manufacturer. Estimated parasitic components are included in 
the simulation schematic. The temperature for the simulations is 20°C. Parameter data 
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for PZ-27 used in the simulation are shown in Table (1) [10]. 

From [8] we get the equation for stiffened elastic constant 

Van Deventer [6] developed expressions for the loss resistance in the model 

2n2fa2pPZ 

RPZ = g , (lo) 

the characteristic impedance 
ZQPZ = ppz^a2cpz (16) 

and the transmitting constant 
p 3 3 

h = - y . (17) 

Further, the speed of sound in PZ-27 is [8]: 

/ CD 

CPZ=\ (18) 

V PPZ 

Parameter data used for PMMA [6], water [6] and steel [11] are shown in table (2). 
From [6] we get formulae for the calculation of lumped backing and reflector impedances 

for steel and PMMA as 

Z = pcira2 (19) 

Viscoelastic loss in the transmission line that models water is given by: 

Rwat = 2pwatCwatxa2av. (20) 

Table 1: Simulation Data for PZ-27. 

Parameter Notation Value 

Radius a (mm) 3/6 
Density pPZ (kg/m3) 7700 
Thickness len (m) 487 • 10~6 

Permittivity es (As/Vm) 8.09 • 10" 9 

Piezoelectric Stress Const, e 3 3 (C/m2) 16 
Q-factor Q 74 
Conductivity G ( l / f i ) 0 
Elastic Constant CE (Pa) 1.13 • 10" 
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Figure 3: Measurement setup. 

2.3 Experimental Setup 

The system investigated is a pulse echo system, where the transducer is immersed in 
water as shown in Fig. (3). An ultrasonic pulse is sent towards a steel reflector and 
is received with the sending device. The piezoceramic element used is a PZ-27 disc 
manufactured by Ferroperm, Denmark. The disc is mounted with cyanoacrylate glue on 
a carrier made of plexiglas (PMMA) to form a transducer unit. The plexiglas is used 
as backing and is shaped to reduce any echo returned to the rear side of the disc. The 
front side of the disc together with electrical connections is covered with one layer of 
PC-52 protective lacquer to allow immersion in water. The thin layer of lacquer does not 
significantly affect the measurements, and can thus be ignored in the simulations [12], 

Table 2: Simulation data for PMMA, water and steel. 

Parameter Notation Value 

Density of water Pwat (kg/m3) 998.2 
Speed of sound in water Cwat (m/s) 1478 
Viscous loss factor ay (Np/m) 0.13 
Density of steel Pst (kg/m3) 8000 
Speed of sound in steel cst (m/s) 5900 
Density of PMMA cpMMA (kg/m3) 1190 
Speed of sound in PMMA CPMMA (m/s) 2775 
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The transducer unit is mounted to a coordinate table, allowing both translational and 
rotational motion. The transducer was adjusted to be parallel to the steel reflector by 
observing when the returned echo amplitude was maximized. 

The electronics used is a custom-made driver chip [13]. The chip is a push-pull driver 
design, generating a square wave excitation pulse. The driver is controlled by a signal 
generator with the pulse width set to half the crystal oscillating period time, to give 
maximum returned echo amplitude [14]. The driver chip is connected to the piezoelectric 
crystal with a 0.2 m long coaxial cable. Measurements of received echo signals are made 
on the chip side of the cable using a Tektronix TDS724 oscilloscope. The oscilloscope 
has an accuracy of 1% and a resolution of 8 bits. 

3 Measurements 

Measurements were performed for two different transducers of diameters 6 mm and 
12 mm. The thickness of the discs is 0.5 mm giving a resonance frequency of about 
4 MHz. Results from the measurements are shown in Fig. 4 and Fig. 5. The far field 
limit where the sound pulse starts a more rapid divergence is clearly seen for the smaller 
transducer (Fig. 4) at a reflector distance of 30 mm. The far field limit for the larger 
transducer (Fig. 5) is about 120 mm. Water can be considered to be a good carrier of 
ultrasonic waves, with attenuation due to viscoelastic losses of about. 1.1 dB/m [6]. This 
verifies that the measured attenuation profiles presented in Fig. 4 and Fig. 5 are indeed 
produced by diffraction effects. 
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Figure 5: Simulated vs. measured echo amplitude for 0 = 12mm. 

4 Simulation 

Initial simulations were made with the diameter of the piezoelectric disc set to 6 mm 
and 12 mm. Results from these simulations are shown in Fig. 4 and Fig. 5 respectively, 
together with measured results. From the outcome of these simulations, it was clear 
that, the diffraction loss was underestimated as the whole curve was shifted towards 
too high values along the x-axis. In the simulation model, the parameter S as defined 
in (8) is decisive for the behavior of the curve. S in turn is highly dependant, on the 
transducer radius, a. I f a is decreased, the S values will increase and the curves will 
be shifted towards smaller values along the x-axis. Thus, the effective diameter in the 
model was decreased in order to find a better match to the measurements. From the 
initial results it was seen that the curve should be shifted 25-30% to the left, This 
corresponds to a decrease in diameter of 13-16%. It was found that decreasing the 
diameter 13% gave a correct limit between near- and far fields, leaving an offset of less 
than 10%. Simulated results with diameters set to 5.2 mm and 10.4 mm are plotted in 
figures 4 and 5 respectively. The reduction in diameter agrees well with experimental 
data by Almqvist [15], who reports an effective diameter being 14% smaller than the 
physical size of a transducer. 
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5 Discussion 

The reduction in diameter is applied throughout the model of the piezoelectric crystal, 
both in mechanical and electrical parts. Whether this is the correct approach or not 
is a matter for future research. Three possibilities can be seen. The first is the taken 
approach. This makes sense for the mechanical side, as reported by Almqvist [15]. How
ever, it also affects the electrical side, reducing the value of the static capacitance C 0, 
affecting the energy required to excite the transducer. One way to keep C 0 at nominal 
value would be to apply the reduction on the mechanical side only. With this approach 
a decision has to be taken regarding the dependent source with value hC0. as shown in 
Fig. 2. Should this source rely on a capacitance value calculated after nominal or reduced 
diameter in this case? The third approach is to keep nominal diameters throughout the 
simulation model, and apply the reduced value only in the calculation of the conductive 
loss G in the transmission line. 

As noted above, an offset of less than 10% persists when the attenuation curve has 
been shifted to achieve correct far field limit, This offset may well be due to tolerances 
in material parameters, which normally are given to ±10%. Variations in material pa
rameters will also affect the frequency and thereby the wavelength. This will change the 
Seki parameter S and shift the diffraction curve along the x-axis as discussed above. 

To investigate the influence of parameter variations, a simulated sensitivity analysis 
was performed. Two distances were chosen, 5 mm (near field), and 200 mm (far field). 
The crystal diameter used was 5.2 mm. Parameter values were increased one by one 
with 10%, and the resulting change in received echo amplitude was recorded. Although 
this simple analysis does not include correlation effects, it does give an indication of the 
relative influence of the parameters [16]. Results from the simulations are shown in table 
3. It is seen that variations in material parameters can have major effect on the received 
echo amplitude. 

Table 3: Result of sensitivity analysis. 

Change in Echo Amplitude(%) 
Parameter Near Field Far Field 

-5.8 -5.9 
e 3 3 14.4 15.6 

Q 1.2 1.5 
ppzn -2.8 -5.1 

-8.7 -5.5 

ZpMMA -5.7 -5.0 

Zwater 6.2 6.5 
Zsted 0.2 0.7 
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Uncertainties exist also in the simulation of the electronics. Variations in performance 
occur between produced batches of silicon chips. The manufacturer deals with this by 
giving the circuit designer models of the process in so called "corners" [17]. Three corners 
given may be typical-mean, fast, and slow. These will give simulations with typical, fast, 
and slow performance of the components respectively. Furthermore, the temperature 
dependence of the circuit performance can be high. The simulations presented in this 
paper are run with performance set to typical-mean, and temperature set to 20°C. To 
get. a complete view of the system behavior under real operating conditions, simulations 
should be run in various corner settings and temperatures as recommended by the man
ufacturer of the chip. Another possibility is to use Monte Carlo simulations to randomly 
vary a number of parameters in the electronics. 

6 Conclusions 

This paper has presented a method to include diffraction loss in PSpice simulations of 
ultrasonic systems. Conductive loss in the transmission line modelling the propagation 
media of the ultrasound pulse is used to model the diffraction loss. The method can be 
used either for systems employing separate transmitter/receivers of equal size, or in a 
pulse echo system. The method is limited to systems where the diffraction loss occurs 
mainly in one part of the transmission path. For a pulse echo system in water, good 
agreement is shown between simulated and measured results. Simulated echo amplitudes 
are within 10% of measured data in both near and far fields. To achieve these results, a 
reduction with 13% is made in the effective radius of the transducer. The method used 
to achieve the reduced radius is a subject for further research. 
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Effects of Parasitic Electrical Components on an 
Ultrasound System - Measurements and Simulations 

using SPICE models 

Jonny Johansson and Jerker Delsing 

Abstract 

When driver and receiver electronics for an ultrasound measurement system are physi
cally implemented, it is inevitable that parasitic components are introduced in the system. 
These may arise from bond wires, circuit board paths or cabling. The parasitic compo
nents will influence the excitation pulse behavior as well as amplitude and time of arrival 
for received pulses. 

In the system investigated, a coaxial cable is used to connect the transducer with 
the electronics. The inductance and capacitance of the cable are dominating parasitic 
components in the system. This paper investigates the effects of these components for 
varying cable lengths and compares measurements with system simulations using SPICE 
models. The simulations give highly accurate temporal behavior of the excitation pulse 
in both ends of the cable. The peak to peak amplitude and the perceived time of flight of 
the received echo in a pulse echo system is measured at the electronics end of the cable. 
Amplitude variations of 60% are recorded for cable lengths varied between 0.07 m and 
2.3 m., with simulations predicting the same variations. The time of flight is measured 
using the excitation pulse as time trigger. Variations are up to 40 ns for a total travel 
time of about 8 pjs. The simulations predict this variation within a few ns. 

1 Introduction 

In the design of an ultrasound measurement system comprising both ultrasound (mechan
ical) and electrical components, it is advantageous to be able to use system simulations. 
Electrical models of the ultrasound devices were first used in a simulation environment in 
1986, when Hutchens and Morris [1] implemented Redwood's version [2] of Mason's orig
inal model [3]. The simulation tool used was the electrical simulation program SPICE. 
The model has since evolved, with the most recent additions being frietional mechanical 
losses [4], temperature dependencies in materials [5] and diffraction loss [6], Successful 
use of the models in simulation of received echoes has been reported [7]. 

It is however hard to find publications were the temporal behavior of the excitation 
pulse is addressed. To design and optimize driver electronics with regards to size, power 
consumption, and overtones this possibility is of interest. When a circuit is built, stray 
capacitance, inductance and resistance are formed for example between and in wiring. 
These are named parasitic components, and they will influence the response of the circuit. 
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Oscilloscope 

BNC connectors Transducer P M M A 

Figure 1: Block schematic of the pulse echo experimental setup. 

As the excitation pulse normally has wide bandwidth it is susceptible to small values of 
inductance and capacitance and will be affected by the parasitic components. 

In this paper, simulations including parasitic components are performed on a pulse 
echo system. Simulations of the temporal behavior of the excitation pulse are made and 
compared to measured data. A discussion of the origin of parasitic components and their 
effect on pulse behavior is presented. When a coaxial cable is used to connect driver and 
receiver electronics with a transducer, the cable will present significant inductance and 
capacitance. These will affect the shape of the excitation pulse, as well as amplitude and 
time of flight of received echoes. The effects are investigated for varying cable lengths 
and measurements are compared with system simulations using SPICE models. 

2 Method 

2.1 Model l ing parasitic components 

Parasitic components are resistance, inductance, and capacitance originating in for ex
ample cabling, bond wires or circuit board paths. In order to accurately model the 
behavior of an electrical circuit, these components might need to be taken into ac-count. 
This is especially true in applications where signals with high bandwidth are present, 
as capacitive and inductive coupling increases with increasing frequency [8]. To be able 
to include the parasitics in a simulation, the values of the components need to be esti
mated. On chip level, this can be done by the layout program used. The same is true 
for circuit boards. For bond wires connecting a chip to a socket, approximate values can 
be achieved from the packaging facility. For cables, specifications are often available for 
characteristic impedance Z ( f i ) , and capacitance per unit length C (F/m). Given this 
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Table 1: Starting values for estimation of parasitic components in the measurement setup. 

Parameter Value 

Drain capacitance of driver stage 12.6 pF 
Source capacitance of driver stage 9.2 pF 
Resistance of bond wire 0.1 Q, 
Inductance of bond wire 10 nH 
Inductance of package lead 15 nH 
Capacitance between package leads 2 pF 
Resistance of package lead 0.4 Q. 
Capacitance of coaxial cable 100 pF/m 
Inductance of coaxial cable 250 nH/m 

also the inductance per unit length, L (H/m), can be calculated from the relation [9] 

If specific details on parasitic components for a chip or circuit are unknown, approxi
mations can be made if capacitance per unit area of a layer of metal, or the resistivity of 
a wire is known. To investigate the effects of parasitics on an ultrasound measurement 
system, a pulse echo system was designed as shown in figure 1. Measurements and system 
simulations are presented and compared further in this paper. 

2.2 Experimental setup 

The investigated pulse echo system is shown in figure 1. The transducer is mounted with 
cyanoacrylate glue to a 10 mm thick plate of PMMA. The thin layer of glue does not 
significantly affect the measurements, and can thus be ignored in the simulations [10]. No 
backing is used for the transducer. The piezoceramic element used is a PZ-27 disc with 
12 mm diameter, manufactured by Ferroperm in Denmark. The thickness is 0.5 mm, 
giving a fundamental frequency of approximately 4.3 MHz. The driver electronics used is 
a custom-made driver chip [11], The design is a push-pull driver, generating a 5 V square 
wave excitation pulse. The driver is controlled with a signal generator. The excitation 
pulse width is set to half the crystal oscillation period time, to give maximum returned 
echo amplitude [12]. The chip is connected to the piezoelectric crystal with a 50 f2 RG-58 
coaxial cable. Cable lengths are varied between 0.07 m and 2.32 m. Measurements are 
made in both ends of the cable using a Tektronix TDS724 oscilloscope equipped with 
Tektronix P6205 active probes. 
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Table 2: Data for PZ-27 and PMMA. 

Parameter Notation Value 

Radius a (m) 0.006 
Density p {kg/m3) 7700 
Thickness len (m) 487 • 10- 6 

Permittivity es (As/Vm) 8.09 • 10"9 

Piezoelectric Stress Const. e 3 3 (C/m2) 16 
Q-factor Q 74 
Conductivity G(l/Ü) 0 
Elastic Constant CE (Pa) 1.13 • 101 1 

Frequency (calc) lose 4.3 • 106 

Density of PMMA PPM MA (kg/m3) 1190 
Speed of sound, PMMA CPMMA (m/s) 2775 

2.3 Simulation setup 

The schematic used for simulation is shown in figure 2. Simulations were performed using 
the Cadence Spectre simulation engine. Spectre has the possibility to run netlists created 
for SPICE, enabling the use of models previously developed for SPICE. The models used 
for the simulation of the piezoceramic disc and the propagation medium are taken from 
van Deventer [5]. Diffraction loss is included in the model [6], making it possible to 
achieve correct absolute amplitudes in received echoes. Simulation of the electronics is 
made using transistor models from the silicon foundry. Estimated parasitic components 
are included in the simulation schematic. Parasitic values derived from various sources as 
discussed above are shown in table 1. These served as a starting point when setting up the 
simulation. The values actually used in the simulation as shown in figure 2 were chosen 
by matching the simulations of the excitation pulses as good as possible to measured 
results. The temperature for the simulations is 20 °C. Parameter data for PZ-27 and 
PMMA are shown in table 2 [13]. To account for boundary effects on the mechanical 
side of the transducer, the radius used in the simulations was decreased by 13% from 
its physical value. The reduction is based on experimental data by Almqvist [14] and 
Johansson [6]. 

2.4 The transmission line 

The coaxial cable connecting the driver and the piezoelectric crystal is modelled as a 
transmission line. A transmission line is characterized by its characteristic impedance, 
Z (0 ), which is the impedance seen by a propagating wave in the line [9]. The character
istic impedance can be calculated from (1) if the inductance per meter L (H/m) and the 
capacitance per meter C (F/m) is known. Also, if the transmission line exhibits electrical 
losses, the resistance per meter R (Q/m) and the conductivity per meter G (1/w) are 
used. For short lengths, cable transmission lines can often be considered lossless, setting 
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Figure 2: Schematic of the ultrasound system including driver, cable, air backed piezoelectrical 
crystal, sound path, parasitic components and measurement probes. 

R and G to zero. For the remainder of this paper, R and G are set to zero in the coaxial 
cable. 

If the length of the transmission line is short compared to the wavelength of the propa
gating electromagnetic (EM) wave, the transmission line behaves as a lumped component 
consisting of a series inductor LL (H) and a parallel capacitance Ci (F). The value of 
the inductor is calculated as 

LL = IL (2) 

and the value of the capacitor as 
CL = IC (3! 

where / is the length of the transmission line. The limit for when to use lumped models as 
representation is often drawn when the length of the conductor exceeds A/10, where A is 
the wavelength of the EM wave. In this paper the characteristic impedance of the coaxial 
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cable is 50 Q, and the capacitance is 100 pF/m, giving an inductance of 250 nH/m. The 
propagation speed of an EM wave is 

(4) 

yielding c = 2 • 108 m/s. With the wavelength being 

x = 7 <5» 

the approximate frequency limit for when to use a lumped approach is 

c 
Amt — Yqi' (6) 

The cable lengths used in this paper vary between 0.07 m and 2.32 m, giving a span for 
the frequency limit of 

8.6 MHz < f H m < 286 MHz (7) 

where the low frequency limit corresponds to the long cable. The center frequency of the 
transducer is 4.3 MHz leaving it below the limit throughout the range of cable lengths. 
The excitation pulse however has a fall and rise time of less than 5 ns when applied to the 
cable, with frequency content in the order of 200 MHz [15]. This means that care must be 
taken when applying the lumped view of the system. In the discussion of measurements 
and simulations found below, emphasis will be on the lumped view as this is most easily 
used for explanation purposes. When the behavior is signihcantly changed by the use of 
a transmission line approach, this is discussed. 
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3 Results and discussion 

3.1 Excitat ion pulse shape 

Measurements and simulations were made on the temporal behavior of the excitation 
pulse, in both ends of the coaxial cable. Cable lengths used were 0.07 m and 2.06 m. 
Results are shown in figures 3 through 6. It can be seen that simulations and measure
ments show very good agreement for both long and short coaxial cables. For short cable 
length (figures 3 and 4), an oscillation can be seen during the excitation pulse. This is 
due to the resonance circuit being formed by the inductances in series with the static 
capacitance C0 of the transducer. Referring to figure 2, the inductance in series with the 
transducer is a total of 60 nH plus the inductance Li presented by the coaxial cable. For 
7 cm coaxial cable length this inductance is 18 nH, giving a total series inductance of 
Ltot=78 nH. The static capacitance of the transducer in the simulation is 

Co = (8) 
len 

Using the effective radius a e//=5.2 mm and adding 30 pF for the parasitic and cable 
capacitance the total value is CTOT=4A4 nF. The resonance frequency of an LC series 
circuit is 

which here is calculated to be 15 MHz. This is in good agreement with the frequency 
of the oscillation during the excitation, marked with A in figure 4. The period time of 
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the ringing indicates a center frequency between 14 and 15 MHz. The amplitude of the 
oscillation is lower when measured at the driver stage than at the transducer, due to a 
slight voltage drop over the coaxial cable and connectors. 

For the short cable length, the subsequent ringing of the transducer has very high 
content of harmonics and is almost triangular in shape, marked with B in figure 4. 
This is due to the high content of harmonics in the excitation pulse applied to the 
piezoelectric transducer. For long cable lengths (figures 5 and 6) the inductance of the 
coaxial cable becomes significant, at a cable length 1=2.07 m it is L L =518 nH. Adding 
series inductance, the total value is L t 0 ( =578 nH. Further, the capacitance of the coaxial 
cable which is 100 pF/m should be added to the capacitance in the oscillation circuit, 
yielding a total capacitance of CTOT= 1-64 nF. Using the lumped approach, the oscillation 
frequency according to (9) would be around 5.2 MHz. The ringing during excitation is 
shown in figure 6, marked C. During the time of the excitation pulse only one peak 
can be seen in the ringing, making it hard to estimate the center frequency. It can 
however be seen that it is of the order of magnitude as calculated above. The series 
circuit LTOT/CTOT here forms a low pass filter with a corner frequency around 5 MHz, 
preventing fast transients to reach the transducer. Thus, the excitation pulse at the 
transducer also has a much lower content of harmonics than is the case with the short 
cable. This is reflected in the ringing of the transducer where the harmonic content is 
reduced, now showing a more sinusoidal shape (figure 6, mark D). 

The behavior can also be explained using the transmission line view of the cable 
[16]. After an initial propagation delay of about 10 ns, the applied excitation pulse will 
reach the capacitive load Co of the transducer. The capacitor will then begin discharging 
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Figure 6: Measured and simulated voltages at transducer for 2.06 m coaxial cable. 

through an equivalent generator resistance ZQ approximately equivalent to the charac
teristic impedance of the transmission line, Z=50 Q. Part of the excitation pulse will be 
reflected back towards the driver stage. The time constant of the discharging curve will 
be t = Z G C 0 = 7 0 ns. After being reflected back and forth to the driver stage, a fraction of 
the excitation pulse will again reach the transducer and somewhat change the discharging 
curve. This repeats until the capacitor is discharged and the voltage level stable. In the 
case of the excitation shown here, the process will be interrupted when the excitation 
pulse is pulled back to 5 V, and a charging will take place. The spikes generated by 
reflections of the excitation pulse and other fast transients are clearly seen in figure 5, 
mark F. At the driver side a plateau can be seen on the signals at levels above 5.7 V, as 
marked E in figure 5. This is because the driver PMOS transistors will be subject to a 
drain - well voltage larger than 0.7 V at this time. Thus, a conducting diode is formed 
from the drain to the well, clipping the signal. 

3.2 Received echo 

The peak to peak amplitude for the received echo was measured and simulated as a 
function of the cable length used. Results are shown in figure 7. The simulations show 
a fair tracking with measured data, although a varying offset can be seen. Causes of 
offset are discussed in section 3.3 below. One possible explanation to the variation of the 
offset is the introduction of harmonics occurring for short cable lengths as discussed in 
section 3.1 above. Due to the high frequency dependence of the attenuation in PMMA, 
these harmonics are filtered in the measurements [5]. The harmonics in the simulation 
are not subject to this, as the frequency de-pendency is not modelled. Thus, the echoes 
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Figure 7: Peak-to-peak voltage of received echo for varying length of coaxial cable. 

received in the simulations have too high content of overtones, affecting the amplitude. 
In both simulations and measurements amplitude variations up to 60% take place as the 
cable length is varied, with a minimum around a cable length of 0.6 m. A qualitative 
explanation to the amplitude variation is the shift of the oscillation frequency f^c as the 
cable length is varied. The range of fie is 5 to 15 MHz as calculated in section 3.1 above. 
As this frequency varies, the oscillation will work in various phase positions versus the 
excitation pulse, thereby amplifying or attenuating the ringing of the transducer. When 
a large inductance such as a cable is placed in series with the transducer, a filter will be 
formed as discussed above. This filter will not only remove high frequency components, 
but it will also delay those frequency components passing the filter, effectively delaying 
the excitation of the transducer. If the excitation pulse at the driver stage is used as time 
trigger in a system measuring time of flight, this can cause variations in the measurement 
result. The time of flight measured can be divided in three parts: 

• tc: Time required for the excitation pulse to reach the transducer and charge the 
static capacitance. 

• t f . Time for the ultrasound pulse to propagate back and forth in the medium. 

• tr: Time for the received echo to travel from transducer to receiver. 

Of these the time tc is affected by the filter, as the pulse is charging the large capacitance 
C 0 during this time. The time tr will be affected mainly due to the propagation time in 
the cable, as there is no large load capacitance for received pulses. The effect on time tf 
is supposed to be negligible. Variations in time of flight were measured and simulated. 
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Figure 8: Time shift of received echo for varying length of the coaxial cable. 

The time shift is measured as the average time shift for positive and negative peak in 
the received echo. The time shift is defined to be zero at a cable length of 0.07 m, as 
this was the shortest length used. This is done for both measured and simulated values, 
thus no absolute time of flight is shown in the measurement results. The total time of 
flight for the sample of PMMA used (10.7 mm) is about 8 ps. The variation of time of 
flight as a function of cable length used is shown in figure 8. Good agreement can be 
seen between simulations and measurements. The discrepancy between simulations and 
measurements is highest for short cable lengths. Also here a possible explanation is the 
introduction of harmonics occurring for short cable lengths. The peaks in the simulation 
will be more affected than in the measurement, giving time differences. 

3.3 Discussion 

The dominating error source in the measurement is the temperature dependence of speed 
of sound and attenuation in the PMMA [5]. The coefficient of attenuation has a temper
ature dependence of 2.8% per degree Celsius, while the speed of sound has a temperature 
dependence of 0.09% per degree Celsius. The laboratory used has the temperature con
trolled to within ±1° C. For the distance travelled in PMMA this give an uncertainty 
of 2.5% for measured amplitude. The total time of flight varies between 7.7 and 7.8 ß&, 
giving an uncertainty of 7 ns. The oscilloscope has a vertical accuracy of 1%, while the 
time base is accurate to below 0.35 ns. The resolution for the measurement was 2 mV 
vertical and 0.5 ns in time. Combining these uncertainties give error bars as included in 
figures 7 and 8. 

In the simulations, several sources of uncertainty exist. For transistors and other 
components in an integrated circuit, variations in performance occur between batches. 
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The manufacturer deals with this by giving the circuit designer models of the process 
in so called "corners" [17]. Three corners given may be typical-mean, fast, and slow. 
These will give simulations with typical, fast, and slow performance of the components 
respectively. Furthermore, the temperature dependence of the circuit performance can be 
high. The simulations presented in this paper are run with performance set to typical-
mean, and temperature set to 20° C. To get a complete view of the system behavior 
under real operating conditions, simulations should be run in various corner settings and 
temperatures as recommended by the manufacturer of the chip. Another possibility is to 
use Monte Carlo simulations to randomly vary a number of parameters in the electronics. 

Parameter variations in the mechanical part of the system will have high influence on 
the result. Tolerances for published material parameters are typically in the order of 10%. 
A change in attenuation constant for PMMA of 10% will yield an echo amplitude shift of 
8% for the distance travelled (21.4 mm). Simulations for variations of PZ-27 parameters 
were presented in [6], showing that one single parameter can change the amplitude of an 
incoming echo with over 11%. Preliminary simulations also show that the ringing of the 
transducer, center frequency, and influence of parasitics will be affected by variations in 
PZ-27 material parameters. 

The approach taken to reduce the diameter to account for boundary effects in the 
piezoelectric device can be discussed [6]. Three possibilities can be seen. In this paper 
the reduction in diameter is applied throughout the model of the piezoelectric crystal, 
both in mechanical and electrical parts. This makes sense for the mechanical side, as 
reported by Almqvist [14]. However, it also affects the electrical side, reducing the value 
of the static capacitance Co, affecting the energy required to excite the transducer. One 
way to keep Co at nominal value would be to apply the reduction on the mechanical side 
only. With this approach a decision has to be taken regarding the dependent source with 
value hCo, as shown in figure 2. Should this source rely on a capacitance value calculated 
after nominal or reduced diameter in this case? The third approach is to keep nominal 
diameters throughout the simulation model. The reduced value is then applied only in 
the calculation of the conductive loss G in the transmission line, to account for diffraction 
loss [6]. Which of these approaches that is most correct is a matter fur further research. 

4 Conclusions and future work 

In this paper we have shown that system simulations using SPICE models give highly 
accurate results for both excitation pulses and received echoes if the influence of parasitic 
components is taken into account. The influence of the coaxial cable connecting the 
electronics and the transducer has been investigated. Pulse echo amplitude variations of 
60% are recorded for cable lengths varied between 0.07 m and 2.3 m, with simulations 
predicting the same variations. The time of flight is measured using the excitation pulse as 
time trigger. Variations are up to 40 ns for a total travel time of about 8 fis. Simulations 
predict this variation within a few ns. 

The high precision in the achieved results show that electronic design and system 
optimization can be made relying on system simulations alone. An area open for further 
investigation is the effects of parameter variations, both for electronics and mechanical 
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parts in the system. A complete sensitivity analysis will be performed on the simulated 
system. If all electrical parameters as well as parasitic components can be determined, 
the issue can be turned around; by the use of optimization tools in the simulation environ
ment, it should then be possible to extract material parameters for e.g. the piezoelectric 
device for a best fit to measurements. This would allow the characterization of a material 
from one measurement and simulations. 
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A 16-bit 60/iW Mul t i -Bi t EA Modulator for Portable 
ECG Applications 

Jonny Johansson, Harald Neubauer, and Hans Hauer 

Abstract 

To address the growing field of ondine, out-of-hospital health care a front-end ADC for 
portable electrocardiographic systems has been designed. The converter is realized as 
a first-order, 3-bit EA with an oversampling ratio of 512. Performance is optimized to 
adhere to the standard IEC60601-2-47, which governs ambulatory ECG equipment. The 
single ended design achieves a dynamic range of 16 bits for signal offsets up to ±1.25 V. 
Measured power consumption is 60 /Æ with supplies of 2.6 V analog and 2.2 V digital. 

1 Introduction 

The field of on-line, out-of-hospital health care and health supervision is constantly ex
panding. Shorter or no hospital time for patients could yield large economical savings, 
and the area receives attention both in medical and technical conferences and journals. 
Advances in technology and miniaturization of electronics have increased the number of 
portable, battery-operated equipment available. This is also the case for electrocardio
graphic (ECG) systems [1, 2], making them available not only for clinical use but also 
for monitoring in sports or other activities. In these cases, the complete equipment is 
portable and carried by the patient. 

This type of ECG equipment is defined in the standard IEC60601-2-47 [3], which 
among others sets the performance requirements on the equipment. The required band
width of the ECG sensor is low. At the same time, the signal is of low amplitude with 
large DC offsets, which requires a high dynamic range of the system. Further, if the 
equipment, is to be battery operated and affordable, also power consumption and chip 
area are important constraints. 

One main part in the ECG system is the analog front end, which is decisive for the 
performance of the equipment. The combination of high resolution, low bandwidth, and 
low power consumption is well suited to be implemented in a sigma-delta (EA) converter 
[4]. This paper describes the design of a single channel EA converter which together 
with a preamplifier will adhere to IEC60601-2-47. The converter is intended to be one 
block in future low-power portable multi-channel ECG equipment. 

2 Architecture level design 

Several standard methods for ECG monitoring exist, [5]. One subset used for a three 
lead ECG is the Goldberger scheme. In this, virtual ground is created through a star 



96 PAPER D 

Figure 1: System level schematic showing the four main blocks with relevant capacitors and 
switches. 

coupled resistive network. The three channels are thereafter measured with respect to this 
common node. As the Goldberger ECG monitoring scheme is inherently single-ended, a 
fully single-ended design structure was chosen for the EA converter. Going to differential 
would increase noise immunity, but also increase chip area and power consumption. It 
was judged that the target resolution could be met with a single ended design in the low 
frequency range desired. 

The following is a subset of the IEC specifications relevant for the initial design of 
the A / D converter: 

• Noise. Input referred noise should not exceed 50 pNp-p over 9 out of 10 periods of 
10 s length. 

• Frequency response. The equipment should have bandpass characteristic with 3 dB 
roll off at 0.67 Hz and 40 Hz. 

• Minimum feature size. A 10 Hz, 50 pVp-p signal shall yield a visual recorded 
deflection. 

• Input dynamic range. A 6 m V p _ p signal shall be measured with offsets up to 
±300 mV. 

The target nominal supply voltage was set to 2.4 V with references at ±1.2 V relative to 
midpoint . That means that a preamplification of the input signal can be used to better 
utilize the dynamic range of the system. An amplification factor of 3 was chosen, yielding 
a maximum specified input offset of 900 mV. 

For the amplified minimum feature size of 150 uNp~p the target was that three LSB 
steps should toggle. This requires an effective LSB for the converter of 50 /iV. To put 
safety margin in the design process, a factor of two is included to make the design target 
value about 25 pN per LSB. This gives a quantization noise level of 7.2 piVmis- If all 
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Figure 2: Chip photograph. 

other noise sources in the circuit are kept below this value, the IEC specification should 
be fulfilled. 

An LSB of 25 ßV means a required resolution of 16.5 bits. This can be fulfilled with 
a number of various structures for a EA converter. As the ECG signals are overlaid with 
large offsets, one requirement is that the resolution is kept even when the signal offset 
approaches the references. This implies the use of a multibit converter, as a single bit 
converter reaches overload in the integrators when exposed to high DC offsets. Further, 
the amplitude of one feedback step is smaller than the reference voltage in a multibit EA. 
This relaxes the slew-rate requirements on the operational amplifier in the integrator, and 
allows for lower bias currents than in a single bit design. 

First and second order were considered for the modulator structure. Higher orders 
were not considered due to the increased circuit complexity. For example, either a 3-
bit first order modulator with an oversampling ratio of 512, or a 4-bit second order 
modulator with an oversampling ratio of 32 would fulfil the requirements. The target 
bandwidth was set at 45 Hz for an equivalent Nyquist sampling rate of 90Hz. The 
sampling frequencies for the first and second order modulator would be 46.08 kHz and 
2.88 kHz respectively. A sampling frequency of 2.88 kHz would mean an approximate 
hold time for the sampling capacitors of 170 /us. With both capacitors and leakage 
currents in the same order of magnitude (pF, pA), this could give significant voltage 
drops due to leakage. Also, a second order modulator would require double operational 
amplifiers, integration capacitors and feedback capacitors. This would increase the chip 
area needed. Finally, the kT/C noise from the integrator capacitor would be a factor of 
four higher for the sampling rate of 2.88 kHz than for 46.08 kHz. With this, the final 
choice of architecture was set to a first order, 3-bit modulator with an oversampling ratio 
of 512 times. 
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Figure 3: Measured SNDR vs. input amplitude with and w/o dither signal applied. 

3 Circuit design 

The design is based on four main blocks as shown in the system level schematic in figure 1. 
The remainder of this section briefly describes the design choices made for these blocks. 

The integrator with multibit feedback is built around a single ended Operational 
Transconduetance Amplifier (OTA). The multibit structure and the low sampling fre
quency give relaxed demands on the OTA, allowing the use of a standard two stage 
Miller design. The DAC in the feedback loop is implemented by splitting up the sam
pling capacitance in 7 equal 600 fF units, Csl through Cs7. Each of these consist of 
four symmetrically arranged 150 fF capacitors. Layout is optimized to improve match
ing, with the use of dummy capacitors on edges and full symmetry in the layout of the 
capacitor array. The equivalent input noise from the sampling capacitors is 

where M is the oversampling ratio. This yields a noise of 1.4 PVRMS, giving an acceptable 
margin to the estimated quantization noise of 7.2 UVRMS- Although this theoretically 
would allow for a decrease in capacitor sizes, concerns over matching, charge injection and 
clock feedthrough set the choice to 600 fF. The input signal is sampled to all sampling 
capacitors, after which they are connected to ±V REF, depending on the digital output 

(1) 
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value from the flash ADC. The integration capacitor Ci is equal to the sum of the 
sampling capacitors, 4.2 pF, giving a gain of one in the integrator. 

Power consumption was a key factor in the choice of structure for the A / D converter. 
Literature search showed a charge transfer comparator (CTC) to be a promising candidate 
[6, 7]. The circuit consumes no static power, giving very low power consumption for low 
frequencies. The offset voltage distribution for low frequencies has a sigma less than 1 
mV. The influence of offsets in an A / D converter inside a multibit EA modulator has 
been investigated in [8]. Based on these findings the conclusion was drawn that the CTC 
offset would not be a performance limiting factor. To keep the ADC static power at a. 
minimum, the reference voltage is created using a capacitive ladder in which the unit 
capacitor Cc is set to 300 fF. 

The use of the CTC based flash converter requires a fairly complicated clock genera
tion. Thus, the main input clock had to be set to 8 times the sampling frequency. From 
the main clock the various phases for the CTCs as well as the non-overlapping clocks for 
the integrator are derived. 

Multibit EA converters are sensitive to non-idealities such as mismatch in the feed
back D/A converter, as these errors are added directly to the input signal and are thus 
not noise shaped. For target resolutions exceeding the matching possibilities in CMOS 
this problem must be addressed. One technique is to use Data-Weighted Averaging 
(DWA), [9]. The implementation chosen here selects the unit elements used in the D/A 
conversion sequentially, always starting with the next unused element. Ideally, this trans-
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Figure 5: Measured ENOB for a 4 mVRMS 10Hz input signal vs various DC offsets. 

lates mismatch into high frequency noise. However, when the input to the converter is 
periodic, the mismatch can translate into tones in the converter baseband spectrum. As 
discussed below in section 4 this behavior was found to slightly reduce the performance 
of the implemented modulator. Several ways to address the tone behavior exist [10], and 
will be addressed in the next revision of the circuit. 

The chip was built in the Austria Micro Systems 0.35 pm CMOS process, which 
allows the use of double poly capacitors. Care was taken to separate analog and digital 
parts on chip. All four main blocks and the digital pad drivers have separate supplies, to 
allow measurements of power consumption for each block. A chip photograph outlining 
the four main blocks is shown in figure 2. 

4 Measurements 

The chip was bonded in a CLCC44 package and attached to a test circuit board. Analog 
power supply and references were supplied from separate battery packs using NiMH 
accumulators. This set the analog supply voltage at 2.6 V and references at ±1.3 V 
relative to analog ground at 1.3 V. Digital supply was taken from a power supply set. 
to 2.2 V. Sampling frequency used was 46 kHz. The 368 kHz main clock was brought 
on board single ended, with an amplitude of 2.2 V. Recorded output, data length was 
128 kword. All signal processing was made in Matlab. As the structure of the digital 
filter was not yet. decided, the noise energy was integrated up to the Nyquist. bandwidth 
of 45 Hz. This means that performance with a real filter will be reduced, the amount of 
which depends on the chosen filter structure. 
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Table 1: Specifications and measured performance. 

Dynamic Range 98 dB 

SNDR 90 dB 

Nyquist Bandwidth 45 Hz 

Clock Frequency 368 kHz 

Sampling Frequency 46 kHz 

Oversampling Ratio 512 

Reference Voltage ±1.3 V 

Input offset tolerance ±1.25 V 

Supply Voltage Analog 2.6 V 

Supply Voltage Digital 2.2 V 

Power Consumption 60 /iW 

Technology 0.35 urn CMOS TMDP 

Active Silicon Area 0.7 mm 2 

The measured SNDR as a function of input amplitude is shown in figure 3. Initially 
the measurement was performed using a single tone 10 Hz input signal. It was then 
seen that the performance was limited at certain amplitudes by tones in the baseband, 
generated by the DWA. To test the effect of a dither signal, an out of baseband tone 
at 190 Hz with an amplitude of 0.14 V was added to the 10 Hz signal. This shifted 
the tones outside the baseband and a much smoother curve was recorded. From these 
measurements a maximum SNDR of 90 dB was recorded. The dynamic range (DR) 
indicated is 98 dB, equivalent to 16 bit resolution. 

The influence of varying oversampling ratio on the DR was measured by adjustment of 
the bandwidth to give different oversampling ratios, figure 4. The sampling frequency was 
kept at 46 kHz. The measurement shows that the converter comes very close to achieving 
quantization noise limitation up to the target oversampling ratio of 512. The DR increases 
1.5 bit per octave as expected for a first order modulator up to an oversampling ratio 
of 256. For the next doubling the increase is slightly smaller, dropping off to be 0.5 bit 
per octave which indicates that the limitation then is other noise sources. As the design 
margin for the 1/f noise in the OTA was fairly low, this could be a limiting factor. Also 
injection of digital noise is a strong contributor. Nevertheless, also this measurement 
shows a DR of close to 16 bit. 

To verify the required performance with high DC offsets on the signal, a 4 mVuMS 
signal was applied with various offsets levels. The measured data are shown in figure 
5. Also in this measurement the performance was limited at certain input amplitudes 
by tones in the baseband. The same measurement was performed with a dither signal 
applied. This stabilizes the performance, even though the maximal ENOB is slightly 
reduced. From the graph it can be seen that the performance is kept with offsets very-
close to ±VREF- With an applied dither the drop off comes earlier as the dither adds 
signal amplitude. 

Finally the power consumption for the various parts of the chip was measured. The 
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total power consumption was 60 /xW, divided into 47 /iW for analog supply, 3 /xW for ref
erence voltages and 10 /iW for digital supply. The measurements results are summarized 
in table 1. 

Preliminary measurements were also made running the chip at a sampling frequency 
of 256 kHz for a Nyquist bandwidth of 250 Hz, as this is a requirement for clinical ECG 
monitoring. These measurements show similar performance as those discussed above, 
with the total power consumption increased to 185 uW. 

5 Conclusions and further work 

The design of a EA ADC optimized for portable ECG equipment has been presented. 
The converter is realized as a first-order, 3-bit EA with an oversampling ratio of 512. 
Measured performance includes a dynamic range of 16 bits for signal offsets up to ±1.25 V 
with a power consumption of 60 piW. Future work will involve a redesign of the DWA 
logic to alleviate tones in the baseband. Also, a complete low-power 3-channel ECG chip 
including preamplifiers and digital filtering will be built based on the presented work. 
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A Low Power, Propagation Delay Stable, 
Continuous-Time Comparator 

Kiril l Kozmin, Jonny Johansson, and Jerker Delsing 

Abstract 

This paper describes a design strategy towards a low power, DC level insensitive com
parator with stable propagation time. The comparator is most suitable in applications 
were a constant propagation delay is critical, such as level crossing detection in ultra
sound measurements and time quantization A / D converters. The use of a long absolute 
propagation delay allows low power consumption while keeping the signal dependent 
propagation delay variation low. The comparator is able to process signals with all DC 
level within power rails due to a constant-gm, rail-to-rail, single-ended to differential con
verter implemented in the input stage. Schematic simulations show that the comparator 
has less than 1 ns delay variation at an absolute propagation delay of 12 ns. Test signals 
include frequencies from 0.5 MHz to 10 MHz, amplitudes from 30 mV to 1 V and all DC 
levels within rails. 

1 Introduction 

Piezoelectric ceramic materials are widely used in ultrasound measurement systems. In 
the industry, measurements include properties of suspensions and fluids, e.g density and 
flow. För portable sensor systems aimed at this market, low power consumption is vital. 
This sets requirements for low power design in all parts of a sensor, as battery lifetime 
should be maximized. Design efforts towards a compete stand-alone ultrasound sensor 
have previously been published. They concern driver and receiver electronics [1, 2, 3], as 
well as efforts towards sensor networking [4]. An important part still remaining in this 
evolution is the treatment of an incoming signal, e.g. in a pulse-echo system. In such a 
case, it can be of interest to measure pulse flight times, as well as to make a complete 
A / D conversion of an incoming pulse. 

In the measurement of a time delay between two incoming signals, it may often oc
cur that the signal amplitudes are highly different. For example this is the case in an 
ultrasound pulse echo measurement system, where the reference echo has higher ampli
tude than the measured echo. For these cases it is important that the propagation time 
through a comparator is constant and independent of the incoming signal amplitude. On 
the other hand, the absolute propagation time must not necessarily be very low. Another 
application where this is of interest is in the emerging area of time quantization A/D 
converters. In this case, an added requirement is that the delay should be independent 
of the reference DC level to the comparator. 
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This paper describes a design strategy towards, and a prototype design of, a low 
power continuous-time comparator which achieves these requirements. By allowing a 
relatively long absolute time delay in the comparator, the power consumption is held to 
a minimum. At the same time, high internal gain achieved by cascaded current amplifiers 
gives low signal dependent delay variation. By the use of a mixer input stage this is also 
contained over the full range of rail-to-rail DC reference voltages. 

2 Requirements 

The target application for the comparator is ultrasound measurement systems for fluids 
and solids. Typical ultrasound frequency range used in these applications is 0.5 MHz -
10 MHz, with required amplitude resolution in the range of 10 bits. The list of require
ments for the initial design is based on the use of the comparator in two applications as 
briefly discussed below. The initial design targets are summarized in table 1. 

2.1 Level crossing detection 

Level crossing detection can be used e.g. in a pulse echo system to measure distance. With 
a target distance resolution of 1 fim and a speed of sound ~1500 m/s the corresponding 
time resolution requirement is 0.67 ns. Design target is set to At < 0.5 ns. Assuming 
that we are working in a 10 bit system, a choice of ±1.2 V references gives an LSB of 
2.34 mV. The theoretical quantization noise is then 700 IIVRMS- The equivalent input 
noise of the comparator should lie below this value. Thus the design target input noise 
was set to 250 (JLVRMS- The minimum overdrive is set to 0.5 LSB»1 mV, which gives a 
design margin of 4<r to the target noise level. 

2.2 Time quantization A / D converter 

Time quantization A / D converters [5] have some valuable properties which conventional 
time sampling A / D converters lack. For example reduced quantization error, power 
consumption and eliminated aliasing problem [6]. In a time quantization A / D converter 
the sampling event is triggered not by an incoming clock, but by a level crossing. The 
time between level crossings is measured, and the accuracy in this measurement gives 

Table 1: Initial design targets. 

Limi ts Value 
Input signal bandwidth 0.5MHz-10MHz 
Propagation delay stability At 0.5 ns 
Minimum overdrive, V0d,mm 1 mV 
Equivalent input noise, V^RMS 250 ßV 
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Figure 1: Structure of the comparator. 

an equivalent oversampling ratio for the system. The comparator used to detect a level 
crossing is highly decisive for the performance of the system. 

Recent research has shown that an increase in resolution of 0.5 to 1 bit per doubling 
of the equivalent oversampling ratio can be achieved [7, 8]. For a signal bandwidth of 
10 MHz and a comparator propagation time stability of 0.5 ns, the equivalent oversam
pling ratio is 50. This gives an increase in resolution for a chosen structure of up to 
5 bits. Thus, if a 5 bit structure with 32 level crossings is used as a base, the desired 
system resolution of 10 bits can be achieved with the specifications set for the comparator 
described in this paper. An added requirement for the use in a time quantization A/D 
converter is that he comparator has to be able to work with rail-to-rail reference DC 
levels without increased propagation time variation. 

3 Design strategy 

The target design requires low propagation delay variation as concluded in previous 
section. However, the total delay is non critical. Thus, the base for the design strategy 
is to trade total delay for low power consumption, while keeping the time variation at a 
low level by the use of high internal gain. 

The structure of the comparator is presented in figure 1. The first stage of the 
comparator is a single-ended to differential converter. Its main purpose is to equalize 
the propagation delay for different signal edges and receive signals with DC level within 
rails. The base of the input stage is a transconductance amplifier. Current amplifiers are 
used as middle amplification stages, whereafter a current comparator is used to drive the 
output. The overall middle stage amplification was calculated to drive the last amplifier 
output into saturation at minimum input overdrive. 

In a linear system the propagation delay depends on the location of the dominant 
pole. Assume that the system has one dominant pole in UJP, then the propagation delay 
can be derived from the phase 

ip = arctan(—). (1) 

If u; < < ujp then 

and the propagation delay 

(2) 

T = * « A (3) 
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Figure 2: Input stage. 

Thus, if the dominant pole can be placed high enough, the propagation delay for the gain 
stage is approximately constant for UJ « UJP. With a maximum allowed propagation time 
variation for the comparator of 0.5 ns, a first estimate is to allow 0.25 ns for the amplifiers 
while the remaining 0.25 ns is left for the input stage and the current comparator. For 
a chain of five amplifiers the time stability per amplifier should then be no more than 
50 ps. With maximum signal frequency of 10 MHz equation 3 is fulfilled at LJP > 5 • UJ, 
i.e. the bandwidth of the amplifiers in the gain stage should be five time higher than the 
maximum signal frequency. 

A typical current comparator delay curve decreases asymptotically with increase of 
the input signal overdrive. This means that for some input signal overdrive range the 
propagation delay of the comparator can be almost constant , as the comparator then is 
slew rate limited [9]. Since the propagation delay of the amplifier is constant for w « UJP, 
the chain of amplifiers can be used to amplify the signal to the amplitudes where the 
current comparator propagation delay is slewing. The current comparator that was used 
in the design is described in [10]. It was chosen due to its low delay slope over the input 
overdrive. 

In the following sections the designs of the input stage and the current amplifier are 
described more in detail. 

4 Input stage 

The input stage of the comparator has to be able to work with rail-to-rail signals with 
constant gm, transform single-ended signal to differential and to have constant signal 
propagation delay for all DC levels within rails. 

To fulfill all those requirements a complementary differential input stage with constant 
gm was taken as a basis for the design [11]. To provide higher dynamic range the double 
differential couple is connected to separate bias sources [12] (see figure 2). Low power 
requirement puts a limit on bias currents, thus making input transistors MP1:4 and 
MN1:4 work in weak inversion region. For this operation region a natural solution for 
constant gm compensation is Wilson current mirror compensation (transistors MP9:13 
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Figure 3: Limiting current amplifier. 

and MN9:11) [13]. The Wilson current compensation works by doubling the bias current 
in a working differential couple, thus making gm constant. 

The signals from two complementary differential couples are transmitted to the sum
ming circuit (transistors MP19:20, MNT7:18). Those signals have both bias and signal 
components. The bias component has to be subtracted in the summing circuit. Since the 
bias current in a summing circuit is constant and the bias current in differential couples 
varies with the input DC level, there is a common mode offset current from the output 
of the summing stage. This offset current is zero when both P and N couples work, and 
equal to the bias current by absolute value when only one of the couples is operational. 
In this design, this offset, current has been compensated for two reasons. First, as the 
bias current in the summing circuit is different at different DC input levels it can be 
difficult to achieve a constant delay. Second, this common mode offset current can result 
in bad overall amplification and high current consumption of the following stages. 

The offset current compensation circuit consists of transistors MP14:18 and MN12:16. 
Transistors MP14:15 and MN13:14 mirrors half of the bias current, in the differential 
couples to the summing circuit biasing through the transistors MP16 and MN12. When 
both P and N couples work the total bias current through MP1:4 and MN1:4 is equal to 
^f^. Half of that current, is mirrored to the output stage through transistors MP17:18 
and MN15:16. Therefore the offset current remains at zero. 

Assume that only the P couple works. The total bias current through transistors 
MP1:4 is equal to Ibias causing the current through transistors MN17:18 to be double as 
high as through MP19:20. The common mode offset current will flow out of the output, 
terminals. Because of the DC offset compensation circuit, half of the Ioias current will 
be mirrored to the transistors MN15:16, thus cancelling the offset current. The same 
principle applies if only the N couple works. 

5 Current amplifiers 

The middle stage amplifiers are made as a differential limiting current amplifiers [14] 
with two additional stages MP3:6 and input current limitation (see figure 3). The input 
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Table 2: Simulated comparator performance. 

Parameters Values 
Input signal bandwidth 0.5-10 MHZ 
Input signal amplitude range 30 mV - 1 V 
Reference level rail-to-rail 
Number of amplification stages 5 
Gain ~77dB 
Input referred noise 370 PIVRMS 

Power consumption ~3 mW 
Absolute propagation delay ~13 ns 
Propagation delay variation <1 ns 

current limiter is made of series diode-coupled transistors connected to the supply line and 
ground. These will shunt excess current away before the input stage goes into saturation. 
In case of saturation the charge that builds in transistors M P l and MP2 causes extra 
propagation delay which can not be compensated in the following stages. 

The propagation delay is defined by the load capacitance of each stage of the ampli
fier. In a current mirror the load capacitance is to a large extent defined by the gate 
capacitances Cos and COD- Since the transistors work in weak inversion region the gate 
capacitances can vary heavily for different gate-source voltages [15]. This would result in 
unstable propagation delay. The two additional stages are used to minimize the influence 
of the gate capacitance by minimizing amplification, and thus transistor area, in each 
stage. Another positive side of this is the increased bandwidth of the amplifier, which 
also increases the propagation delay stability. The drawback is an increased absolute 
propagation delay. By allowing a relatively high absolute value of the propagation delay 
more stability can be gained. This can be compared to the approach where both gain 
and number of stages are optimized for speed. [16]. Simulated performance of the current 
amplifiers yield a bandwidth of 107 MHZ and a gain of 15 dB at a power consumption 
of 2A8pW. 

6 Results 

A layout has been designed and sent to production in a 0.35 am CMOS four metal double 
poly process. The active chip area used is 600 x 200 am. The extracted schematic was 
tested with sinusoidal input signals. The signal amplitude was swept from 30 mV to 1 V 
at different DC levels within rails and different frequencies within specified bandwidth. 
The propagation time variation lies below 1 ns throughout the complete range of input 
signals. Although slightly higher than the specified target, the decision was taken to 
go to production with the design. If a fixed DC reference level is used, delay variations 
down below the target 0.5 ns is achieved throughout the range of signal amplitudes and 
frequencies. A summary of simulated performance is presented in table 2. 
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Table 3: Comparison of the design with previously published work. 

Parameters AD96687 M A X 9 1 1 M e P h I comp. This design 

Prop, delay (ns) 2.5 4 4.5 12 
Prop. stab, (ps) 50 500 200 800 
Overdrive (mV) 100-1000 10-100 10-1000 10-1000 

Power (mW) 120 200 180 3 

To verify the validity of the design strategy an overdrive test was performed and 
compared with previous work [17]. The comparator was supplied with a square wave 
input signal. The overdrive range was from 10 mV to 1 V with signal rise-time of 100 ps. 
The resulting delay variation was less than 800 ps. The complete comparison is shown in 
table 3. The delay stability of the proposed design is of the same order of magnitude as 
for the other designs. The previously discussed trade off between power consumption and 
absolute delay time is also clear. It should however be noted that the results from [17] 
are measured data, as compared to herein presented results which are simulated. 

7 Conclusions 

In this article a low power and DC level insensitive comparator with stable propaga
tion time is presented. The use of a long absolute propagation delay allows low power 
consumption while keeping the signal dependent propagation delay variation low. Simu
lations show that for a range of amplitudes from 30 mV to 1 V, frequencies from 0.5 MHZ 
to 10 MHz and DC levels from 0 V to 3.3 V, the propagation delay variation is lower 
than 1 ns. 

The comparator is most suitable in applications were a constant propagation delay 
is critical, such as level crossing detection in ultrasound measurements and quantization 
A / D converters. 
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Abstract 

This paper describes the design of a highly integrated ultrasound sensor where the piezo
electric ceramic transducer is used as the carrier for the driver electronics. Intended as 
one part in a complete portable, battery operated ultrasound sensor system, focus has 
been to achieve small size and low power consumption. An optimized ASIC driver stage 
is mounted directly on the piezoelectric transducer and connected using wire bond tech
nology. The absence of wiring between driver and transducer provides excellent pulse 
control possibilities and eliminates the need for broad band matching networks. 

Estimates of the sensor power consumption are made based on the capacitive behavior 
of the piezoelectric transducer. System behavior and power consumption are simulated 
using SPICE models of the ultrasound transducer together with transistor level modelling 
of the driver stage. Measurements and simulations are presented of system power con
sumption and echo energy in a pulse echo setup. It is shown that the power consumption 
varies with the excitation pulse width, which also affects the received ultrasound en
ergy in a pulse echo setup. Both estimates of power consumption as well as performed 
simulations agree well with measured results. 

Keywords: Piezoelectric transducer, wire bonding, low power, bare die, driver stage 

1 Introduction 

Sensor networking and ambient intelligence is an increasingly growing area of research, 
with whole conferences dedicated to the subject [1]. For portable sensor systems, bat
tery operation and low power consumption are required. In an ultrasound measurement, 
system aimed at this application, the system energy consumption and supply voltage 
requirements are vital. The excitation of a piezoelectric transducer is often performed 
with a high voltage spike without regard to energy consumption and loss in the system. 
In a low voltage, low power environment this must be reconsidered. Care must be taken 
to minimize loss in all parts of the system, and to do effective excitation in order to 
compensate for the very low voltage delivered by a battery supply. Ideally, a system 
should be possible to place in an industrial application, and not be touched again for 
several years [2]. 

The issue of power consumption for piezoelectric actuators has been investigated by 
several authors [3,4]. In these cases the piezoelectric device is driven with frequencies well 
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below the resonance frequency. Another area of research is loss reduction for piezoelectric 
transducers at high vibration amplitude, i.e. where high excitation energies are used [5]. 
The loss mechanisms involved in a piezoelectric transducer have been analyzed in [6]. 

For a piezoelectric transducer in a pulse-echo ultrasound sensor, the excitation is often 
made with square wave or spike type pulses containing a very broadband spectrum, and 
the transducer oscillates at its natural resonance frequency. Thus, for a mobile self-
supplied pulse-echo sensor the issue is neither low frequency, nor high energy excitation 
as it is imperative to preserve energy. Further, it is the total system power consumption 
that is important, i.e. the loss generated both in the transducer itself as well as in the 
associated driving electronics. 

On-chip integration of the sensor electronics is a key to achieve small sensor size and 
low power consumption. Work in this area has been published concerning amplifiers 
[7, 8, 9] as well as driver electronics [10, 11] for piezoelectric transducers and arrays. 

This paper presents the design of a compact ultrasonic sensor as one step to reach the 
system goals discussed above. The focus in the design of the sensor has been to achieve 
a high integration level between transducer and electronics, which has made it possible 
to reach small size, low power consumption, and excellent pulse control possibilities. 
The driver electronics is mounted directly to the surface of the piezoelectric disc, where 
they are subject to high frequency, low-amplitude vibrations with very high acceleration. 
Estimates, simulations, and measurements of the electrical energy required to generate 
ultrasound pulses with the sensor are presented. The influence of a varying excitation 
pulse lengths on sensor power consumption and received echo energy in a pulse echo 
setup is examined in detail. 

2 System design 

2.1 Transducer excitation schemes 

The type of pulse shape used for the excitation of a piezoelectric transducer is highly 
decisive for the complexity and power consumption of the driving electronics. A very 
simple pulse shape to generate is a square wave, requiring only a small number of logic 
gates and two main driver transistors that are switched between on and off state. This 
pulse shape also generates ultrasound pulses with high energy content if the correct pulse 
width is chosen [12]. Another choice is to use a gated sinusoidal waveform or even an 
arbitrary waveform. The use of a sinusoidal waveform would seem energy efficient for a 
capacitive transducer such as the piezoelectric disc used in this paper. A capacitive load 
will not draw active power from a sinusoidal voltage source, unless there are imaginary 
components in the dielectric constant. However, when we apply a system view incorpo
rating also the power consumption of the driver electronics, it is clear that the losses in 
a sinusoidal case occur in the driver itself. The charge delivered to the capacitive trans
ducer will always have to be routed to ground, unless an active dc-dc supply with very 
high update rate is used to discharge the transducer. It remains to investigate the use of 
such devices for this purpose. An arbitrary waveform generator will require a high speed 
D / A converter that also consumes power, buffered by a high speed amplifier to drive the 
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Figure 1: Proposed sensor design with batteries cast into the backing material. The work pre
sented in this paper concerns the integration of driver electronics and piezoelectric transducer 
as indicated in the figure. 

capacitive load. With this background the choice for the investigations performed in this 
work has been to use a square wave excitation pulse. 

2.2 Sensor design 

The goal of this work is to form one of the building blocks necessary to reach the target 
of a portable, battery operated ultrasound sensor system as discussed in section 1 above. 
A proposed sensor design is shown in Fig. 1. Here, the batteries are cast into the rear 
part of the backing which is used to tailor the shape of the generated ultrasound pulse 
[13]. The electronics is integrated in one single ASIC which is mounted directly on the 
piezoelectric transducer. The output of the sensor system is here depicted as a coaxial 
connector. It could as well be directly connected to an affiliated microprocessor system 
with integrated wireless communication, e.g. as discussed in [14]. 

The building block presented in this paper concerns the integration of the electronics 
die directly onto the piezoelectric transducer, as indicated in Fig. 1. The piezoelectric 
device used as a base for the design is a circular piezoceramic disc with properties as 
tabulated in Table 1 [15]. The disc is covered with a thin layer of screen-printed silver on 
both sides. The electrodes are of the wrap around type, which enables both electrodes to 
be connected from the same side of the disc. The electronics is an optimized CMOS ASIC 
driver in bare die format [11]. The driver rapidly discharges and charges the piezoelectric 
disc, whereafter it automatically goes to high impedance state in preparation to receive 
an echo. The size of the driver die is 3.3x3.6 mm 2 . It contains several differently sized 
driver stages, and the active silicon area used for this work is 730x840 pm2. The nominal 
maximum supply voltage for the chip is 5.5 V, with an absolute maximum voltage of 7 V. 
The arrangement is shown in figure 2. 
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Table 1: Data for the Pz27 piezoelectric transducer used in this paper. 

Parameter Notation Value 

Radius a (ro) 0.008 
Thickness (nominal) lerinom (m) 487•10- 6 

Thickness (used) len (m) 470 • 10~6 

Free Dielectric Const. KT (As/Vm) 1800 
Clamped Dielectric Const. Ks (As/Vm) 914 
Frequency (nominal) fosc.nom 4.44 • 106 

Frequency (measured) fosc 4.6 • 106 

The driver ASIC is glued directly to the piezoelectric transducer with non-conductive 
heat curing glue, type Epotek H70E. For all glue operations with heat curing glue a 
curing temperature of 130 ° C for 20 minutes was used. The temperature is low enough 
not to damage the piezoelectric material, which has a curie temperature of 350 °C. The 
driver and its associated bond pads cover a surface of about 4x6 mm 2 . Most likely 
the attachment of chip and bond pads will cause a minor disturbance of the radiated 
beam pattern, but for the investigations in this paper this effect has been judged to be 
negligible. 

Prototypes were also built with batteries attached as shown in Fig. 3. Lithium button 
cells were glued with Epotek H20E conductive silver based epoxy directly to the silver 
surface of the piezoelectric device. As the present version of the driver stage needs an 
external trigger pulse, connections were provided for this purpose. To create a true stand
alone prototype, one of the fabricated devices was equipped with a small pulse generation 
electronic block, which was mounted on top of the batteries. 

2.3 Transducer-electronics connection 

Electrical connections from the chip to the piezoelectric disc has been made with 25 ßm 
gold bonding wire [16]. Two possibilities for the bonding from the chip have been investi
gated. The first takes the bond directly to the silver layer on the piezoelectric transducer. 
A second alternative was to use an intermediate material glued to the transducer with 
conductive glue as target for the bond wire. For the first approach, several experiments 
showed that the silver layer had very bad adhesion to the gold bonding wire, and it was 
not possible to make consistently good bonds. One possible reason for this behavior is 
that the screen-printed silver has a few percent adhesive additive to give better adhesion 
to ceramic surface [17]. The additive might also make the surface harder, and thus make 
it difficult to produce good bonds. Secondly, the silver on the transducer forms a silver 
sulphide layer during storage. Although a cleaning process in a plasma cleaner was used 
before bonding, this might not have been sufficient to remove the sulphide layer. The 
manufacturer Ferroperm A/S recommends cleaning with a glass brush before soldering. 
This procedure will be tested for future prototypes. 
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Figure 2: The driver chip mounted on a 16 mm diameter 1 MHz PZ27 disc. The 35 urn gold 

bond wires are visible in the picture. 

For the second approach to bonding, 2x2 mm 2 silver clad copper bond pads were used 
as an intermediate conductor between bond wire and transducer. The bond pads have 
one side covered with silver, and this side was used for bonding. The other side is bare 
copper, and this was glued to the silver surface of the transducer with Epotek H20E silver 
based heat curing conductive epoxy. The bond pads gave good bonds with the gold bond 
wire. Thus, it was decided to use this method. The bond pads were also used to form 
an interface between the bond wire and the wire going to an external connector. In this 
case, the bond pads were glued on top of the non-used chip surface with Epotek H70E 

nonconductive glue. 

In a traditional ultrasound measurement system where a coaxial cable is used to con
nect the transducer with the electronics, parasitic inductance and capacitance influence 
the behavior of the excitation pulse [18]. Even a short length (7 cm) coaxial cable intro
duces unwanted oscillations, whereas a long cable (2 m) gives rise of several reflections 
affecting the transducer. One way to counteract this behavior is to introduce broadband 
matching network in the transducer end of the cable [19, 20], These matching networks 
are most often analyzed in the frequency domain. When the driver electronics are placed 
directly on the transducer as presented in this paper the need for cabling is eliminated. 
The matching issue can then be turned from impedance matching in the frequency do
main to control of time constants and rise and fall times in the time domain. The 
transducer can be viewed as a capacitive load directly connected to the driver stage. For 
a push-pull driver stage as used in this paper, the issue is to achieve short, enough rise 
and fall times for the charging and discharging of the transducer. 
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Figure 3: The driver chip mounted on a 16 mm, diameter PZ27 disc together with two lithium 

button cell batteries. 

2.4 Mechanical vibrations 

Both the driver chip and the bond wires are subject to the ultrasonic vibrations imposed 
by the piezoelectric disc. To get a rough approximation of the mechanical properties of 
these vibrations, the static deformation Az of the PZ27 for the applied voltage can be 
written as 

Az = d33U, (1) 

where d33 is the piezoelectric charge coefficient for the material. Assuming a sinusoidal 

vibration of frequency /, the peak speed and acceleration on the surface are 

v m a x = 2TT/AZ (2) 

and 

amax = (2TT/) AZ 

respectively. For the system at hand we have U = 5 V, d33 

f = 440 6 Hz. This gives the mechanical vibration data 

Az = 2.1 nm 

Vmax = 53 mm/s 

amax = 1.3 • 106 m/s2. 

The estimate for acceleration is very high, although the amplitude of the oscillation is 
extremely small. The effects of acceleration and vibration on wire bonds are discussed 

(3) 

425 - K T 1 2 C/N, and 

(4) 
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Figure 4- Schematic of the simulated ultrasound system including driver chip, air backed piezo
electric transducer, sound path, and parasitic components. 

in [16]. The areas of application discussed therein are however different than the one 
described in this paper, e.g. high accelerations in military equipment and ultrasonic 
cleaning in frequency ranges below 50 kHz. The errors caused by ultrasonic cleaning are 
often connected to mechanical resonance of the wire. Military specifications require a 
non-destructive pull test using a load of 2.4 gram equivalent to an acceleration of around 
106 m/s 2 . Applied in the vertical direction, this type of load can normally be handled by 
the wire bond. If the load is applied horizontally, it is however likely to reposition and 
potentially short the bond wires. Most likely, resonance induced errors and mechanical 
displacement should not be an issue in this work, as we are dealing with very high 
frequencies and extremely small amplitudes. On the other hand long term reliability has 
to be raised as an issue, as the device may be excited with a repetition rate of several kHz 
for several years. This issue must be dealt with also for the chip and its attachments. 
Although a different area of research, similar amplitudes and frequencies of vibration are 
found in capacitive micro-machined ultrasonic transducers (CMUTs) [21], which can be 
used to form high density ultrasonic arrays over a silicon substrate. 

2.5 Simulation environment 

The design of an ultrasound sensor system is a task requiring a large number of free 
parameters to be set. Thus, it is advantageous to be able to use simulation tools on 
system level in the design process. One tool that can handle both the electronics and 
the mechanical piezoelectric components and ultrasound transmission media is the cir
cuit simulator SPICE and its progenies. The SPICE model used for the simulation of 
the piezoceramic transducer was initially presented by Leach [22], further developed by 
Püttmer [23], and van Deventer [24]. Also the medium through which the ultrasonic 
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pulse is transmitted is modelled as a transmission line, with data calculated using meth
ods from [24]. Diffraction loss is included in the model to make it possible to achieve 
correct amplitude in received echoes [25]. 

The simulations presented in this paper have been performed to verify that the models 
can be used to correctly estimate power consumption on system level. The schematic 
used for the simulation is shown in Fig. 4. Simulation of the driver electronics is made 
using transistor models from the chip manufacturer. Estimated parasitic components 
stemming from bond wires and connections are included in the simulation. Simulations 
were performed using the Cadence Spectre simulation tool. The temperature for the 
simulations was set to 25 °C. 

3 Estimate of energy consumption 

One important specification for a battery operated system is its power consumption, 
which decides the battery life time. In an ultrasound pulse echo system, a large amount of 
the consumed energy is used to generate the ultrasound pulse, i.e. to excite the transducer. 
The intention with the remainder of this paragraph is to estimate the energy required to 
excite a piezoelectric transducer and relate this value to the parameters of the transducer. 

A piezoelectric ceramic transducer can, as an approximation outside of its resonance 
regions, electrically be viewed as a parallel plate capacitor with a capacitance 

Here, e0 is the permittivity in free air, K is the dielectric constant of the material, A is 
the area of the disc, and d is its thickness [26]. The governing parameter is K, which for 
a piezoelectric material varies with frequency and mechanical state for the material. K 
is most often measured for two situations, damped and free. The free dielectric constant 
KT is often measured at 1 kHz where the disc is free to move. The clamped dielectric 
constant Ks on the other hand is measured on a frequency above all resonances and their 
harmonics (several MHz), where inertia blocks the movement of the disc. Ks and KT are 
frequency dependent. For a piezoelectric material the effect of clamped v.s. non-clamped 
condition is however dominant over the frequency dependence of these constants. The 
relation between these constants can be written 

Ks = A ' T (1 - fc2). (6) 

Here, k is the electromechanical coupling factor defined as 

(7) 

where 
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Wm,« = Mechanical energy stored 
W'e,a = Electrical energy applied 
W e j = Electrical energy stored 
Wm,a = Mechanical energy applied. 

Thus, for a larger k, the efficiency of conversion between electrical and mechanical energy 
is larger, and so is the difference between clamped and free capacitance of the piezoelectric 
disc. For a free state at low frequencies both electrical and mechanical effects contribute 
to the charge accumulation on the piezoelectric disc. At high frequencies the mechanical 
movement of the disc is constrained due to inertia, making the mechanical effects smaller 
thus yielding a lower effective capacitance of the disc. The use of Co as a measure of 
capacitive behavior of a piezoelectric disc can only be used outside of its resonance re
gions. In the vicinity of resonance the measured capacitance varies highly with frequency-
depending on influence from mechanical resonances. The values of KT and Ks for the 
PZ27 disc used in this paper are given in Table 1. 

The complete analysis of energy consumption in a piezoceramic material is complex, 
a thorough analysis of loss mechanisms involved in piezoelectric transducers can be found 
in [6]. An estimate can however be performed using the effective capacitance values of 
the piezoceramic disc, as these actually include mechanical effects as discussed above. A 
capacitance C which is charged to a voltage U will hold an electrical energy 

W = ^ f . (8) 

If the capacitance is charged from a fixed voltage source, e.g. a battery, the charging is 
non-adiabatic and the same amount of energy as calculated in (8) is lost as resistive loss 
[27]. Thus, if the capacitance is charged and discharged with a repetition frequency / , 
the power consumed would be 

P = fCU2. (9) 

Capacitance and estimated power consumption for the piezoelectric transducer used 
in this paper are shown in Table 2. The power consumption calculated for a clamped 
transducer represents the absolute minimum power consumption that can be expected 
when the transducer is excited, as it only takes into consideration the electrical ca
pacitance of the transducer. Furthermore, the power consumption estimated for a free 
transducer should never be possible to exceed, regardless of how a sensor is mechani
cally designed. This is due to the fact that a maximum efficiency of conversion between 
electrical and mechanical energy has been considered for this case. This condition holds 

Table 2: Calculated effective capacitance and power consumed to charge this, at a repetition 
frequency of 1 kHz for clamped and free conditions. 

Condition Capacitance Power @ 1 kHz 

Free 6.58 nF 164/iW 

Clamped 3.34 nF 83.5 uW 
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Figure 5: Block schematic of the measurement setup. 

both wether the generated mechanical energy is transmitted into a medium or dissipated 
due to ringing in the transducer. 

In this paper we are interested not only in the power consumption of the piezoelectric 
disc itself, but also the loss in its associated electronics. Thus, losses introduced in the 
electronics must be added to the power consumption estimated above to get the total 
sensor system power consumption. 

4 Experiments 

4.1 Performed Measurements 

The following measurements were performed to verify the design approach as discussed 
in previous sections. 

• Temporal behavior of excitation pulse. The temporal behavior of the excitation 
pulse was measured for two excitation pulse widths to verify the pulse control 
possibilities foreseen in section 2.3 above. 

• Temporal behavior of received echo. The temporal behavior of a received pulse echo 
was measured for two excitation pulse widths to verify the pulse control possibilities. 

• Received echo energy. The dependence of the received echo energy on the excitation 
pulse width was measured and simulated to find an optimum excitation pulse width 
for transmitted pulse energy. 

• Sensor power consumption in pulse echo setup. The consumed electrical power for 
the sensor was measured and simulated for varying excitation pulse widths. This 
measurement served two purposes: Firstly, to relate the pulse width for maximum 
echo energy to the pulse width for maximum system power consumption. Secondly, 
to verify the estimate of energy consumption made in section 3 above. 
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• Sensor power consumption for non-loaded transducer Measurements of the sensor 
power consumption were also performed with the transducer unloaded. The main 
purpose of this arrangement was to achieve a well defined state of a free transducer 
to be able to compare theoretical approximations with measured data. 

It should in this context be noted, that the intention with the measurements of energy 
for received echoes as well as power consumption for the sensor is not intended to give 
a measure of absolute efficiency of the sensor. The absolute efficiency of an ultrasound 
sensor system is highly dependent on the mechanical construction, and the matching of 
impedances between sensor and the propagation media. It is thus out of the scope for 
this paper. 

4.2 Experimental setup 

In order to achieve a pulse echo system the sensor was attached with acoustic couplant to 
a 21 mm thick plate of Plexiglas (PMMA). An ultrasound pulse was generated into the 
PMMA, and reflected back to the piezoelectric disc at the PMMA-air interface. The back 
side of the piezoelectric transducer was unloaded (air). A block schematic of the experi
mental setup is shown in Fig. 5. The width of the excitation pulse generated by the driver 
is set by an external square wave generator. Power is supplied by a Keithley 2400 series 
Sourcemeter set at 5 V. The power supply cabling is decoupled at the sensor. The mean 
current consumption is measured with the built in amperemeter in the Sourcemeter in
strument. The load on the output of the square wave generator is two small CMOS gates, 
that yield a capacitance of a few tens of fF. Thus, the power consumed by the charging 
and discharging of this gate capacitance is ignored. The excitation and the received echo 
are measured directly at the disc using a Tektronix TDS7254 oscilloscope with low load 
active probes (Cp < 2 pF,Rp = 1 M f i ) . As the probes draw some current due to the 
relatively low resistance they were disconnected during the power measurements. 

Al l measurements presented below were made with the prototype without batteries 
attached. Measurements made with attached batteries show that the added mechanical 
load on the piezoelectric disc serve as a poorly matched backing. Both the ringing after 
excitation as well as the received echo are slightly attenuated in this setup. 

4.3 Measurement and simulation accuracy 

In this paper measured results are compared with simulations. A number of uncertainty 
factors affect both measurements and simulations, especially when absolute amplitudes 
are considered. The sources of uncertainty can be placed in two groups: 

• Measurement equipment. Measurements will be affected by the precision of the used 
equipment, e.g. gain error and resolution of the oscilloscope, as well as accuracy of 
the used current measurement device. 

• Material parameters. Tolerances and temperature dependencies in material param
eters will have a large impact on both measurements and simulations. 
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Figure 6: Excitation signal for pulse widths of 115 ns and 230 ns. 

The used TDS7254 oscilloscope has a vertical gain accuracy of 2% and a resolution 
of 8 bits. It is however used at a, high oversampling ratio which yields a higher effective 
resolution. The time base accuracy in the oscilloscope is <5 ppm. The Keithley 2400 
Sourcemeter measures current, and voltage with accuracies of about. 10 nA and 2 mV 
respectively. The overall measurement error is estimated to less than 2.5% for echo 
amplitude and less than 0.1% for power consumption. 

One source of uncertainty when the measurements are to be repeated in the simu
lation is caused by the temperature dependence of the attenuation in the PMMA [24], 
which directly affects the amplitude and echo energy. The coefficient of attenuation has 
a temperature dependence of 2.8% per degree Celsius. For the the distance travelled 
(42 mm) and with the temperature in the plastic estimated to ±1° this gives a variation 
of ± 5 % in received echo amplitude. 

Also other material parameters will influence the results, e.g. Ks which directly af
fects the power consumption. Properties for the piezoceramic material are given with 
tolerances ranging from ±2.5% up to ±10%, which can give high influence in the simula
tion. Simulations for variations of Pz27 parameters were presented in [25], showing that 
one single parameter can change the amplitude of an incoming echo with over 11%. As 
the received energy is proportional to the square of the amplitude, the impact of such 
variations will be high. The determination of the complete simulation accuracy would 
require an extensive Monte Carlo simulation. This is a subject for further work in the 
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area. 
In the simulations presented below nominal material data has been used in all places 

except for transducer thickness. This has been adjusted slightly as shown in Table 1 to 
achieve the correct resonance frequency for the simulated transducer. 

From the above reasoning it is clear that it should be expected to see simulation results 
that deviate from measurements in absolute terms, especially when high attenuation 
transmission media such as PMMA are used. However it should still be expected to see 
the correct behavior in simulated data, e.g. such as the dependence on the excitation 
time as presented in this paper. 

5 Results and discussion 

5.1 Exci ta t ion pulse 

The extreme proximity of the driver to the transducer provides very clean excitation 
pulses, as shown for 115 ns and 230 ns excitation pulses in Fig. 6. The pulse widths 
chosen are slightly longer than Tpz/2 and Tpz respectively, where Tpz = 225 ns is the 
period time of the calculated self-resonance frequency of the piezoelectric transducer. It 
can be seen that the ringing of the transducer after excitation is very low for the excitation 
with a pulse width of 230 ns. This is due to the fact that the second (rising) edge of the 
excitation pulse is applied out of phase to the ringing of the transducer, thus effectively 
attenuating the ringing. On the other hand, for the excitation with 115 ns pulse width 
the second edge is applied in-phase with the transducer oscillation, thus increasing the 

5.2 Received echo 

The amplitude and pulse shape of the received echoes as shown in Fig. 7 reflect the 
behavior of the transducer for the two different excitation pulse widths as discussed in 
previous section. I t is also clear that the amount of energy transmitted into the material 
is very low for the excitation pulse width around T p z . 

To get a better view of how the received echo energy varies with the excitation pulse 
width, this was varied in 10 ns increments, and relative energy content of the received 
pulse echo was measured and simulated. The pulse energy content was calculated as 

where Tp is the duration of the received pulse and Vp(t) is the momentary measured 
voltage at the piezoelectric disc. The results are shown in Fig. 8. The measurements 
verify that the pulse energy content varies with the excitation pulse width. Further it is 
seen that the echo energy content predicted by the simulation agrees very well with the 
measured results regarding the dependence on the excitation pulse width. 

With the crystal non-rigidly mounted as in these measurements it is subject to un
wanted radial and flexural modes of oscillation [13]. The low frequency oscillations also 

ringing. 

(10) 
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Figure 7: Received AC coupled and filtered echo for excitation pulse widths of 115 ns and 230 ns. 

remain at the arrival of the echoes depicted in Fig. 7, but have therein been filtered away 
to increase clarity of the figure. 

5.3 Power consumption 

The power consumption of the sensor was measured and simulated for various excitation 
pulse widths at a pulse repetition frequency of 1 kHz. The results are shown in Fig. 9. 
It is clearly seen that the consumed power varies as the excitation pulse width changes. 

The consumed power reaches a local minimum for t e x c = 240 ns sa Tpz, where the 
ringing of the transducer is attenuated by the second edge of the excitation pulse as 
discussed in section 5.1. Although at a local minimum, the energy consumed is slightly 
higher than the estimated absolute minimum as discussed in section 3. This is reasonable, 
as some mechanical energy is produced during the complete phase that the transducer is 
allowed to oscillate. Further, some energy is lost within the driver electronics itself. 

As t e x c is decreased towards t e x c « Tpz/2, both power consumption (Fig. 9) and pulse 
energy (Fig. 8) increases, due to the fact that the second edge of the excitation more and 
more is moving in-phase with the oscillation in the transducer. The power consumption 
reaches a local maximum for t e x c « 130 ns > Tpz/2, while the received pulse energy has 
its maximum at t e x c « 100 ns < Tpz/2. 

This relation is further illustrated by the graph in Fig. 10, where the normalized ratio 
between received pulse energy and consumed power has been plotted. This is not to 
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be taken as a measure of absolute efficiency, but a way to illustrate the influence of a 
varying pulse width on the efficiency in this specific system. It is here seen that the 
relative efficiency indicated by both simulations and measurements are at a maximum 
for t e x c ÄIOO ns, whereafter it drops considerably when t e x c increases towards 130 ns. 
This shows that a fair amount of power can be saved, and pulse energy increased, by a 
careful selection of excitation pulse width. 

The power consumption measured for a, sensor with an unloaded transducer agrees 
well with the power measured for the case when the transducer is loaded. However, it 
can be seen that its second local maximum remains at the same level as the first, which 
is not the case for the loaded transducer in the pulse echo setup. The cause for this 
behavior remains to be further investigated. 

Another measurement was made on the free disc using a square wave signal with 
5 0 % duty cycle at 1 kHz for excitation. The intention with this measurement was to 
explore the energy consumption when the piezoelectric material was free to settle between 
positive and negative excitation edges, i.e. to achieve a true free state also during the pulse 
duration. This measurement gave a power consumption of 158 LIW, which corresponds 
well to the estimated maximum energy consumption calculated in Table 2. When the 
test was repeated in the simulator, it was found that the long simulation times required 
( > 1 ms) generates a runaway behavior of the current into the model of the piezoelectric 
device. At 1 ms simulation time after excitation, the current into the device has grown 
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Figure 9: Power consumption of driver and crystal at a repetition frequency of 1 kHz. 

up to several hundreds of p.A. I t then grows exponentially to several hundred amperes 
within another couple of ms, whereafter the simulation fails. It should however be noted 
that the model works without errors for the short ( < < 1 ms) simulation times that are 
normally used. 

Power consumption should occur in the system only during switch operation, i.e. the 
power consumption should be linearly dependent on the repetition rate. Measurements 
were made on the free transducer for repetition frequencies of 100 Hz and 1 kHz with an 
excitation pulse width of 120 ns. The power consumption was 12.8 p.W and 128.5 ptW 
respectively. This verifies that the power consumption is dynamic only, with minimal 
static loss in the system. 

In the measurements it is not possible to separate losses in the driver stage from the 
overall power consumption. Simulations do however show that the power loss in the driver 
stage itself is about 3 pAN at a repetition frequency of 1 kHz. For both consumed power 
and received echo energy, the simulations performed yield good agreement with measured 
data. The absolute energy for received echoes differ around 20%, which could be expected 
based on the discussion in section 4.3 above. The same applies for the absolute measures 
of consumed energy, while the difference there are smaller. In both cases it is however 
seen that dependence on excitation pulse width agrees very well between simulations 
and measurements. A contributing factor to this good match is the fact that resonance 
frequency of the model was tuned to match measured performance, as also discussed in 
section 4.3. 
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Figure 10: Relative efficiency of the sensor system. Received echo energy is divided with con
sumed power and normalized for measurements and simulations individually. 

6 Conclusions 

In this paper we have presented the design of a compact ultrasonic sensor, where the 
driver electronics is mounted directly on the piezoelectric transducer. The presented 
design methodology and measurement, results clearly indicate the feasibility to achieve 
a complete battery operated thumb size ultrasound measurement system. The absence 
of cabling between the driver stage and the piezoelectric transducer give excellent pulse 
control possibilities, with both the consumed power as well as the transmitted ultrasound 
energy highly dependent on the excitation pulse width used. 

Simulations incorporating SPICE models for the ultrasound parts as well as the elec
tronics is an effective tool for system level optimization. It is shown that it is possible 
to accurately predict both system behavior as well as power consumption using this 
method. The upper and lower limits of the system power consumption can also be es
timated based on the capacitive behavior of the piezoelectric transducer under free and 
clamped conditions. 

The power consumption for a sensor based on a 16 mm diameter 4.4 MHz piezoelectric 
transducer used at a repetition frequency of 1 kHz varies between 95 pW and 130 piW 
depending on the excitation pulse width used. The power consumption is linearly depen
dent, on the repetition rate. This allows very long operating times in a battery operated 
system if a low repetition frequency is used. The measured power consumption comes 
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very close to estimated ideal minimum. Thus the design can be used as a reference for 
power efficient ultrasound sensors. 

Future development will involve an ultrasound sensor with the complete electronics 
integrated in one single chip mounted directly on the transducer, with battery supply 
cast into the backing of the sensor. The approach taken introduces issues regarding the 
influence of vibrations in the MHz-range on die attachment and wire bonding connections, 
which need to be further investigated. 
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M U L L E : A Minimal Sensor Networking Device -
Implementation and Manufacturing Challenges 

Jonny Johansson, Matthias Völker, Jens Eliasson, Åke Östmark, 
Per Lindgren, and Jerker Delsing 

Abstract 

Network connected sensors are today increasingly used in the industry. In cases where 
these sensors also are equipped with computational and ad-hoc networking capacity they 
can form a system for ambient intelligence. To make such a system cost-effective and 
easy to install it is important to avoid cabling, thus setting requirements for battery op
eration and wireless communication capacity. In this paper we discuss the perspectives of 
wireless networked sensors using standardized Internet communication. We also present 
the design of a minimal CPU / communication unit designed for this purpose. The size 
of a complete unit is (25x23x10) mm including battery supply. The use of advanced PCB 
manufacturing and bare die mounting techniques allows hosting of a Bluetooth chipset 
and a microcontroller, as well as a number of other SMD components. On-chip software 
includes a full web server, TCP/IP and Bluetooth communication stacks. The choices 
and design trade-offs for the system are discussed, and the future use together with com
pact ultrasound industrial sensors and health monitoring systems is briefly presented. 

Keywords: Embedded, Internet, EIS, Bluetooth, TCP/IP, sensor. 

1 Introduction 

Sensors and actuators are widely used devices in various system implementations. De
vices that are intelligent and accessible to the Internet open new possibilities for system 
fault detection, control, maintenance and support. We approach this challenge by the 
development, of an Embedded Internet System (EIS) architecture for small mobile de
vices. This architecture comprises three major components. First, very light-weighted 
sensor/actuator devices with embedded communication capability. Second, the mobile 
connection of such devices to the global Internet in a simple and cheap way. Third, 
ad-hoc Internet networking of such devices. 

The above criteria spans a huge design space. By basing design choices on today's 
state of the art technologies, feasibility studies and proof of concepts can be conducted in 
order to provide working solutions as well as gather deeper understanding of the under
lying problems. The evolution of embedded microcontrollers with onboard memory and 
interfaces have rendered a wide selection of suitable building blocks for networked sensors 
[1, 2, 3]. Providing mobile access to the global Internet states a number of challenges with 
respect to sensor network communication, global Internet access and deployment of suit
able communication protocols. Over the last years, Bluetooth has emerged as a standard 
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for short-range radio communication [4]. By the use of protocols and profiles, devices 
can identify services and create networks in an ad-hoc manner. In this way Bluetooth 
can provide communication means for networked sensors applicable today. Furthermore, 
the increasing deployment of Bluetooth technology in Internet connected consumer elec
tronics, for example GPRS/UMTS mobile phones, handheld computers and Bluetooth 
gateways, opens up an ambient communication infrastructure viable today. Both simplic
ity and cost are key issues for global Internet access of networked sensors. Deployment 
of proprietary protocols for the communication is precluded as it would imply custom 
configuration of the access point(s), e.g. mobile phone or Bluetooth gateway. Instead we 
seek a more general solution to the problem relying on standardized protocols. Commu
nication cost is largely determined by the access technology, GPRS/UMTS traffic is likely 
to have a higher per-byte cost than traffic intermediated to a wired gateway. Hence, we 
seek a communication solution that can seamlessly roam between access technologies to 
provide cost effective access to the global Internet. 

In this paper, we demonstrate the feasibility of EIS architectures by applying state of 
the art design and manufacturing techniques in the development of MULLE; a minimal 
light-weighted EIS sensor platform with processing and communication capability. The 
implementation is described in detail, and some possible applications are briefly discussed. 
The embedded application and standardized TCP/IP communication software is designed 
for minimal CPU and memory usage. The mobile connection to the global Internet is 
made via a Bluetooth enabled GPRS/UMTS mobile phone. Thus, by giving EIS devices 
a Bluetooth communication channel it is possible to tunnel the EIS sensor communication 
through a mobile phone nearby the sensor. The ad-hoc networking is achieved through 
Bluetooth piconet technology together with the NAT protocol providing IP-addresses to 
the EIS devices [5]. Thus, the solution makes it possible to in an ad-hoc manner connect 
an infinite number, in theory, of EIS devices to the Internet using a single mobile phone. 

2 Evolution of networked sensors 

Today devices such as sensors and measurement instruments are widely used to get sys
tems working. These devices have the capability to communicate data by either a display 
or some electronic data communication means. For a long time most sensor communica
tion schemes deployed were point-to-point communication like RS-232 or current loop. In 
the 1980's instrumentation busses like the IEEE-488 standard [6] was developed. Later 
came the Fieldbus standard targeting sensors, actuators and instrumentation in indus
trial environments with tight real time requirements [7, 8]. Other approaches are the ASi 
standard [9] targeting sensor communication and the IEEE 1451 standard [10, 11] tar
geting the conversion of low level communications like RS-232 and current loops to a bus 
structure. However, all these approaches make data available only to a few predetermined 
users. 

Based on these types of standards we now see the evolution of virtual measurement 
environments. By the adoption of Internet technology to these virtual environments, 
sensors and actuators become available to users worldwide. Internet access is often 
implemented by the connection of sensors, actuators or other devices to a base unit 
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(large server) on which a gateway application is running that enables the device(s) to be 
visible on the Internet [12, 13, 14, 15]. Applications where such architectures are applied 
are found around the measurement of medical quantities, see for example [16, 17, 18]. 

The large server architecture suffers from the need to develop a specific application 
that is capable of communicating with the connected devices, e.g. the Mobihealth BAN-
ware [18]. Such a base unit is required to have the hardware communication capabilities 
that enables the device communication. Tö make sensors mobile in this architecture it 
is possible to use suitable radio or optical communication. However, the access (radio or 
optical) infrastructure has to be built for the particular case. 

Massively distributed systems is a well established research area in the realm of com
puter engineering. Results naturally apply to sensor networking. Examples of interesting 
papers that give an overview of requirements and problems are [19, 20, 21]. Here we also 
find examples of sensor networking that requires less computational resources, e.g. the 
Time Triggered Architecture investigated in the car industry [22, 23]. The, so far, most 
challenging and ground breaking ideas on small device networking is the electronic dust 
project from Berkeley [24, 25, 26]. However, in all these cases the sensor networks utilize 
non-standard or proprietary protocols. Substantial work has been made on the network
ing problem related to massively distributed sensors, e.g. [27, 28]. Power consumption 
issues are critical in the design of small networked sensor devices. There are a large 
number of papers targeting this field, e.g. [29, 30]. 

For the future we project, that many, if not all, sensors and measurement devices will 
be given the capability to act on its own as a node in the public Internet. This is achieved 
by embedding the Internet communication capabilities into the device itself. This will 
be possible even in very light-weighted devices. Recent achievements in the direction of 
light-weighted Embedded Internet. Systems (EIS) can be found in [31, 32, 33, 34]. White 
papers from market, research institutes predict similar developments, particularly in the 
machine to machine (M2M) business [35]. The EIS architecture provides new means to 
distribute data to users worldwide. In turn this may lead to new applications and ways 
of doing business. Of course this will also give rise to new problems: technical, legal as 
well society oriented. 

We envision ambient intelligent environments with an infrastructure based on hetero
geneous IP-enabled devices. These devices may range from simple sensors and actuators 
with minimal hardware resources for consumer electronics to large heavy duty devices 
with major hardware resources available, all accessible over the Internet. The ultimate 
solution would be to have an architecture where sensor and actuator devices can connect 
to an application using an existing access network in an ad-hoc manner. Furthermore, 
the devices should declare their functionalities and capabilities to any user or application 
that is allowed access to the device. 

3 M U L L E - a platform for networked sensors 

At EISLAB at Luleå University of Technology the development of various applications 
requires a platform to form networked sensors and ambient, intelligence as discussed in 
the sections above. The evolution towards such an Embedded Internet System (EIS) has 
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been underway for a number of years. The most recent result has been named MULLE. 
This section describes the requirements on the system, and the solutions chosen to reach 
a working prototype. 

3.1 System requirements 

Based on the discussion above, a list of requirements for MULLE was created. In the 
procedure to create the requirements list, effort was put to use solutions that where 
actually realizable or already in use. 

• Web server. The system should have memory capacity to host an on-board web 
server. 

• Communication. The system should be able to perform wireless communication. 

• Time stamp. The system should be capable to time stamp events in real time. 

• Size. The system size should be maximum (25x25x5) mm without battery supply. 

• Battery supply. The system should be possible to supply from various battery 
types, ranging from one single Li-Poly cell to 4 series connected Ni-MH or Ni-Cd 
accumulators. This sets the nominal supply voltage range to (3.6 - 4.8) V. 

• Low Power. Focus should be on low power consumption, with efficient power down 
mode to conserve power. 

• Analog I/O. The system should have capacity to handle analog inputs signals, as 
well as to source analog output signals. 

• Digital I/O. The system should communicate via digital serial I /O, for program
ming and connection of digital sensors. General purpose I /O should be available 
for i.e. timer and interrupts. 

• Power supply output. The system should provide power supply for externally con
nected sensors. 

3.2 Hardware solutions 

This subsection describes the hardware solutions used for MULLE. A block schematic of 
the design is shown in figure 1. 
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Figure 1: Block diagram of MULLE. 

3.2.1 Dig i t a l core 

The design is centered around computational and communication capability. The chosen 
microcontroller is a Renesas M16/62A (M30624FGA). It is a 16-bit architecture with 
20 kB RAM and 256 kB flash ROM on chip memory as well as on chip 8-10 bit analog 
I /O. The component was made available to EISLAB as bare die, enabling the use of Chip-
On-Board (COB) mounting to reduce the size of the circuit board. The footprint of the 
M16 layout including bondpads and bond head working area measures (13x13) mm, 
to be compared with a foot print of (19.5x25.5) mm for a standard M16 in fine pitch 
package. A 10 MHz ceramic resonator provides clock signal to the M16. Real time clock 
as well as reset logic and extended non-volatile memory is provided in one single chip, 
the Xicor X1288. Although the chip was unavailable in bare die format, the integration 
of all functionality in one single chip allows a space and power efficient solution. The 
X1288 provides 256 kbit of non-volatile memory and connects to the M16 via I2C serial 
interface. The real time clock in the X1288 requires a 32.768 kHz crystal. The X1288 
provides a selectable sub clock to the M16, which can be set to 32 kHz, 100 Hz, or 1 Hz. 
Programming of the M16 is made through a serial interface which is routed through the 
main 26 pin I /O connector. 
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Bluetooth is chosen for wireless communication. The used module is a Mitsumi 
WML-C10AHR, which is a Class 2 Bluetooth unit with integrated antenna [36]. The 
footprint area of the module is (19x14) mm. Communication to the M16 is done via 
serial interface. No external components apart from one decoupling capacitor is needed 
to get a functional module. Configuration of the module is made via a serial peripheral 
interface (SPI) routed to the main I /O connector. 

Power supply is realized with a fixed 3.0 V linear regulator XC6204. Al l components 
on the board will work down to 2.9 V if necessary. The choice of the relatively low 
supply voltage gives a fairly large headroom for load dependent supply voltage variations 
from i.e. a LI-Polyr battery. The drop-out voltage of the regulator is maximum 0.2 V 
at 100 mA load current, which gives an absolute minimum battery supply voltage of 
3.1 V. Initially a switched regulator was considered to increase efficiency at high battery 
voltages. This option was however discarded due to concern over injection of switching 
noise. Also, for the target battery supply of 3.7 V and board voltage of 3.0 V, even a high 
efficiency switched regulator would not give significantly higher overall efficiency than a 
linear regulator. 

The digital interface for external connections contains serial connections as well as 
peripheral functions like timer and interrupt pins. These are all connected to a main 
26 pin I /O connector, which is shared between digital and analog functionality. The 
digital supply voltage is also routed to the I /O connector. To increase the possibility 
to save power, the power supply pin is routed through a switch transistor to give the 
possibility to switch connected sensors off through the M16. 

3.2.2 Analog interface 

The board provides up to 3 single ended inputs for voltages between 0 and 2.5 V, and one 
differential input routed via an instrumentation amplifier. The used differential amplifier 
is housed in a standard 8-pin package, with one external resistor to set the desired gain. 
This offers the possibility to decide on type of amplifier and gain during assembly of the 
board. The default amplifier is an INA122 set to 10 times gain. The single ended inputs 
as well as the output from the differential amplifier are all routed to the M16 integrated 
A / D converter, which provides a selectable resolution of 8 or 10 bits. For a supply voltage 
of 3.0 V the manufacturer recommends the use of 8 bits, which gives a maximum sample 
rate of 357 kHz at a 10 MHz clock. Two on board voltage references are used, one 1.2 V 
reference for the differential amplifier midpoint, and one 2.5 V reference for the A / D 
converter. The M16 also houses two on chip 8 bit D /A converters. These are routed to 
the main I /O connector together with the analog inputs and both reference voltages. 

3.2.3 Board design 

Traditional glass fiber FR4 substrate was chosen as carrier for the electronics. Another 
choice would have been to use a ceramic substrate as carrier. The use of e.g. a Low 
Temperature Co-fired Ceramic (LTCC) would yield similar line widths and isolation 
distances as FR4. Additionally, passive components could be integrated in the substrate, 
which also withstands a higher temperature range than FR4. For MULLE, the number of 
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Figure 2: Both sides of a complete MULLE hoard with main components indicated. 

passive components is fairly small, so this was not a decisive issue. Further, the foreseen 
temperature range for MULLE is limited up to 85 °C, which is well within what can be 
handled by the FR4. The board is a six layer design where two layers (no:s 3 and 4) are 
dedicated for power supply. To minimize the area through-hole vias are avoided. Blind 
micro vias connecting within layer 1 through 3 and layers 4 through 6 respectively are 
used extensively. The minimum conductor width used is 150 /im, with minimum isolation 
of 150 pm. Copper thickness is 35 /urn on outer layers and 18 pim on inner layers. 

In order for the serial programming of the M16 to work, a boot code must be parallel 
programmed into the integrated flash memory. The manufacturer normally loads this 
basic program only after packaging. As the M16 on MULLE is mounted as bare die, 
the board has to provide a one-time parallel programming interface. The additional 
programming connections are made using two removable break-off board parts. Each 
of these parts contains a 20 pin edge connector which is removed after programming. 
The needed on-board reconfiguration of several interconnections is made by wire bonds 
after first-time-programming. Apart from the removal of several bonds from the M16, 
also additional bonds are made on the board to provide zero ohm connections after the 
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Figure 3: Overview of TCP/IP and Bluetooth stacks. 

completed parallel programming sequence. The M16 chip is glued to the board with heat 
curing epoxy. After curing, the chip is connected to the board with 25 fim gold wire 
bonds. To facilitate good bonding adhesion the board is covered with chemical Ni /Au. 
After completed bonding the M16 and all zero ohm bond connections are covered with 
a glob-top. Photographs of the mounted board are shown in figure 2. 

3.3 Software solutions 

The software system running on the MULLE platform can be divided into three cat
egories. At highest level, a generic sensor application resides responsible for the user 
interaction as well as a web server providing the users with the interface (i.e. Java ap
plets) to the sensor application. Depending on the attached sensor, appropriate software 
driver adapted for the interfaced sensor is linked during compilation. The application 
reads data either from the on-board AD-converter or appropriate digital I /O. The second 
category is the network protocol stacks, used by the user application for network commu
nication. Using the Internet Protocol (IP) for communication has numerous advantages 
over developing proprietary protocols, e.g., inter-operability with existing systems, flex
ibility, and ease of maintenance. Running the TCP/IP suite on the MULLE platform 
together with Bluetooth wireless technology, any Bluetooth enabled device may interact 
through standard WWW-browser technology. Figure 3 gives an overview of the protocol 
layers implemented, making it possible to create an ad-hoc network of MULLE platforms. 
The last category is the real-time operating system, managing the system resources (ex
cluding dynamic buffer memory which is managed by the TCP/IP and Bluetooth stacks). 
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3.3.1 Device driver 

At lowest level, the software driver encapsulates the functionality required to communi
cate with the Bluetooth module or attached sensor. The upper layer stack (or user-
application) uses these functions to send Bluetooth (or sensor) commands and data 
packets, and receive data packets and events. Internally, the driver for the Bluetooth 
module uses one of the M16 UART channels. During normal operation mode of the 
microcontroller, the device driver utilizes the direct memory access controller (DMAC) 
to allow data, to be sent directly to memory, hence relieving the CPU from the low level 
work. However, this option to use the DMAC is not possible if the intention is to enter 
any of the low-power control modes of the microcontroller and hence, the driver can also 
interface the microcontroller UART peripheral directly. 

3.3.2 Protocol stacks 

To be able to run the TCP/IP stack on the MULLE platform having limited resources, a 
stack with focus on low resource utilization [37] has been used. For wireless communica
tion, a Bluetooth stack [38] was developed, extending the TCP/IP stack with Bluetooth 
access capabilities. Both protocol stacks share the same characteristics, e.g. utilizing 
zero-copy of buffer data as data is passed through the various layers of the stacks. They 
are also highly configurable e.g. memory usage for packet buffers, number of Bluetooth 
clients allowed, which Bluetooth profiles (see below) to support etc. 

3.3.3 Profiles 

The Bluetooth standard defines a set of profiles for communication. For Internet con
nectivity, the LAP (LAN Access Point) and Dial-up-Networking (DUN) profiles are im
plemented. For highest mobility, the MULLE platform may use a mobile phone as a 
wireless modem for connecting to a dial-up Internet access server. Selection of the profile 
to be used is configurable, either one can be used depending of the targeted application. 
It is also possible to configure the platform to operate in dual-mode, i.e. both acting as a 
Data Terminal (DT) connected to a mobile phone while at the same time, act as a LAP 
for other platforms. 

3.3.4 Ad-hoc network 

By deploying a number of MULLE platforms, they can associate in an ad-hoc manner to 
form a network. To create an ad-hoc network, a control application on board utilizes the 
built-in service discovery protocol of the Bluetooth stack together with profiles mentioned 
above. The control application initiates an inquiry to search for other Bluetooth devices 
in the close proximity providing access to a public network. The other device may be 
a mobile phone with GPRS or a Bluetooth LAP, connected to a wired network. When 
connected, the MULLE platform also makes the LAP service available, if configured 
to operate so, for other devices to connect, to and thus creating a spontaneous private 
network. Naturally, the communication protocol for the network is TCP/IP based, and 
every MULLE platform acting as a LAN access point must be able to provide an IP 
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address to its peer. On-board, the IP address allocation is implemented by the NAT 
layer [39], by utilizing one of the reserved address spaces for private networks [40]. The 
NAT-implementation allows the MULLE platform to create a private network that shares 
a single connection to an external network. Finally, the NAT implementation utilizes the 
IP forwarding capabilities provided by the TCP/IP stack when needed. 

3 . 4 Measurements 

3.4 . 1 Current consumption 

System tests have been performed with MULLE set to various configurations to get 
measurements of the power consumption of the system. For these measurements a 3.6 V 
supply voltage source was used, and the mean current consumption of the system was 
measured. The results for various configurations is summarized below. The measurement 
data presented use different setups and software, and represent different usage scenarios. 
This means that the measurements are not to be compared relative to each other, but to 
be taken as indications on power consumption for various system tasks. 

• Stop mode; 2.3 mA. Al l internal clock nets and external interfaces in the M16 are 
stopped, and the CPU core is disabled. The Bluetooth chipset is set to deep sleep 
mode. The M16 can be woken up by external interrupt only, e.g. from a timer on 
the RTC or external reset. Stop mode is useful for longer periods of inactivity, as 
the response time can be up to a few seconds. 

• Wait mode: 14 mA. Clock nets and external interfaces are functional, but the CPU 
core is disabled. The Bluetooth chipset is set to deep sleep mode. The M16 can be 
woken up by internal as well as external interrupts. 

• High frequency mode; 24 mA. The M16 is fully functional, with activity every clock 
cycle. The Bluetooth chipset is set to deep sleep mode. 

• Bluetooth mode; 35 mA. Bluetooth and M16 are active. Various tasks are performed 
by the M16, with periods of wait state in between. The amount of data handled 
by the M16 and transferred over Bluetooth is in the order of 1 kB per second. 

• Full system mode; 51 mA. Same setup as for Bluetooth mode above, but includes 
also current consumption for a Nonin Xpod 3012 format 2 sensor. 

The conclusion is that large power savings can be implemented when a sensor application 
does not require a continuous high bandwidth data stream. We have initially found a 
few strategies to minimize the communication power needed. One is to send data in 
batch mode storing data in the memory in the Real Time Clock. This memory is enough 
to store three hours of data from a Nonin format. 1 sensor [41]. When the memory is 
almost full , the MULLE can connect via its Bluetooth interface to the Internet and send 
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all data to a central server. It can after flushing all data close the Bluetooth connection 
and hence continue to execute at a low power mode. Another power saving strategy is 
to not store and communicate all measured data unless data meeting for the application 
certain or critical values are obtained from the sensor. 

If the application does not demand continuous sampling the MULLE can deactivate 
the sensor as well, and only have it active during data collection. When a network of 
MULLE:s are connected to one GPRS-phone with Bluetooth/NAT, the NAT-clients can 
reduce their operating frequency, and hence save power, while the NAT-proving MULLE 
operates a full speed to be able to handle a large number of clients. Another possible 
solution to reduce the power consumption is to let a central server control each MULLE. 
By the use of a control protocol the server can decide which MULLE:s to activate, and 
what sensor data that are requested if the MULLE:s have multiple sensors. The server 
can then remotely switch an attached sensor on and off. Yet one way to save power is to 
use the sub clock for the M16. Unfortunately these measurements were not concluded at 
the writing of this paper. 

3.4.2 Temperature test 

As the system shall be used in outdoor as well as indoor applications, it is of interest 
to test the behavior over temperature. To do this, two types of preliminary tests have 
been performed. The first involves a temperature cycle from room temperature down 
to -20 °C, up to +70 °C, and back to room temperature in steps of 20 °C. Stabilization 
time on each temperature was one hour. The second test was an overnight 16 hours test 
at -20 °C. The relative humidity (RH) was not controlled in the tests, but monitored. 
During the overnight test the RH was stable at 67±2%. The results of the temperature 
tests were highly positive, with the system operating properly throughout the testing. 

To simulate a real usage situation the MULLE was powered by a single 3.7 V Li-Ion 
cell during the temperature tests. The chosen cell was a Vårta LIC18650-22C WC, which 
has a specified operating temperature down to -20 °C and a capacity of 2200 mAh. If 
the system is not to be subject to low temperatures, Li-Polymer battery technology can 
be used to provide very small dimensions. One example is the Vårta LPP402025, with 
dimensions of (25x20x4) mm and a capacity of 130 mAh. With this cell the complete 
system is confined in a volume of (25x23x10) mm. 

4 Applications 

Applications for a system like MULLE can be found in a variety of situations in the 
industry and in our everyday life. Two applications targeted within the research at 
EISLAB are industrial ultrasound sensors and mobile health care. 

4.1 A n ultrasound sensor 

Piezoelectric ceramic materials are widely used in ultrasound measurement systems. In 
the industry, measurements include properties of suspensions and fluids, density, flow 
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Context-

Figure 4' Overview of the system used at Vasaloppet cross country ski event. 

etc. Traditionally these systems have a low degree of sensor and electronics integration. 
They are built to be powered using a mains outlet, and data are transmitted to and from 
the system with wires. 

Ease of installation is one important factor in the cost picture of a measurement 
system. Here, data and power supply cabling are cost drivers. If these could be omitted, 
the system cost would be lowered. The removal of all cabling sets two requirements: 
battery operation and wireless transmission of data. As one step towards these goals a 
compact ultrasonic transducer has been developed at EISLAB [42, 43]. In the system, 
the driver electronics is mounted as bare die directly at a piezoelectric disc. This gives 
a system with small dimensions, low power consumption, and very good pulse control 
possibilities. The target is to combine this transducer with MULLE to create a complete 
stand alone ultrasound measurement unit. The MULLE can be cast into the backing of 
a sensor or in other ways mounted adjacent to the transducer element. 

4.2 Mobile health care 

Monitoring of medical parameters often limits the mobility of the patient, e.g. to the hos
pital. Health monitoring in out-of-hospital conditions has been of interests to researches 
and practitioners for a long time, but has been concentrated on health monitoring at 
home. With wireless sensors, a patient could be monitored where the patient keep on 
living their daily life. In previous work [44], experiments confirmed that within GPRS 
coverage, a predecessor to the MULLE platform successfully provided Internet access 
and was able to present data for on-line monitoring over the Internet. Furthermore, the 
generic hardware platform enables us to attach a variety of sensors, not limited to sensors 
measuring medical parameters. In a larger scale trial, a GPS receiver module and a heart, 
rate sensor (situated in a chest belt) was interfaced by EIS devices. The devices were 
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merged with a context-aware platform to give sport event viewers an enriched media 
experience [45]. The system as illustrated in figure 4 was developed as a proof of con
cept, and demonstrated in real-life use at the Vasaloppet cross country ski event. By the 
use of wireless ad-hoc networking and GPRS technology, sensor data such as heart rate, 
position, altitude, and speed was transmitted to the context-aware platform Alipes [46], 
which in turn presented the sport event viewer with a personalized view. Experiences 
from such a large test provide valuable input for further directions in our research to be 
conducted with the MULLE platform. 

5 Conclusions 

A very light-weighted implementation of an Embedded Internet Sensor platform, MULLE, 
has been described. It implements a. complete ad-hoc sensor networking device with 
TCP/IP and Bluetooth protocol stacks. The Internet communication is based on Blue
tooth as the first uplink to the Internet. The final hardware size is (23x25x10) mm 
including a small Lithium battery cell. The base is a 6 layer FR4 PCB, featuring 150 
lim conductors with 150 pm isolation distance, buried micro vias and COB mounting of 
the [iP. 

For the future, intermittent usage and minimization of data communication will be 
investigated to reduce power consumption. For an even smaller implementation smaller 
feature sizes will be used based on a sequential build up circuit board technology. 
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Battery Operated Ultrasound Measurement Systems 

Jonny Johansson, Martin Gustafsson, and Jerker Delsing 

Abstract 

This paper describes the design of the complete transmit and receive electronics circuitry 
for a piezoelectric transducer in one single ASIC. The chip will be one building block 
in a thumb size battery operated ultrasound measurement system. The main design 
target has been to achieve extremely low power consumption while keeping the number 
of external components minimal. 

To overcome the dynamic range limitations imposed by a battery supply an on-chip 
boost converter uses one external inductor to generate up to 40 V for excitation of the 
transducer. The transducer itself is used as a storage capacitor, whereafter it is rapidly 
discharged to generate an ultrasound pulse. An on-chip amplifier with intermittent op
eration is controlled by a state machine and used to amplify incoming echoes. The chip 
has been fabricated in a 0.8 am high-voltage CMOS process, with a total chip area of 
12 mm 2 . 

Measurements verify the design approach. The power consumption for the system 
reaches within a factor of two of the power needed to charge the capacitance of the 
piezoelectric transducer from a fixed voltage source. The results show the possibility to 
achieve extremely low power consumption in a battery operated pulse echo ultrasound 
measurement system. 

Keywords: Ultrasound, ASIC, Low-power, Sensor, Microelectronics 

1 Introduction 

Ultrasound measurement equipment are used in a vast array of areas, e.g. medical 
imaging and non-destructive evaluation (NDE) [1]. Many of these systems are pulse-
echo systems, where a piezoelectric or micro-machined transducer is used to generate the 
ultrasound pulse, as well as to receive the reflected echo. Traditionally the transducer 
or transducer elements are built in a probe head or scanner, which is connected via 
coaxial cabling to the electronics unit used for pulse excitation and reception. If all the 
electronics needed for pulse generation and reception could be integrated in the scanner 
or probe head, and the unit be equipped with wireless communication, all cabling could 
be omitted. The flexibility e.g. in a medical environment would be greatly enhanced. 
Further, if the probe head is equipped with a CPU core and wireless communication, 
applications within sensor networking and ambient intelligence would be feasible [2, 3]. 
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One important step to reach this target is to miniaturize driver and receiver electronics 
for the system. Several papers have recently been published in this field. On the receiver 
side, they concern the integration of amplifiers, A / D converters and signal conditioning 
[4, 5, 6, 7]. On-chip drivers for single element piezoelectric transducers and transducer 
arrays have been published [8, 9]. For capacitive micro-machined ultrasonic transducers 
(CMUTs), complete front end [10] as well as the integration of a high voltage DC/DC 
converter has been reported [11]. 

For a portable wireless probe head or scanner it is not only the size of the electronics 
that is important. Also the power consumption is crucial, as the device will be battery 
operated. Further, the limitation imposed the low supply voltage of the battery must be 
overcome for pulse generation. 

This paper describes the design of the complete transmit and receive electronics for a 
piezoelectric transducer into one single Application Specific Integrated Circuit (ASIC). 
The chip is intended to be operated from a single lithium battery with a supply voltage 
of 3.6 V. Such a low supply voltage limits the amount of ultrasound energy that can 
be generated. To overcome this, the piezoelectric transducer is charged with an on-chip 
boost converter, which uses one external inductor to generate up to 40 V on the crystal. 
The design has three main building blocks: a charge/discharge unit, an amplifier and 
a state machine to control the functionality. The function of the chip is completely 
autonomous and does not require any external control signals or clocks. 

The main design target has been to achieve extremely low power operation while 
the number of external components is kept minimal. Adiabatic charging achieved by an 
inductive pump together with intermittent operation of the on-chip amplifier helps to 
achieve this target. The use of system level simulation including both ultrasonic devices 
and electronics is an important tool in this design process. To achieve this, SPICE models 
for the piezoelectric device has been used directly in the development environment used 
for chip simulation and layout. 

Section 2 in this paper presents an in depth discussion of the system level consid
erations that have been taken to achieve the set target. Strategies for pulse generation 
and system level power optimization as well as the requirements set on the amplifier 
are discussed. Section 3 presents the circuit, solutions chosen to achieve the required 
functionality. Measurement results and discussion are presented in section 4, whereafter 
conclusions are drawn. 

2 System Level Considerations 

The aim with the work presented in this paper is to form one of the building blocks for 
a portable, battery operated ultrasound sensor system as discussed in section 1 above. 
A proposed sensor design is shown in Fig. 1. Here, the battery is cast into the rear 
part of the backing which is used to tailor the shape of the generated ultrasound pulse 
[12]. The electronics is integrated in one single ASIC which is mounted directly on the 
piezoelectric transducer [13]. The output of the sensor system is here depicted as a 
coaxial connector. This could be replaced with a direct, connection to a microprocessor 
system with integrated wireless communication, e.g. as discussed in [14]. 
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Figure 1: Proposed sensor design with battery cast into the backing material. The work presented 
in this paper concerns the electronics integrated in a single ASIC as indicated in the figure. 

The building block presented in this paper is an ASIC containing the complete trans
mit and receive electronics for a piezoelectric transducer. The initial design requirements 
were: 

• Autonomous operation. The chip must be capable to operate fully autonomously, 
without external clocks or bias generators. 

• Battery operation. The chip shall be able to operate from power supplies ranging 
between 3.6 V up to 5.2 V, enabling operation from one single Lithium battery. 
The power consumption must be minimized to provide long battery life time. 

• HV pulse generation. The use of only one battery voltage to generate the excitation 
pulse for the transducer will limit the amount of output ultrasound energy. This 
will highly impair the dynamic range of the measurement system. Thus, a high 
voltage generation circuit shall be incorporated on the chip. 

• External components. The number of external components to generate the high 
voltage shall be kept to a minimum. This provides easier assembly and lower cost 
for production. 

• Amplifier. The chip shall host an amplifier for the received pulses in a pulse echo 
system. The amplifier shall be optimized for intermittent operation to minimize 
the power consumption. 

The following subsections describe strategies for pulse generation, system level power 
optimization and amplifier design. Also the models used to perform system level simu
lations are presented. 
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2.1 Pulse generation strategy 

The target system for this design is a pulse echo system where the transducer oscillates at 
its natural oscillating frequency. Traditional high energy excitation systems discharge a 
capacitor over the piezoelectric disc to generate a spike type excitation pulse [15]. Other 
solutions are to use a gated sinusoidal waveform, a square wave pulse, or an arbitrary 
waveform generated by a digital-to-analog converter [16, 17]. For an on-chip integration, 
both the losses in the system as well as the complexity of the electronics must be taken 
into account. The use of a square wave excitation combines fairly simple circuitry with 
very good pulse control and low internal loss [9, 13]. Generation of a gated sinusoidal or 
an arbitrary waveform increases the complexity of the electronics. The drawback of these 
solutions is that they require a high voltage power supply from which to generate the 
desired waveforms, e.g a storage capacitor at the output of an on-chip DC/DC converter. 

The design presented in this paper takes a different approach. Here, the piezoelectric 
transducer itself is used as storage capacitor. The transducer is slowly charged by the 
high voltage generation block, whereafter it is rapidly discharged to create an ultrasound 
pulse. Key features of the approach are: 

• No external storage capacitor is required. This reduces the size as well as the power 
consumption for low pulse repetition rates, as no high voltage buffer needs to be 
maintained in between pulses. 

• It requires only one transistor sized to handle the peak currents for discharging. 
This is significant, as these transistors occupy a fair amount of chip area. 

• The single edge excitation trades pulse control for simplicity. I t requires no control 
of any pulse widths. This significantly reduces the complexity of the electronics, as 
the pulse width of a square wave excitation needs to be controlled down to ns-level. 

• Adiabatic charging of the transducer can be achieved. This can reduce the energy-
consumption for the excitation with almost a factor of two compared to charging 
and discharging from a fixed voltage source [18]. It should however here be noted 
that excitation with a single edge does not generate as much output energy as does 
the excitation with a square wave. 

Two main paths are available to generate the high voltage; either a capacitive charge 
pump [19, 20] or an inductive boost converter [21, 22]. The requirements for high ef
ficiency (low power) on one hand and no external components on the other are highly 
contradictive. Best case efficiencies of up to 85-90% can be achieved with external compo
nents for low voltage increase ratios. The efficiencies for solutions with on-chip inductors 
and pump capacitors are highly dependent on the load conditions and voltage increase 
ratio. For a converter with an on-chip inductor an efficiency of 28% has been reported 
[21], while the capacitive pump has achieved 65% [23]. The large value of the target 
capacitance of the piezoelectric transducer (nF-range) further hampers the efficiency of 
an on-chip solution, as the achievable capacitance and inductance values are low. 

This work aims at a ten-fold increase in voltage level. This will reduce the efficiency 
for the capacitive charge pump also in the case where discrete components are used, as 
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the number of stages has to be high. Further, several stages in a charge pump would 
require several external capacitors. The solution with an inductor based boost converter 
requires only one external component. The circuit complexity is also lower than that for 
a charge pump. Thus, the decision was taken to use an inductive boost converter with a 
single external inductor to generate the high voltage required for excitation. 

2.1.1 Transducer capacitance 

The capacitive behavior of the used piezoelectric transducer is an important design pa
rameter both for the inductive charge pump and the discharge block. The intention with 
this section is to give an introduction to this behavior and to give approximate values 
for the target transducers of this design. 

A piezoelectric ceramic transducer can, as an approximation outside of its resonance 
regions, electrically be viewed as a parallel plate capacitor with a capacitance 

C o - — - (1) 

Here SQ is the permittivity in free air, K is the dielectric constant of the material, A is the 
area of the transducer, and d is its thickness [24]. The governing parameter here is K, 
which varies with frequency and mechanical state for a piezoelectric material. The free 
dielectric constant KT is often measured at 1 kHz where the transducer is free to move. 
The clamped dielectric constant I\S on the other hand is measured on a frequency above 
all resonances and their harmonics (several MHz), where inertia blocks the movement 
of the transducer. In a sensor application, the amount of clamping depends on the 
materials used in the design as well as the frequencies considered. For the experiments and 
simulations performed in this paper, the transducer is mounted on a backing of plexiglas 
(PMMA) with water on the opposite side. Thus, for the low frequencies encountered e.g. 
during the charging from a charge pump or boost converter, the disc can be regarded as 
free. 

In the remainder of this paper, the notations CQ and CQ are used for the capacitance 
of the piezoelectric disc in free and clamped states respectively. Approximate values of CQ 
for Pz27 piezoceramic discs with diameters from 5 mm to 20 mm with frequencies from 
1 MHz to 4 MHz range from 0.2 nF to 10 nF [25]. The values of Cjf are approximately a 
factor of two lower. The resistivity of the Pz27 material is about 5 • 10 1 0 f2m. Thus, the 
unloaded free time constant for a circular transducer as those considered here is about 
800 s. 

2.2 Power saving strategies 

Low power consumption is vital to preserve battery lifetime in a portable system. This 
section describes system level power saving strategies applied in this design. 

A pulse echo system works intermittently by its nature, with the pulse repetition rate 
/ r e p set by the application. Somewhere in the time interval T r e p = l / f r e p between two 
excitation pulses, an echo is assumed to arrive. The duration of the echo is normally 
much shorter than Trep. Thus, an efficient way to save power in these types of systems is 
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to power up the receiver and signal conditioning electronics only when an echo is awaited. 
Obviously, this places the added requirement that the approximate arrival time of the 
echo must be known beforehand. If a reception window of 

T - ^ 2 (o) 
1 o m p -̂ Q 

can be used, 90% of the power consumed by the amplifier is saved. As the power con
sumption of the digital control clocks and logic required to achieve the functionality is 
low compared to that of the amplifier (ßW v.s. mW), large power savings can be made. 

Another aspect of power concerns the dynamic range on system level, i.e. the attenu
ation that can be tolerated for the ultrasound pulse. This is decided by both the amount 
of energy that is transmitted and the possibility to amplify a received pulse echo. The 
system in this paper opens the possibility to increase the received signal level from both 
ends; either by an increase in excitation voltage or by an increase in amplification. The 
system energy efficiency can be further enhanced if this possibility is used correctly. 

Assuming adiabatic charging, the electrical energy required to increase the ultrasound 
pulse energy by a factor k2 by an increase in the excitation voltage is 

= ^ U \ k 2 - D- (3) 

Here, U is the initial excitation voltage. An amplifier that consumes a current I a m p from 
a supply voltage V s u p will consume the energy 

W = I V T (4) 

1 v amP

 1 amP

 v suP

± amP V / 

during the on time T a m p . Thus, by setting W a m p = L\Wexc we can get 

C0

KU2(k2 - 1) 
'imp cyt/ rp ' 

^ *supl amP 

This gives an indication of the supply current that can be used for the amplifier in a 
given system as compared to an increase in the excitation voltage. 

As an example consider a 10 mm diameter Pz27 disc with a center frequency of 
4 MHz. This has a free capacitance of about 2.6 nF. Thus, the energy cost to increase 
the transmitted pulse energy a factor of 100 (k = 10) is AWexc = 1.7 pJ, assuming that 
the initial excitation voltage is 3.6 V. This amount of energy can supply an amplifier 
with 4.6 mA from a 3.6 V supply during a time of 100 ßs. Thus, in this specific case, the 
amplifier is more energy efficient if it can achieve a voltage amplification higher than 10 
times on this supply current. 

One important factor must be taken into account when considering whether to in
crease the excitation energy or the amplification: The signal-to-noise ratio (SNR) of the 
received and amplified echo signal. An increase in the transmitted pulse energy will in
crease the SNR in the receiving end of the system. An increase in amplification factor 
will only achieve this if it is accompanied by a similar decrease in amplifier equivalent 
input noise level. 
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2.3 Ampl i f ie r requirements 

In many cases of the design of amplifiers for piezoelectric sensors, the target is not only to 
amplify the received signal but also to achieve an impedance matching to the connected 
cable. As the intention with the presented design is future integration of all electronics 
onto one chip, the cable matching is irrelevant. Instead the amplified signal shall be 
presented to an A / D converter or other signal processing electronics. The amplifier 
must then be designed for a dynamic range higher than the subsequent signal processing 
electronics if it is not to limit the performance of the system. Apart from noise and 
bandwidth requirements, the amplifier should be optimized and designed for rapid start 
up as it will only be used intermittently as discussed in section 2.2 above. 

Amplifier design for ultrasound systems is well covered in the literature [4, 5, 26], 
The included amplifier is optimized as a building block for use in the current system. 
A summary of the amplifier design goals are found in Table 1. Applications under 
development within the department concern density and flow measurement, which require 
a dynamic range of 10-12 bits. Thus, the noise target was set to achieve 12 bits of output 
dynamic range for ±1.2 V output swing. The bandwidth is sufficient to handle a signal 
from a 4 MHz transducer. The current consumption target is set based on the discussion 
in section 2.2. On-chip bias generation was included in the design to achieve autonomous 
operation of the complete system. The closed loop gain was set to 20 dB, which was 
deemed a reasonable target based on the desired bandwidth and previously published 
amplifier performance in a similar process [27]. 

2.4 Simulation and design environment 

An ultrasound sensor system incorporates mechanical as well as electrical components. 
The behavior of the transducer and the ultrasound propagation is one factor that sets the 
requirements on the electronics and decides the overall system performance, e.g. power 
consumption. In the design of electronics for the system it is thus advantageous if the 
behavior of these parts can be included in the simulations. To achieve this system level 
simulation, SPICE models of the ultrasound system have been used within the design 
tool for integrated circuits. The model uses an electrical equivalent circuit to model the 
piezoelectric transducer [28, 29, 30, 31]. A schematic of the model is shown in Fig. 2. 

Table 1: Amplifier design goals and measured results. 

Parameter Target Measured 

Bandwidth 
Gain 
Startup time 
Supply current 
Eq. input noise 
Output load 

10 MHz 
20 dB 
10 ps 
5 mA 

10.5 MHz 
19.5 dB 

3 p,s 

2.1 mA 
45 pVftMs <17 PVRMS 

5 pF, 10 M f i n.a. 
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Figure 2: Schematic model of the ultrasound system including air backed piezoelectric transducer 
and sound path. 

The voltages at the mechanical ports represent the acoustic pressure, and the currents 
represent the particle velocity at the transducer surfaces. The electrical port is equivalent 
to the connections to the electrodes at the transducer surfaces. The piezoelectric effect 
is modelled by current controlled current sources, while the static capacitance of the 
transducer is modelled by capacitor C0. If a propagation medium is to be added to the 
circuit, i t is modelled as a second transmission line connected to either of the mechanical 
ports. A medium against which only a reflection is of interest, such as backing, can be 
modelled by a single resistor instead of a transmission line. 

Analog and mixed signal design and simulation has been performed within the Ca
dence IC4.46 framework, using the Spectre and SpectreVerilog simulators. The digital 
control block was written in Verilog and synthesized with Synopsis, whereafter Silicon 
Ensamble was used for place and route. 

3 Circuit design 

The design has been performed in a 0.8 pm, 50 V CMOS technology provided by austri-
amicrosystems (AMS) [32]. The process features double metal and double poly as well as 
high resistive poly options. A wide variety of various high voltage transistors are avail
able. To avoid the necessity to generate gate voltages that are higher than the battery 
voltage, the use of thin gate oxide high voltage NMOS transistors has been preferred in 
the design. This limits the maximum drain-source voltage to 30 V (40 V for short time 
operation), but also provides transistors with shorter minimum gate length than for the 
mid- and thick oxide variants. 

The design is based on four main blocks as shown in Fig. 3: 
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Inductor 

Figure 3: Block schematic of the complete chip outlining the main blocks and external connec
tions. Control signal inputs can be bonded directly on the chip. 

• Control Block. Controls the full functionality of the chip. Parameters are set via 
digital input pads. 

• Boost converter. Used to generate high voltage on the piezoelectric transducer prior 
to excitation. 

• Discharge unit. The excitation of an ultrasound pulse is generated by a rapid 
discharge of the transducer. 

• Amplifier. Used to amplify the received echo in a pulse echo system. 

The operation of the chip is exemplified by the behavior of the voltage on the trans
ducer as shown in Fig. 4. The main phases are: 

• Charge. The transducer is charged to high voltage with the boost converter. The 
charging is done with several Pump cycles. 

• Hold. The transducer is held at the high voltage level to let eventual echoes gener
ated by the charging dissipate. 

• Discharge. The transducer is rapidly discharged to generate an ultrasound pulse. 

• Wait. Wait state to let the ultrasound pulse travel in the media. 

• Amplify. The amplifier is powered up and amplifies the received echo. 

• O f f . System is turned off until next pulse generation. 
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Figure 4: Chip functionality illustrated by the behavior of the voltage on the transducer. 

The following subsections give more detailed descriptions of the functionality of the 
blocks. The general idea followed in the design of the chip has been to keep each block 
as simple as possible while maintaining the desired functionality. Rather than to sub-
optimize a single block for 10% extra performance, the effort has been to optimize on 
system level and to get the design "first-time-right", i.e. functional after the first manu
facturing run. 

3.1 Control block 

The control of the functionality of the chip is handled by a finite state machine (FSM). 
The FSM relates all switching activity to its input clock signal with a frequency f d k = 
l/Tdk. The core of the FSM is a 20-bit counter. The output signals of the FSM controls 
the complete operation cycle of the chip. A wide range of settings was desired to be able 
to test the chip with a variety of load and operating conditions. The times controlled by 
the FSM are indicated in Fig. 4, with the range of settings shown in Table 2. 

The settings of the parameters are made through parallel digital input pads. The 
layout of the chip is performed to allow the settings to be made with on-chip bond wires 
to power supply or ground provided as bond pads. Pads with internal pull up and pull 
down have been used to achieve a default state of operation for the FSM without the 
need for bonding, to facilitate ease of testing. The chip can also be set in manual mode 

Table 2: Times controlled by the FSM. 

Parameter Range (xTdk) No. of steps 

T 
± pump 

1 - 8 4 

Tcharge 1 - 513 8 

Thold 1 - 4097 4 
T 
L watt 

1 - 513 8 

^amplify 9 - 1025 4 
T o f f 17 - 16385 4 
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Figure 5: Simplified schematic of the inductive boost converter. External connections to inductor 
and transducer are indicated in the figure. 

whereafter the control signals are set externally. The parallel digital input pads will 
be omitted for future generations of the chip, and replaced with a serial programming 
interface. 

The input clock signal to the FSM is delivered by the on-chip ring oscillator, which 
uses a selectable number of three or nine slow inverters to generate the clock signal. The 
nominal frequency for the oscillator is /c/fc=1.19 MHz in the high frequency setting. The 
clock signal can also be provided from an external generator through a digital input pad 
for test purposes. 

The FSM was synthesized using standard cell libraries available in the used process. 
To save power a dedicated low power library with weaker drive capacity in the gates was 
used. This presents no problem as the clock frequency of the FSM is relatively low. 

3.2 Inductive boost converter 

A simplified schematic of the inductive converter together with possible off-chip con
nections are shown in figure 5. Pumping is performed with the high voltage transistor 
M9. During the pumping sequence transistor M7 is on and transistor M8 is off. When 
the pumping cycle is complete, charge.n is pulled high so that M8 grounds the supply-
side of the inductor. This is necessary as a current would otherwise be built up in the 
inductor during the discharge of the piezoelectric transducer connected to the output of 
the pump. M7 and M8 are driven with unbalanced inverter chains to ensure that they 
are never carrying a short circuit current during switching. 

The pump is intended to be used together with an external SMD inductor. With 
the target capacitance Off in the range of 0.2 nF up to 10 nF a design target for the 
inductor was set to 100 uH. This gives a resonance frequency of LpumpCff ranging from 
0.16 MHz up to 1.1 MHz. The transfer of energy from the inductor to the capacitive 
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load is performed during a quarter of a period, i.e. within times ranging from 0.23 /us to 
1.6 /us. This corresponds well to the available settings for discussed in the previous 
section. The chosen inductor has a series resistance RL of 10 Q.. The self resonance 
frequency is 10 MHz. corresponding to a parallel capacitance CV,of 2.5 pF. 

A large part of the energy loss in the pump is due to the on resistances in transistors 
M7 and M9. Wider transistors give lower on resistance and lower loss. At the same time, 
the consumed chip area and capacitive loss during switching increases. Both transistors 
are here scaled to have an on resistance in the order of 2 ohms, to keep the total transistor 
on-resistance below the value of the series resistance in the inductor. 

One diode is needed to achieve the desired functionality. Although not available as 
standard components in the libraries, two on-chip diodes were implemented in an effort 
to minimize the number of external components. One uses the parasitic diode formed 
between drain and substrate in a high voltage NMOS transistor, while the other is custom 
made using n and p-doped areas (DNTUP, PTUB). Connections to the diodes are done 
off-chip to enable the use of an external diode if necessary. 

3.3 Discharge uni t 

The fall time of the discharging of the crystal is important to get maximum amplitude 
from the ultrasound pulse. The choice of a large discharge transistor can decrease the 
time and give a higher output amplitude. On the other hand, this consumes chip area 
and increases the load on the preceding transistor stage as well as on the crystal [9]. 
Simulations of a piezoelectric transducer driven by a pulse source showed that a fall time 
tdis of 1/10 of the crystal resonance frequency period time Tosc gives maximum pulse 
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amplitude from the crystal while avoiding to use faster transitions than necessary. The 
relation 

CQUCHS = WIsat/ßtntdis (6) 

can be used get a first estimate of resulting fall time or required transistor width for a 
given crystal. Here, Udis is the discharge voltage, ISat/ßm is the saturation current per urn 
of the discharge transistor and W is its width in /im. The use of the clamped capacitance 
of the transducer is motivated by the fact that the frequency content of the discharge 
pulse has a high content of harmonics above the resonance frequency of the crystal. After 
the discharge, the discharge transistor has to be turned off immediately to let the crystal 
oscillate freely at its resonance frequency. 

The discharge unit is divided into five equivalent blocks, one of which is shown in 
Fig. 6. The division into blocks makes it possible to adjust the used discharge transistor 
size to the connected load. The main component in the block is the 12000/3 fim discharge 
transistor M l . The used type is the NMOSTH, which is a high voltage thin oxide n-
channel transistor. At a gate voltage of 3.6 V the transistor achieves a peak current of 
about 1 A. The gate capacitance presented by M l is large, and care has been taken to 
use appropriate transistor scaling to drive the gate. Care has also been taken during the 
layout process to ensure that the maximum allowed current densities in all layers of the 
chip are not exceeded during the discharge of the transducer. 

A discharge is initiated by a high level on the pulse input, which propagates through 
the AND gate A I to the buffers and to the discharge transistor M l which starts to dis
charge the node out. The task of the discharge control is to turn the discharge transistor 
M l off immediately when the out node has been discharged, to avoid holding the trans
ducer clamped to ground level. A key component to achieve this is the controllable level 
shifter M2/M3 which transforms the high voltage on the out node to a level appropriate 
for the low voltage CMOS logic. The gate node of the inverter M4/M5 will hold a value of 

VDD~VGSM3 as long as the out node remains over approximately V'OD — VcsM3+VDS.satu3-
Tö avoid discharge of the oat node during charge and hold, the level shifter is turned on 
only when a discharge is initiated. 

When the out node has been discharged to a level approaching V D D — VQSM3, the 
gate node of M4/M5 starts to drop as it is pulled down by M2 when M3 turns off. The 
inverter M4/M5 switches and pulls the clock input of the D flip-flop high. This turns off 
the discharge transistor through the AND gate A I , as well as the sense circuit, through 
AND gate A2. Before a new discharge cycle can be performed the D flip-flop has to be 
reset through reset. 

The control block as well as the buffer inverters for M l has been designed with low 
voltage transistors and logic, except for the transistor M3. This is subject to a high 
voltage at the drain which is connected to the transducer, thus a high voltage transistor 
has been used. 

3.4 Ampli f ier 

This section gives a block level description of the amplifier. Detailed circuit solutions can 
be found in [33]. The amplifier is based on three blocks as shown in Fig. 7: an operational 
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Precharge 

Figure 7: Block schematic of the amplifier. Switch timing is indicated in the diagram. 

transconductance amplifier (OTA), bias generation, and precharge generation. 

The amplifier is centered around the OTA, which is a standard two stage CMOS 
Miller design [34] with transisitor/capacitor pole-zero compensation between the stages. 
Switch transistors are inserted in series with the current sources in the structure to allow 
the OTA to be turned on and off as desired. The OTA will always be used in a fixed 
feedback configuration within the amplifier, thus there is no requirement for unity gain 
stability. During the design of the OTA it was noted that the cost in terms of power 
consumption to meet the design target for noise would be high. The decision was then 
taken to stay with a fairly low power consumption instead of trying to optimize the noise 
level. 

As the amplifier is used intermittently and built around capacitive feedback, all op
erating points need to be set at each start up. This is achieved by the precharge block, 
which is based on a comparator that is connected in the feedback loop during the start, 
up phase of the amplifier. The precharge block also contains two voltage bias points. 
sets the reference of the comparator to approximately half the supply voltage, yielding 
an output voltage of the amplifier at the same value after complete start up cycle. The 
comparator feedback also compensates eventual input related offset in the OTA. V0o is 
used to set the positive input of the OTA to a suitable bias point during the start up 
phase. Bias current, for the OTA and the startup block is provided by the bias genera
tion block. This is also a standard design [35], which has been extended with a switch 
transistor to enable power off. The reference current generated is 20 uA, which is scaled 
in the target blocks. 
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The switching sequence for the amplifier is indicated by the diagram in Fig. 7. Main 
phases are the following: 

• t < 0 us; O f f . Used while the piezoelectric transducer is excited and the echo is 
travelling in the media. Both amplifier inputs are grounded through switches <3?1. 
At the same time the high voltage switch $2 is open. This protects the negative 
OTA input from high voltage transients on the input, which all the time is connected 
to the piezoelectric transducer. Switches <£>3 are open, disconnecting the startup 
block 

• 0 < t < 1 ßs: Bias. The bias generation block is activated and switch <3?2 is closed 
to connect the input capacitor Cj to the negative input of the OTA, which remains 
grounded. 

• 1 < t < 5 ßs: Startup. Switches $1 are opened and switches $3 are closed. The 
OTA and the comparator are turned on to initiate the precharging of all nodes to 
the desired bias point. 

• 5 < t < T a m p us: Active. Switches <3?3 are opened and the precharge phase discon
tinued. The amplifier is operational. 

• t > T a m p ßs: O f f . Switch $2 is opened and switches $3 are closed to ground the 
inputs of the OTA. Bias generation, OTA and comparator are turned off. 

Al l parts in the amplifier except switch $2 and the input and feedback capacitors have 
been designed with low voltage transistors. The input capacitor and switch $2 have to be 
able to withstand the high voltage generated on the transducer. The feedback capacitor 
CV is not subject to high voltage and could be designed with standard components, but 
it was elected to use the same type of capacitor as for Ci to achieve reasonable matching. 

4 Results and discussion 

A chip photograph outlining the main blocks is shown in Fig. 8. The chip area is 
3.3x3.6 mm 2 , with a major part occupied by the transducer discharge transistors. The 
following subsections describe the measurement setup and the various measurements 
performed on the chip. 

4.1 Measurement setup 

The following measurements were performed to verify the functionality of the chip. 

• Functional verification. Recording of a complete operation cycle including pump
ing, discharging and amplification. 

• Amplifier performance. The performance of the amplifier was measured and set in 
relation to design target. 
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Figure 8: Photograph of the manufactured chip. The main blocks are outlined in the figure. 

Pump efficiency. The efficiency of the charge pump was measured. A capacitor 
was used as a load for these measurements to get a value of the pump efficiency 
without the electromechanical coupling in a piezoelectric transducer. 

• System power consumption and efficiency. The total system power consumption 
was measured for both capacitive and piezoelectric loads. 

Measurements were performed with the chip bonded directly to a test circuit board. 
Power was supplied by a Keitliley 2400 series Sourcemeter set at 3.6 V. Tests were made 
using both a capacitor and piezoelectric transducers as the target for the system. The ca
pacitor was used as it allows a more precise judgement of the system power consumption 
related to the capacitive load than the piezoelectric transducer does. When a piezoelec
tric transducer was used this was connected to the board using 20 cm long micro coaxial 
cabling. This allowed the transducer to be mounted on a plexiglas (PMMA) backing and 
immersed in water to achieve a pulse echo system. The front side of the transducer to
gether with electrical connections was covered with one layer of PC-52 protective lacquer 
to allow immersion in water 

The voltage at the transducer and the amplified received echo were measured with a 
Tektronix TDS7254 oscilloscope, using a low load active probe (Cv < 2 pF, Rp = 1 MO) 
for the measurement at the amplifier output. The power consumption of the pump cycle 
and the amplifier were measured differentially with active probes over a 1.2 fi resistor in 
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Figure 9: Measured transducer and amplifier output voltages for a complete transmit and receive 
cycle. 

series with the power supply, while the mean power consumption was measured directly 
with the Sourcemeter. 

The Keithley 2400 Sourcemeter measures current and voltage with accuracies of about 
10 nA and 2 mV respectively. The measurement error for mean power consumption is 
thus estimated to less than 0.1%. The standard deviation in the measurements is low 
(<0.3%) for the measurements performed with high pulse repetition frequency, but no
ticeably higher (~6%) for ten measurements at 70 Hz repetition rate. The power con
sumption for the pump and amplifier as measured over the reference resistor include 
larger uncertainties. The resistor value has an accuracy of 1%. With offset errors cali
brated, a gain error of 2% and the uncertainty due to limited resolution (8 bits) remain 
in the oscilloscope. The measured voltage amplitudes are low level (mV), and overlaid 
on a non stable DC base. The unstable environment yields a standard deviation which 
has been estimated to less than 4% for ten measurements. 

Measurements were performed using capacitors of 1.0 and 4.6 nF, and with 4 MHz 
piezoelectric transducers with diameters 6.5, 10 and 12 mm. Although several param
eters are possible to vary in the system, most of them have been kept constant i these 
measurements. The amplifier on time T a m p which is one of the decisive factors for the 
power consumption has been set to 120 /us throughout the measurements. The loads and 
setting used for the measurements presented below are but a few of the many possible 
in the system. It should thus be expected to see efficiencies and power consumption for 
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various parts of the system vary when different settings are used. The complete interde
pendence between settings of the FSM, load values, and efficiency is subject for further 
investigation. 

4.2 A complete cycle 

A complete transmit and receive cycle is shown in Fig. 9, where the voltage at the 
transducer and the amplifier output are plotted to the same scale. The amplifier is 
active to amplify the second incoming echo in a pulse echo system. Expanded views of 
the excitation and the amplified echo are shown in Figures 10 and 11 respectively. Even 
though the transducer was covered with protective lacquer, leakage was observed for high 
voltages when it was immersed in water. This will not be present for a complete sensor 
where the transducer is cast in surrounding material. 

In figure 10 it is seen that the transducer is properly released as the voltage approaches 
zero, whereafter it oscillates at its resonance frequency of about 4 MHz. It is also seen 
that the transducer produces oscillations at a frequency more than one decade lower than 
4 MHz. These are caused by radial and flexural modes in the transducer that are excited 
simultaneously as the wanted longitudinal mode [12]. With the transducer integrated in a 
complete sensor with correct backing and matching layers these modes would be reduced. 
Another source for non-wanted oscillations in the received signal are the acoustic output 
produced during pumping. To reduce this, the wait time before excitation need to be 
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Figure 11: Close up of the measured received echo signal after amplification. 

increased in an application. 
Another phenomenon is the reminiscent voltage of about 14 V at the transducer 

when the ringing has settled. This is equivalent to a remaining electrical energy of 
about 14% compared to the initial energy at a voltage of 38 V. A possible cause of this 
behavior can be found in the coupling between mechanical and electrical properties for 
the piezoelectric material [36]. Although a complete solution would require the solution 
of the differential equations that describe the momentary behavior of the system, a 
phenomenological explanation can be given. 

The electrical displacement D in the material is coupled to both the applied electrical 
field E and to the strain S through the relation 

Here, es = £QKS is the permittivity for the free transducer, and e is the piezoelectric 
coupling constant. Further, as the piezoelectric material does not contain free charges, 
the displacement is directly linked to the surface charge density crs, i.e. 

As the discharge is initiated, charge is removed from the surface of the piezoelectric 
transducer, thus lowering the electrical field. Simultaneously, both mechanical stress and 
strain are developed in the transducer. When the electrical field reaches zero, this is 

D = e E + eS. (7) 

D = a. (8) 
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a combined effect of reduced D and mechanical influence. Thus, when the crystal is 
electrically released, there may well be a remaining D field in the material, even though 
£7 = 0. Thus, there is charge "trapped" on the surfaces of the transducer, and when the 
mechanical ringing has settled this manifests itself as a reminiscent E field. 

4.3 Ampl i f ie r performance 

Measured performance of the amplifier are presented in Table 1 together with the design 
targets. The amplifier meets the design targets except for the input equivalent noise, as 
discussed in section 3.4. 

4.4 Pump efficiency 

Initial measurements of the pump efficiency gave very disappointing results in the order of 
10%. The cause was traced to the use of the on-chip parasitic diodes. When conducting in 
forward direction, these form parasitic bipolar transistors to the substrate of the circuit, 
which shunt the charge current away from the load capacitance. Thus, for the remainder 
of the measurements an external 1N4148 switch diode was used to overcome this problem. 

With the external diode the pump efficiency was measured to 80% for a. 1 nF load 
capacitor charged to 36 V, and to 75% for a 4.6 nF load capacitor charged to 33 V. 

4.5 System power consumption 

The power consumption for the system excluding digital input pads was measured for 
three repetition rates and three different piezoelectric transducers as shown in Table 3. 
The transducers all have a center frequency of 4 MHz. 

The power consumption of a clamped piezoelectric transducer that is excited at a 
repetition frequency f r e p with single shot excitation pulses from a fixed voltage source 
can be calculated as 

Pmin = frepC0 Uexc, (9) 

where Uexc is the excitation voltage. The use of the clamped capacitance value CQ 
shows that the calculation only takes into consideration the pure electrical capacitance 
of the transducer [13]. As soon as the transducer is free to move, electrical energy will 
be converted to mechanical and the effective capacitance value as well as the power 

Table 3: Power consumption of the system for various repetition rates and load conditions. 

^transducer (mm.) 6.5 10 12 
CQ3 (nF) 0.55 1.30 1.88 
Uexc (V) 40.5 35.8 31.4 
frep (Hz) 70 1385 3430 69 1335 3130 69 1335 3130 

Pmeas (mW) 0.21 2.48 6.06 0.27 3.56 8.44 0.29 3.67 8.46 
Pmin (mW) 0.063 1.25 3.10 0.12 2.23 5.23 0.13 2.47 5.80 
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consumption will increase. The value of Pmm can thus be used as a benchmark for 
the minimum achievable power consumption of an ultrasound system using single pulse 
excitation. Calculated values of Pmin are included in the table for the different transducers 
and excitation frequencies. 

The measured power consumption P m e Q S includes the system with digital logic and 
clock generator, boost pump, excitation, and amplifier operation. It can be seen that 
Pmeas comes within a factor of two from the minimum achievable for the transducers in 
all cases at the high repetition frequencies. A reduction in repetition frequency increases 
the impact of the power consumption of the digital logic and clock generator, which 
was measured to Pdigitai =90 /iW. Future generations of the chip will use processes with 
smaller feature sizes, making it possible to further reduce this number and further reduce 
the power consumption for low repetition rates. 
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6 Conclusions and further work 

This paper has presented the design of a complete autonomous transmit and receive 
ASIC for pulse echo piezoelectric sensors. The on-chip boost converter together with the 
on-chip amplifier provides the possibility to achieve a high dynamic range, e.g. increased 
penetration depth, in a battery operated ultrasound measurement system. The excitation 
voltage can be adjusted to the requirements in the system , i.e. in a low loss system a 
lower excitation voltage can be used to decrease the power consumption. Intermittent 
operation of the included amplifier further decreases the power consumption. 

Measurements have been performed on the individual parts as well as on the complete 
system. The efficiency of the boost pump reaches 80% when a discrete switch diode is 
used. The total power consumption including excitation, amplification and operation of 
the digital logic has been measured for various pulse repetition frequencies. 

The results show that it is possible to reach a power consumption within a factor 
of two from the minimum power required to charge the transducer alone from a fixed 
voltage source. This clearly shows that the presented design strategy can be applied 
to reach extremely low power consumption in a battery operated pulse echo ultrasound 
sensor. The power consumption at a repetition frequency of 70 Hz reaches 210 u\N, 
which enables an operating time of several years from one single Lithium battery. 

This work is part of an ongoing research towards a complete thumb size ultrasound 
measurement system with wireless communication. The next generation of the chip 
wil l include a wider range of signal conditioning such as A / D converter, time-of flight 
measurement, and pulse energy estimation. 
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