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ABSTRACT 

The success of modern electronics is built on the possibility to accurately predict 
system behavior by the use of simulation tools. This paradigm can be extended to 
components such as sensors attached to the electronics. The ability to simulate both 
sensors (mechanical components) and electronics together renders possible effec-
tive optimizations at system level,  i  e  minimizing size, cost and power consump-
tion. In this thesis the simulation of a combined electronics and ultrasound sensor 
system is explored. The environment used is compatible with the electronic simu-
lation tool SPICE. Improvements and verifications of existing SPICE models for 
ultrasound equipment is described, and applied in the design of integrated analog 
electronics for an ultrasound measurement system. Emphasis is put on the interde-
pendence between acoustic performance and electronics design. The goal is to im-
prove precision in the simulations to a level where real systems can be imple-
mented from simulation results alone. 

The thesis is divided into introduction and three attached papers. In the intro-
duction, an overview of ultrasound devices, measurement technology and simula-
tion is given. Tools and design flow for analog integrated circuits are discussed. 
The first paper shows that system simulations can be used to minimize the size of 
the transistors used to excite an ultrasound transducer, while keeping maximum 
output ultrasound energy. A design of an ASIC (Application Specific Integrated 
Circuit) driver stage for piezoelectric crystals is made and performance of the sys-
tem is predicted using system simulations. Measurements and simulations are com-
pared, showing that the optimum transistor size can be chosen from simulation data 
with very good precision. 

The goal with paper number two is to achieve absolute amplitude correctness in 
SPICE simulations of ultrasonic systems. Previously published models of the ultra-
sound propagation medium include viscoelastic loss but disregard loss due to dif-
fraction, i.e. beam spreading. This paper presents a method to include diffraction 
loss in the models. Measurements and simulations have been performed using a 
pulse echo system in water. Results show that the simulated amplitude of the re-
turned echo differs less than 10% from measured values in both near and far fields. 

In paper number three, the influence of parasitic electrical components on 
measurements and simulations is investigated. It is shown that simulation of exci-
tation pulses can be done with very high accuracy if parasitics are taken into ac-
count. The coaxial cable which connects the electronics and the transducer repre-
sents one of the major parasitic components in the system. As the cable length is 
varied, pulse echo amplitudes and time delays shift. It is shown that simulations can 
be used to predict these effects with good accuracy. 
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PREFACE 

Changing jobs or making a career shift after a few years in the industry is nothing 
unusual for an engineer. Going back to the academic world to continue with a 
higher education is more uncommon. This is however what I chose to do. I gradu-
ated with an M.Sc. degree in electrical engineering from Chalmers, Gothenburg, in 
1992. After that, working with  ABB  Switchgear AB in  Ludvika  gave me opportu-
nities to be active in different roles within development work, from assembler pro-
gramming to group management. 

Feeling that it would be fun to dig deeper into the technical field I started to 
think about the possibility to go back to school to pursue a Ph.D. Also, as we (me 
and my wife) got our first child, we felt that it would be nice to move somewhere 
where we had relatives close by. Thus, early 1999 I contacted professor  Jerker  Del-
sing at Industrial Electronics,  Luleå  University of Technology. I explained the 
situation for him, and he was very positive to my thoughts. Thus, I started as a 
graduate student for him in August 1999. The working area was to be analog elec-
tronics with application to ultrasound measurement technology. Focus should be on 
techniques promoting low-power and low-voltage design. I have since been work-
ing in this area, with a focus on modeling and simulation of ultrasound systems. 

During this time, I have seen Industrial Electronics being formed into  EISLAB,  
focusing on Embedded Internet Systems — EIS. I have been involved in applying 
for and receiving grants for the construction of an advanced electronics laboratory 
within  EISLAB.  The number of graduate students working on electronic design is 
increasing, leading me to believe that  EISLAB  will be able to continue its growth 
within the area of Embedded Internet Systems. 

I am grateful to many people both within and outside of  EISLAB  for the sup-
port and encouragement I have gotten during these two years. Especially I want to 
express my gratitude towards Professor  Jerker  Delsing for giving me the opportu-
nity to take this path, and to Kalevi Hyyppä and Jan van Deventer for patiently an-
swering all my questions. 

Finally, I want to dedicate this thesis to my wife Anne-Lie, who continually 
supports me through varying moods and levels of commitment. 
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THESIS INTRODUCTION 

1. Background 

The focus of  EISLAB  at  Luleå  University of Technology is Embedded Internet 
Systems - EIS. The vision with EIS is to achieve affordable internet connections on 
everyday equipment, such as burglar alarms and refrigerators. Also, EIS may be 
used in the industry, for example on automated transports or sensors of various 
kinds. Within this vast field  EISLAB  is active in a few areas. One is Sensor Sys-
tems, where  EISLAB  has a strong research area within ultrasound measurement 
technology applied to e.g. the fields of flow- and density measurement. One exam-
ple of an application is a flow measurement system for an industry having a multi-
tude systems spread around the plant. If these could be made totally autonomous, 
i.e. battery powered and with wireless communication, the installation of a large 
system would be made simpler. Also, the flexibility in the system is higher than it 
would be if everything was cable connected. 

The design of a system as those described above requires knowledge in more 
areas than sensor technology. Three of these which are also active research areas 
within  EISLAB  are Embedded EMC, Digital Low Power Design, and Mixed Mode 
Design. The work in this thesis is performed within the area Mixed Mode Design. It 
is focused on the analog electronics in an ultrasound measurement system, and its 
relation to the ultrasonic performance of the system. 

There are a number of requirements to be met by the analog electronics. To 
avoid wiring it must be battery operated, leading to constraints on power consump-
tion. For small size, it should be integrated into an ASIC (Application Specific In-
tegrated Circuit) together with digital electronics. Last, but not least, it must be 
cheap if sales volumes are to become high. 

The use of simulation tools is necessary to build and optimize a design after 
these requirements. To be efficient, the tool of choice should be able to simulate a 
complete system, comprising both ultrasound (mechanical) parts and the electronics 
down to transistor level on silicon. If high precision is achieved in these simula-
tions, implementation of real systems from simulation results alone is made possi-
ble. 

Models for simulation of ultrasound devices in electronic simulation tools such 
as SPICE are available in the literature [1, 2]. This is an excellent base as SPICE, or 
compatible programs, are standard within the electronics industry. The work pre-
sented in this thesis verifies and extends the existing models of ultrasound devices 
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for the design and optimization task discussed above. Emphasis is put on the inter-
dependence between acoustic performance and electronics design. 

The papers included in this thesis are written for the ultrasound community 
This means that the reader is expected to have some knowledge within the area of 
ultrasound. The intention with the thesis is, however, that it should be readable also 
without this background. Thus, the thesis introduction takes the reader through ba-
sic ultrasound definitions, theory and simulation techniques. Also, an introduction 
is given to the subject of analog electronics in integrated circuits. 

2. Ultrasound 

2.1. Ultrasound waves 

Sound is audible for us 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 is called infrasound. As sound waves propagate 
by the movement of particles, they require a medium through which to travel. Thus, 
unlike electromagnetic waves, they cannot propagate in vacuum. There are two ba-
sic types of ultrasound waves, longitudinal and transverse [3]. For a longitudinal 
wave, the motion of the particles is only in the direction of propagation. 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 trans-
verse to the direction of wave propagation. Transverse waves can only propagate in 
a solid medium. Longitudinal waves on the other hand will propagate in any me-
dium, 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 lon-
gitudinal if nothing else is mentioned. 

2.2. Acoustic impedance and reflection 

When a propagating ultrasound wave crosses an interface between two media, part 
of the wave will be reflected back into the first medium. This can be compared with 
the reflection of light traveling between two media with different refraction index. 
For acoustic reflection, the decisive factor is the acoustic impedance Za  of the me-
dia. For a low loss medium, the acoustic impedance can be written [1] 

Za = p • c , 	 (1)  

where  p  is the density (kg/m3) and  c  is the speed of sound  (m/s)  in the medium. As-
suming a wave incident normally to the surface between medium 1 and medium 2, 
the ratio between reflected pressure amplitude and incident pressure amplitude is 
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R 	pr =  Za2 — Zal  

Pi 	Z a2  + Z ai  • 
(2) 

If  R  is negative (Za2<Z„/) a phase shift of 180 degrees has occurred in the reflected 
wave compared to the incident wave. 

2.3. Attenuation 

When an acoustic wave propagates through a medium, energy is converted to heat 
due to friction in the medium, which is being compressed and regressed. 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 [4, 5]. The pressure of a plane wave 
propagating in the Z direction decays exponentially with the distance traveled. It 
can be expressed as 

Pz Pzoe-c , 	 (3)  

where pzo is the pressure at z = 0 and a is the attenuation constant in Np/m. The at-
tenuation constant is dependent both on the frequency used and on the medium. 
Thus, in water a sound wave at a frequency of 1 MHz keeps 97.5% of its pressure 
after traveling 1 m. This can be compared to the same situation using PMMA 
(Plexiglas), where the pressure is attenuated to 10-10  of its original value. 

2.4. Diffraction 

Another source of apparent attenuation in an ultrasound system is diffraction or 
beam spreading [6]. This causes the energy in the ultrasound wave to spread over a 
larger frontal area as it propagates through the medium. In figure 1 this is illustrated 
on a wave sent in the  x  direction from a transducer with radius a transmitting on a 
wavelength  X.  Close to the transducer, the spreading is very small for some dis-
tance. This is called the near field. As the wave passes the near field limit 

4a 2  
= 	 (4) 

its radius starts to expand leading to a decrease in pressure amplitude 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. Here, the x-axis is the dimensionless Seki parameter 
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Figure 1: Beam spreading of an ultrasound pulse. 

S =x2/a2 . 	 (5) 

The wavelength it of the ultrasound pulse can be calculated as 

A  c 

f 
(6) 

where  c  is the speed of sound in the medium and f is the frequency used. The influ-
ence of diffraction is highest for a material with high speed of sound when a low 
frequency is used. Also, the smaller the transducer is, the higher the diffraction 
loss. 

As an example, let's once again consider a signal on a frequency of 1 MHz 
from a transducer with 10 mm diameter. Traveling  lm  in water, the diffraction loss 
will be 95%. For PMMA, the loss will be 97%. Comparing these values with the 
losses due to attenuation discussed in the preceding section, it is seen that the rela-
tive influence of diffraction on a signal can vary widely, being significant for water 
but a lot smaller for PMMA. 

2.5. Generation of ultrasound 

Ultrasound is generated by the coupling of a vibration on ultrasound frequency into 
the medium of wave propagation. If physical contact with the medium is used, a 
variety of transmitter topologies exists. The transmitter can be built from a piezoe-
lectric thin film (PVDF), giving low acoustic impedance and possibilities to shape 
the transducer in various geometries. These are both desired specifications when 
working with medical imaging [7]. Another technique, giving low acoustical  im- 
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Figure 2: Attenuation due to diffraction when a sound pulse is sent 
between two transducers of equal radius. 

pedance and the possibility to build small dimensions, is to build a transducer based 
on a silicon substrate. This may also carry the electronics needed [8, 91. One very 
common method to build a transducer involves the use of a piezoelectric ceramic 
[3]. 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 not involving actual physical contact is to use a laser. This can be 
used to generate ultrasound pulses in both fluids and solids [10]. 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. 

2.6. The piezoelectric transducer 

A piezoelectric material has an asymmetric atomic lattice. Thus, when 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 developed. The 
piezoelectric effect occurs naturally in quartz but is relatively weak. A common 
way to build a transducer is to use a disc made of an artificial ceramic such as lead 
zirconium titanate (PZT). The transducer is equipped with thin metal electrodes on 
each surface. When a voltage source is connected to the electrodes, the disc either 
increases or decreases its thickness depending on the polarity of the applied volt-
age. The transducer will also work the other way around, i.e. when subject to a me- 
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Plastic housing 
	

Electrodes 

Backing 
	

Piezoelectric disc 

Figure 3: A piezoelectric ceramic transducer disc with backing. The 
transducer is mounted in a plastic housing which also serves as 

quarter wave matching at the front. 

chanical deformation, a voltage will develop across the electrodes of the transducer. 
This is used for reception of ultrasound waves. 

For both generation and reception of ultrasound pulses, the vibration must be 
coupled between the transmitter and the medium in which the ultrasound pulse is 
propagating. If the acoustic impedances of the transmitter and the medium are of 
the same order of magnitude, a fairly good coupling of ultrasound 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 transmitter and the medium. If 
there is a large difference in acoustic impedance between transmitter and medium, 
a matching layer attached to the transmitter might be needed. To be efficient, the 
matching layer should have acoustic impedance in between those of the transmitter 
and the medium. A complete transducer with matching layer and backing is shown 
in figure 3. 

A backing layer can be used to tailor the ringing of the transducer after excita-
tion. If a backing with completely different acoustic impedance than that of the 
transducer is used most of the energy will be transmitted into the medium, as re-
flections will occur towards the backing. However, this also results in a long ring-
ing 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 energy transmitted. This will result in a 
pulse with lower amplitude and a higher bandwidth as shown in figure 4. 
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Time 

Figure 4: Echo signals produced by a transducer with poorly 
matched backing (a), and with well matched backing  (b).  

3. Ultrasound measurement techniques 

Ultrasound is widely used for measurement and investigation purposes in areas 
such as medicine [11], nondestructive evaluation [12], and process industry [13]. 
An ultrasonic measurement system has its foundation in the various parameters that 
can be extracted from a transmitted or reflected ultrasound pulse [14, 15]. The time 
of flight of an ultrasound pulse is an often used property. From this, the speed of 
sound can be calculated if the distance traveled is known, or vice versa. The am-
plitude of an ultrasound pulse can reveal the attenuation in a medium, or the reflec-
tion 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. 

3.1. Distance measurement 

The distance to a target can be measured using a pulse-echo system. Here, a pulse 
is sent at t = 0. When hitting 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 cal-
culated using the time of flight registered. One application for a system of this kind 
is sonar for boats, to measure water depth. An overview of sonar techniques is 
found in [14]. 



d3  

d1  
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Figure 5: A basic  densitometer.  

3.2. Flaw detection 

Another application for a pulse-echo system is flaw detection, for example when 
searching 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 mate-
rial sample and return, this indicates some sort of flaw in the material. Rae detec-
tion is discussed in detail in [12]. 

3.3. Densitometer 

As discussed earlier the amplitude of a reflected echo is dependent on the differ-
ences between the acoustic impedances of two media. Further, the acoustic imped-
ance is dependent on the density and speed of sound in the media. A basic scheme 
of a  densitometer  for liquids is shown in figure 5 [16]. Providing that the initial 
amplitude Ao  for the pulse is known, the ratio between the amplitude of the first 
echo A/  and Ao  can be written 

Al 	Z L — ZB  
Ao 	Z L  + ZB  '  (7) 

where  ZB  is the acoustic impedance of the buffer rod. If  ZB  is known and the am-
plitude of A/  is measured, the acoustic impedance ZL of the liquid can be calculated. 
The speed of sound in the liquid is 

t2,A2  
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Figure 6: An ultrasonic flow meter. 

t2  — ti  
C = 	 

2d3  ' 
(8)  

where d3  is the distance traveled through the liquid. Using (1), the density of the 
liquid is 

ZL  
PL = 	.  

CL  
(9)  

The construction of a  densitometer  based on the above discussed principle is an ac-
tive research area [17, 18]. 

3.4. Flowmeter 

One example of a through-transmission system is a flow meter as illustrated in fig-
ure 6 [19]. The flow meter has two transducers facing each other, separated by a 
distance  d.  A sound pulse is sent from one piezoelectric disc and received by the 
other, and the time of flight t1  is recorded. If the medium inside the flowmeter is 
moving, the speed of the medium will be added to the speed of sound. The roles are 
then reversed and the process is repeated giving a second time t2. Thus, if the me-
dium 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 
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u 	d  ( 1 1 

2 cos a tl  t2  

Here, a 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. 

4. Modeling of ultrasound systems 

The development of ultrasound systems is a task involving a large number of free 
parameters 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 simulate a complete system where both ultrasound (mechanical) parts and 
the electronics are modeled. The intention with the work presented in this thesis is 
to explore these possibilities starting in existing tools and models. 

Ultrasound systems can be simulated using various approaches. Being a me-
chanical system, simulations using  FEM  (Finite Element Methods) or FID (Finite 
Differences) are feasible [20, 21]. By describing the system mathematically, pro-
grams such as  Matlab  can be used for simulations [22]. Also, dedicated computer 
programs for simulations of ultrasound transducers were previously found on the 
market [23]. However, for an electronics engineer working on electronics for an 
ultrasound system none of these approaches is very practical, as they do not simu-
late electronics. Luckily enough, there is one way out which is very well adopted 
for electronic design: simulation of the ultrasound system in simulators for elec-
tronic circuits, such as SPICE and its progenies [24]. 

The development of electrical models for piezoelectric devices started already 
in the 1940's, when Mason published an equivalent circuit [25]. Obviously, the tar-
get for the model was not computer simulation at this time. Nevertheless, the aim 
with the model was the same as today — to 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 [26] incorporated a transmission line 
into the Mason model. With this, the electromagnetic waves traveling back and 
forth in the transmission line are used to model the acoustic waves in the piezoe-
lectric device. Yet another model was presented by Krimholz et al in 1970 [27]. In 
this, a frequency dependent network is connected to the middle of a transmission 
line. This model is advantageous in acoustically cascaded systems. 

Implementation of the models in circuit simulation programs was first pub-
lished in 1986 by Hutchens and Morris [28]. They chose a modified version of 
Redwood's model, as the models of both Mason and Krimholz have frequency de-
pendent components not suitable for simulation. In 1994, Leach [29] replaced the 
transformer in Redwood's model with controlled sources. This also removed a 
negative capacitor present in the Redwood implementation. 

(10) 
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Mechanical port 1 ± 	 ± Mechanical port 2 

Electrical port 

Figure 7: Leach' implementation of an electrical model of 
a piezoelectric device. 

The Leach model is shown in figure 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 modeled by the de-
pendent sources, while the static capacitance of the transducer is modeled by ca-
pacitor Co. If a propagation medium is to be added to the circuit, it is modeled 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 modeled by a 
single resistor instead of a transmission line. Püttmer et al [2] included mechanical 
losses in the Leach model to account for propagation loss in both the piezoelectric 
device and the propagation medium. To achieve correct modeling of total loss in a 
propagating sound wave diffraction loss must also 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 [1] in 2000 applied the model pre-
sented by Püttmer to liquids, polymers and piezoelectric materials. They also intro-
duced temperature dependencies into the model equations. 

5. The MOS transistor  

This thesis deals with ultrasound systems, where electronics and electronics mod-
eling are important parts. The remainder of the thesis introduction will give an in-
troduction to the subject of analog integrated electronics, and its application to ul-
trasound systems. The starting point in this section is the transistor, while design 
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Figure 8: Cut away of an NMOS transistor. 

flow and specific issues regarding ultrasound pulse generation are covered in the 
following sections. 

The transistor is a fundamental building block in all electronic design is. 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 
[30]. For more in depth coverage starting on atomic level, specialized books on 
electronic devices and physics are available [31, 32]. 

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, also called  MOS  transistor. 
The analog performance, i.e. gain, bandwidth, and noise of this type of device is 
generally somewhat worse than for other technologies such as bipolar. Yet, analog 
designs are integrated together with digital in many applications where only  MOS  
transistors can be used. Thus the device is becoming increasingly important also for 
analog design. For the research in this thesis the  MOS  transistor is used. The re-
mainder of this section gives a qualitative description of this device. 

The material used as a base for the transistor is silicon. This is a semiconduct-
ing material, meaning that it is not a very good conductor. It can, however, be made 
to conduct 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 elec-
trons. An NMOS transistor as shown in figure 8 uses electrons as carriers. The de-
vice 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 and source, while the inputs are the gate and substrate. Often, 
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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 as-
sumed also below. 

The transistor is either non-conducting or conducting, depending on the voltage 
applied to the gate. If a positive gate-source voltage is applied electrons will be at-
tracted 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 ap-
plied 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 generator. 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. 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 8. One important relationship is 

I  k  —W 

L' 

where I 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, commercially available processes have lengths down to 
0.13 um. 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 many mm are used. 

6. Design flow for analog integrated circuits 

In all design of electronic circuits, good knowledge of basic device characteristic is 
necessary. Also, general circuit topologies and design blocks must be well known. 
These parts are given in most textbooks on basic electronic design [30, 33]. Going 
into design of integrated circuits in a specific process, more detailed knowledge is 
needed. The process used in this thesis is a standard  CMOS  (Complementary Metal 
Oxide Semiconductor) process, utilizing NMOS and PMOS transistors as discussed 
in section 5. Examples of books treating this subject is found in [34, 35]. Circuit 
solutions are out of the scope for this thesis introduction. Instead, this section will 
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Figure 9: Design flow for an analog integrated circuit. 

describe and exemplify the design flow for analog circuits. As an example, a  
CMOS  inverter driving a capacitive load is chosen. Although this is a basic design, 
the design flow as shown in figure 9 is the same as for more complex systems. 

6.1. 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 
NMOS and PMOS transistors. In the specification, requirements on area of the de-
sign, load values, temperature range, and desired rise and fall times are given. 

6.2. Preliminary design 

From knowledge of design blocks, we choose one possible solution for a  
CMOS  inverter as shown in figure 10. T1 is a PMOS transistor and T2 is an NMOS 
transistor. Capacitor  C  is the load. Supply voltages are VDD  and  OND.  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 pre-
liminary value for the width, we make the simplified assumption that the transistor 
is charging the capacitor with constant current. From the relationship 

CAV 
/ =  

At 
(12) 

the current required to charge the load within the allowed time is found. From in-
formation on the chosen process, the output current per urn transistor width is 
given. With this, starting values for the widths of the transistors are set. 
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Figure 10: Inverter schematic. 

6.3. Simulation  

Simulation is a necessary step in the design of analog integrated circuits. Even 
relatively simple circuits need to be simulated, as the models used for hand calcu-
lation are very rough and valid only for certain process parameters and tempera-
tures. A popular simulation tool within the electronics industry is SPICE and its 
progenies [24]. Models are available for most processes for integrated circuit manu-
facturing, as well as for commercially available components. Models for simulation 
can be very complex. For  MOS  transistors, books are available on the subject of 
modeling the transistor alone [36]. 

For transistors and other components in an integrated circuit, variations in per-
formance 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-mean, fast, and slow. These will give simulations with typical, fast 
and slow performance of the components respectively. As many components have 
high temperature dependence, corner simulations should be run with temperature 
variations included. 

Apart from corner analysis, SPICE based tools support so called Monte Carlo 
analysis. In this, parameters are varied randomly for a very large number of runs. 
Also, optimization tools are available, which can tune a design to fit specified per-
formance criteria [37]. 

Our example circuit is drawn using a schematic editor. From this schematic, 
several simulation runs are performed with various process and temperature set-
tings. 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. 
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6.4. Layout and crosschecking 

When the simulation performs as expected, layout work can be started. Creat-
ing an analog layout is in many parts a handcraft, in spite of many computer based 
tools [381. 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 layout to be followed. These give minimum distances 
between devices, allowed stacking of components etc. An automatic check to as-
sure that design rules are followed can be performed by the design tool. 

Matching issues must be addressed to get expected performance from e.g. dif-
ferential pairs or equal size capacitors. Layout is a time consuming job that can 
consume several days for a circuit containing few tens of components. One possible 
layout for an inverter is shown in figure 11. From the finished layout an extraction 
of a schematic can be made. This schematic is compared with the original sche-
matic to find errors in the layout. 

6.5. Simulation with 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 or metal areas on chip. In order to accurately model the be-
havior of an electrical circuit, these components might need to be taken into ac- 
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Figure 12: Block schematic of an ultrasonic  densitometer  

count. To be able to include the parasitics in a simulation, the values of the compo-
nents must to 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. 

6.6. Manufacturing 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 [39]. 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 
multiproject 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 [401. 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. 

7. Electronics for ultrasound pulse generation 

To build an ultrasound measurement system, several blocks of electronics are re-
quired [411. Always needed are excitation stage (driver) and reception amplifier. 
Then, depending on the application at hand, blocks such as peak detector, filter,  
A/D  converter, and comparators might be needed. As an example, a block sche-
matic for an ultrasonic density measurement system is shown in figure 12. Here, 
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Figure 13: Simplified schematic of a spike-type pulse generator. 

the driver generates the electrical pulse to excite the transducer. When an echo is 
received, the voltage signal is amplified and sent to the peak detector, which cap-
tures the amplitude of the echo. An analog-to-digital  conversion is made to be able 
to make the calculations needed in the CPU that also controls the system. The part 
of an electronic system like this which is most closely related to the research work 
in this thesis is the pulse generation, which will be discussed more in detail in the 
remainder of this section. An overview of electronics for pulse generation and 
shaping can be found in 1421 

As discussed in section 2.6 above, the mechanical matching has high influence 
on the pulse shape from a piezoelectric element. Another important factor in this 
matter 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 resolution of the measurement performed [11]. Short pulses 
are generally generated using the fundamental oscillating frequency of the trans-
ducer. One often used method is to apply a transient electric pulse to the transducer 
[43]. This pulse is generated by discharging a capacitor across the connectors of the 
piezoelectric disc (figure 13). 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. Using 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 by having a set of tran-
sistors connecting the transducer to positive and negative supply voltages as shown 
in figure 14a. 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 set the dimensions of the transistors. The 
ideal square wave output pulse will be affected by parasitic components stemming 
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Figure 14: Principle of square wave pulse generator used for single 
pulse generation (a), and burst generation  (b).  

from e.g. 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 
ultrasonic system can be enhanced by combining pulses of different length, voltage 
and polarity [44, 45]. As an example, applying a second excitation pulse out of 
phase with an already ringing transducer will give an improvement in the frequency 
response of the received echo. 

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 [46]. High speed D/A converters can also be used in conjunction 
with an array of transmitters/receivers. A time reversal is made of a pulse echo re-
ceived from a target. If the time reversed signal is used to excite the transducers, 
the resulting pulse will be focused on the target [47]. 

In applications using multiple frequencies of ultrasound, precise control of the 
frequency spectrum of the ultrasound pulse is desired. This can be achieved by us-
ing burst type excitation, employing a number of cycles of a square or sinusoidal 
wave to the transducer (figure 14b). Square wave excitation is frequently used, as it 
employs only a simple switching circuit as discussed above. 

8. Paper summaries 

This section gives a brief summary of the papers included in this thesis. The re-
search presented in the papers takes the models discussed in section 4 as a starting 
point. The goal is to be able to create highly accurate simulations of excitation 
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pulses, echoes, and their dependence on the electronics. Improvements and verifi-
cations of the existing SPICE models are presented, as well as their application in 
the design of integrated analog electronics for ultrasound measurement systems. 

8.1. Optimization of a Piezoelectric Crystal Driver Stage using 
System Simulations 

This paper takes a system simulation approach to the design of electronics for 
an ultrasound measurement system. SPICE models of ultrasound devices are used 
in simulations together with electronic models. The goal is to show that system 
simulations can be used to minimize the size of the transistors used in the driver 
stage, while keeping maximum output ultrasound energy. For this purpose, a design 
of a driver stage is made and performance of the system is predicted using system 
simulations. The driver stage is an ASIC (Application Specific Integrated Circuit) 
which is manufactured in a 0.6 gm  CMOS  (Complementary Metal Oxide Semicon-
ductor) process. The driver is intended to be part of a larger future design. Meas-
urements and simulations are compared, showing that the optimum transistor size 
can be chosen from simulation data with very good precision. 

8.2. Incorporation of Diffraction Effects in Simulations of Ul-
trasonic Systems using PSpice models 

One specification in the design of driver and receiver electronics for an ultrasound 
system is the dynamic voltage range required. To correctly design this in a system 
all attenuation effects on a propagating ultrasound signal need to be taken into ac-
count. Previously published electrical models of piezoelectric devices and the 
propagation medium include viscoelastic loss but disregard loss due to diffraction. 
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 diffrac-
tion. Further, as parameter variations for the piezoelectric device also affect the re-
sult, a sensitivity analysis for the simulation model is presented. Measurements and 
simulations showing very good agreement are presented for a pulse echo system in 
water. 

8.3. Effects of Parasitic Electrical Components on an Ultra-
sound Measurement System — Measurements and Simula-
tions using SPICE models 

When the electronics for an ultrasound measurement system is physically imple-
mented, 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 
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time of arrival for received pulses. This paper investigates the effect of parasitic 
components, focusing on the influence of the coaxial cable connecting the elec-
tronics with the transducer. Measurements and simulations have been done for ca-
ble 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. 

9. Conclusions and future work 

The work in this thesis improves and verifies previously published SPICE models 
of piezoelectric devices. Accurate simulations of the interdependence between 
acoustic response and electronic dimensioning have been presented. It has been 
shown that dimensioning of driver transistors can be done using system simulations 
alone. A method to include diffraction loss in the model of the ultrasound propaga-
tion media has been presented. This allows amplitude correct simulations to be per-
formed both in near and far fields. Further, it has been shown that system simula-
tions 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 precision of the system simulations is such that system design can be per-
formed based on simulation results alone. With these tools as a base, continued 
work will now focus on the design of electronics for ultrasound measurement 
equipment. The target will be to integrate all electronics necessary into one single 
chip, giving low cost, small size and low power consumption. 
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Optimization of a Piezoelectric Crystal 
Driver Stage using System Simulations 

Abstract - Using SPICE, successful efforts have previously been made in modeling 
piezoelectric devices and their functionality. In this paper the piezoelectric device is 
simulated together with  MOS  transistor models. The design of a  CMOS  piezoelec-
tric 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 im-
plemented using a 0.6 gm  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 electronical 
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 lit-
erature. One is dealing with integrating complete ultrasound devices including the 
active element into very small units [1] — [3]. The other concerns generation of ul-
trasound pulses without regarding size or power consumption for the pulse genera-
tion electronics [4] — [6]. However, the area of miniaturization of pulse electronics 
for use with standard ultrasound crystals is sparsely exploited. The work in this pa-
per 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 manu-
facturer, allowing optimization of the complete system. Measurements on a manu-
factured 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 con-
sumed 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. 

29 
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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 gm  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, Den-
mark. The disc has a diameter of 16 mm and a thickness of 487 gm, giving a fun-
damental 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 
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Figure 2: Approximation of transistor characteristics. 

for the crystals. The maximum peak-to-peak amplitude for the echo received from 
the PMMA-air interface has been used as a 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 gm process used, available power supply is restricted to 
+5V. In achieving maximum output signal amplitude while holding these con-
straints, 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 os-
cillating 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 
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Figure 3: Simulation using ideal components 
showing relative echo amplitude vs. transistor 

width. 

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 good control 
of rise and fall behavior. In order to achieve good receiving conditions for the re-
turned echo, the output transistors are automatically set to high impedance after the 
pulse has been sent. 

2.4. Circuit functionality 

This section gives a qualitative description of the circuit. The complete circuit is 
shown in figure 1. All transistors are minimum length (0.6  nm),  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 di-
rectly 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: 
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Figure 4: Simulation using ideal components 
showing relative echo amplitude vs. transistor 

width. 

1. The US crystal is held at VDD  via the  P  channel transistor P3. P7 and N3 are 
blocked. 

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

3. 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 VDD. 

4. As Vc again reaches VDD, P7 is blocked and the pulse cycle is completed. 

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 tran-
sistor characteristic at maximum gate voltage with two straight lines as shown in 
figure 2. The static crystal capacitance Co  is then discharged to 5% of VDD  within 
the time  

C 
t f =1'65 O  *VDD  

'SAT 
(1) 
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Total N3 transistor width / mm 

Figure 5: Simulation on a single crystal using a  non-
ideal  electronic model showing normalized echo 

amplitude as function of transistor width. 

where  ISAT  is the saturation current for the transistor used. For given  tf  and Co, the 
approximation gives a conservative value of Ism-. This is useful as it helps to ac-
count for process variations. Using the given ks,17/1.1m for the chosen  CMOS  proc-
ess, 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 Co  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 dy-
namic 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 im-
prove 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 P1/N1 and the NAND gate P4/P5/N4/N5 are dimensioned with minimum 
size transistors, having the  P  channel devices 2 times the  N  channel devices to 
achieve balanced performance. 
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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. 

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 in-
cluded 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 indi-
vidually. 

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, 1 mm/2mm and 0.5mm/1 mm) 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. 
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Figure 7: Measurement on a single crystal showing 
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width. 

3.2. Simulating the manufactured chip 

Simulations were also made using a model for the driver stage including parasitic 
capacitance extracted from the actual chip layout. Also package parasitics and ex-
ternal wiring parasitics were included. In order to achieve different output transistor 
widths 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 dependant on the number of transistor stages used. Loading on 
the crystal when receiving an echo stems from the pull up transistor P3 and the dif-
ferent parasitics mentioned above. 

4. 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. Re-
sults 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 dependant 
on the number of driver stages used as discussed for the simulations above. 
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5. Discussion 

5.1. 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 be-
havior is that the  Q  of the LCR parallel oscillation circuit formed by the crystal and 
N3 is dependent on the transistor width. For small transistor width the dynamic im-
pedance 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 ef-
fects 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 maxi-
mum 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 
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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. 

5.2. 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, measure-
ments and simulations 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 paral-
lel 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. 

5.3. Design 

Results from both simulations and measurements suggest that the calculated widths 
give more than 90% of maximum possible output amplitude for a 5V 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 mm2, excluding pads and metal interconnections. 

6. 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 gm  CMOS  process. Measurements on the manufactured chip verify the 
chosen design strategy and the performance predicted by the simulations. The re-
sults show that simulations can be used to optimize the performance of a complete 
system comprising both piezoelectric and electronical 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 

Abstract — The use of PSpice models for piezoelectric devices and ultrasonic 
transmission media is of major importance in the design of electronics for ultra-
sonic systems. Today, these models include viscoelastic loss but disregard loss due 
to diffraction, i.e. beam spreading. This paper presents a method to include diffrac-
tion 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 de-
vice 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 returned 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 piezoe-
lectric elements using passive components were initially developed in [1 — 3]. 
Leach [4] used controlled sources to avoid negative capacitance and frequency de-
pendant transformers. Püttmer [5] included losses in this model to model low-Q  
thickness mode transducers. Also, losses were introduced in the transmission media 
to give the attenuation of the propagating wave. Van Deventer et al [6] further in-
vestigated material properties governing viscoelastic loss and wave speed. How-
ever, none of the works hitherto presented has concerned simulations giving abso-
lute 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 system 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 dif-
fraction loss in a pulse echo simulation, in order to achieve absolute amplitude cor-
rectness. Material parameters used have a large influence on received echo ampli-
tudes. Therefore, a sensitivity analysis for the simulation model is presented. 
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2. Method 

2.1. Modeling the diffraction 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 low-loss 
conditions (R<<coL, G<<a)C), the attenuation constant a (Np/m) for an electrical 
transmission line can be written [6]: 

a 	lvicr  j
+ 

 1 _
x
i-FL,-  (G  

Here  R  (52/m) is resistive loss,  G  (l/Qm) is conductive loss,  C  (F/m)  is capacitance, 
and L (H/m) is inductance per unit length. This can be rewritten 

1R 1 
2Z0  2 - 
	 (2) 

where Zo  = VLIC is the characteristic impedance of the transmission line. A 

propagating sound wave is modeled as a forward traveling voltage wave in the 
transmission line. The amplitude of this voltage wave can be expressed as [7]: 

1/(x  Vo  e-ox , (3) 

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

e 
-(R12z° 

e  
)x -(Gz

° 
 12), 

(4) 

Previous works on simulation of ultrasound propagation using electrical transmis-
sion lines have used  R  to model viscous losses while setting  G  to 0 [5, 6]. Here, by 
using  G  0 we 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 

A . = 
Ivoe

—(R/2Z0 )x 

V(x)! 	
= e_4/2)x 	

(5) 

Solving for  G  gives 

(1) 
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G = Zox

2 
	ln(Adiff  ),  (6)  

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

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

=  
2/ \ 
07)  • 25  1 	eiy S/4/rdy  

0 Y 
(7)  

   

Here  

S = xa/a2 	 (8) 

is the Seki parameter [9], and 2 is the wavelength of the transmitted ultrasound 
pulse. The integrand is 
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y = kra 	 (9) 

in which  k,  is the radial propagation constant. For a pulse echo system with a per-
fect plane reflector,  x  in (8) is replaced with 2x, where  x  is the distance to the re-
flector [8]. A10 , as given by (7) is plotted for 1 < S < 30 in figure 1. 

As equation (7) must be solved numerically, the use of it as a parameter in 
PSpice simulations is not straightforward. From figure 1 it is seen that the behavior 
of (7) can be approximated with two straight lines in a log-log scale. Thus, an anal-
ogy 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 5 4, 

=- 
1 

(10) A1  
1.05- 

and one to increase the slope for S 	4: 

(S/0.1)°°8  

1 
(11) A2  

kid- S/4)513184  

The total attenuation is given by 

Afor  = (12) 

The exponents for the denominators in (10) and (11) are chosen to give A 0, a slope 
of 1/S in the far field 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). Ato, is plotted for 1 S 30 in figure 2. It is seen here that the small varia-
tions in attenuation for S 5 2 are excluded in the approximation. If these were to be 
included, the model could easily be extended using more "filter sections" contain-
ing higher order terms of S. In this paper, they have been omitted for clarity. Using 
(6) and (12) and setting 

AA = d 	01 (13) 

now gives a complete set of input parameters to model diffraction loss in a PSpice 
simulation. 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. 
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Figure 2: Schematic of the simulation. 

2.2. Simulation setup 

The schematic used for simulation is shown in figure 2. Simulations were per-
formed 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 modeled 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 tem-
perature for the simulations is 20°C. Parameter data for PZ-27 used in the simula-
tion are shown in table 1 [10]. From [8] we get the equation for stiffened elastic 
constant 

CD  = CE [ 1± (e"Y  ES cEj• (14) 

Van Deventer [6] developed expressions for the loss resistance in the model 
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Table 1: Simulation data for PZ-27. 

Parameter 
	

Notation 	 Value 
Radius 	 a (m) 	 0.003 / 0.006 
Density 	 PPZ (kg111.13) 	 7700 
Thickness 	 len  (m) 	 487.10-6  
Permittivity 	 i  (As/Vm) 	 8.09.10-9  
Piezoel. stress const. 	e"  (C/m2) 	 16  
Q  factor 	 Q 	 74 
Conductivity 	 G  (1/ S2) 	 0 
Elastic constant 	 CE  (Pa) 	 1.134011  

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

Parameter 
	

Notation 	 Value 
Density of water 	 Pwat (kg/1113) 	 998.2 
Speed of sound, water 	cwat  (m/s) 	 1478 
Viscous loss factor 	av  (NP/m) 	 0.13 
Density of steel 	 Pst  (kg/1113) 	 8000 
Speed of sound, steel 	cst (111/s) 	 5900 
Density of PMMA 	 PPMMA (kg/m3) 	1190 
Speed of sound, PMMA 	C  pmmA  (m/s) 	 2775  

Rpz 	
27r2 fa2 pPZ  

Q 
the characteristic impedance 

Z  0 PZ = P PZ7ra2 C  PZ 

and the transmitting constant 

e33  
h= 	s • e  

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

(15)  

(16)  

(17)  

(18)  Cpz  =  
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Figure 3: Measured echo amplitudes. 

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 re-
sistances for steel and PMMA as  

R  = pcza 2  . 	 (19) 

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

Rwat  =2Avatcwarica 2  a, . 	 (20) 

2.3. Experimental setup 

The system investigated is a pulse echo system, where the transducer is immersed 
in water. 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. Two discs with diameters 6 mm and 12 mm have been 
used. The thickness is 0.5 mm, giving a fundamental frequency of approximately 4 
MI-lz. The piezoceramic 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 
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Figure 4: Simulated vs. measured echo 
amplitudes for 0=6mm. 

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]. The transducer unit is mounted to a co-ordinate table, allowing both transla-
tional 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 os-
cilloscope. The oscilloscope has an accuracy of 1% and a resolution of 8 bits for the 
performed measurements. 

3. Results 

3.1. 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 
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Figure 5: Simulated vs. measured echo 
amplitudes for 0.12mm. 

4 MHz. Results from the measurements are shown in figure 3. The far field limit 
where the sound pulse starts a more rapid divergence is clearly seen for the smaller 
transducer at a reflector distance of 30 mm. The far field limit for the larger trans-
ducer 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 veri-
fies that the measured attenuation profiles presented in figure 3 are indeed produced 
by diffraction effects. 

3.2. Simulations 

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 figure 4 and 5 re-
spectively, 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 pa-
rameter S as defined in (8) is decisive for the behavior of the curve. S in turn is 
highly dependant on the transducer radius, a. If a is decreased, the S values will in-
crease 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 
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Table 3: Results of sensitivity analysis 

Parameter Change in echo 
amplitude (%) 

33 
e 

 
-7.21 
11.28 

a -0.08 
0.91 

ZPMMA -4.49 
ZOwater 6.87 
ZSTEEL 0.62 
PP7.27 0.04 
CE  -9.94 
/enpz27  2.36 

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 ef-
fective diameter being 14% smaller than the physical size of a transducer. 

4. 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]. However, it also affects the electrical side, reducing the value of the static ca-
pacitance 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, 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%. To investi-
gate the influence of material parameters, a simulated sensitivity analysis was per-
formed. Parameter values were increased with 10%, and the resulting change in re-
ceived echo amplitude was recorded. Results from the simulations are shown in  ta- 
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ble  3. Here is seen that variations in material parameters can have major effect on 
the received echo amplitude. 

Uncertainties exist also in the simulation of the electronics. Variations in per-
formance 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" 
[16]. Three corners given may be typical-mean, fast, and slow. These will give 
simulations with typical, fast, and slow performance of the components respec-
tively. Furthermore, the temperature dependence of the circuit performance can be 
high. The simulations presented in this paper are run with performance set to typi-
cal-mean, and temperature set to 20°  C.  To get a complete view of the system be-
havior under real operating conditions, simulations should be run in various corner 
settings and temperatures as recommended by the manufacturer of the chip. An-
other possibility is to use Monte Carlo simulations to randomly vary a number of 
parameters in the electronics. 

5. Conclusions 

This paper has presented a method to include diffraction loss in PSpice simulations 
of ultrasonic systems. Conductive loss in the transmission line modeling the propa-
gation 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 ra-
dius 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 Simula-

tions using SPICE models 

Abstract — When driver and receiver electronics for an ultrasound measurement 
system are 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. In the system investi-
gated, 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  ps.  The simulations predict this variation within 
a few  ns.  

1. Introduction 

In the design of an ultrasound measurement system comprising both ultrasound 
(mechanical) and electrical components, it is advantageous to be able to use system 
simulations. Electrical models of the ultrasound devices were first used in a simu-
lation environment in 1986, when Hutchens and Morris [1] implemented Red-
wood's version [2] of Mason's original model [3]. The simulation tool used was the 
electrical simulation program SPICE. The model has since evolved, with the most 
recent additions being frictional 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 pos-
sibility 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. As the excitation pulse normally has 
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Oscilloscope 

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

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 com-
ponents 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 pre-
sent significant inductance and capacitance. These will affect the shape of the ex-
citation pulse, as well as amplitude and time of flight of received echoes. The ef-
fects are investigated for varying cable lengths and measurements are compared 
with system simulations using SPICE models. 

2. Method 

2.1. Modeling parasitic components 

Parasitic components are resistance, inductance, and capacitance originating in for 
example 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 compo-
nents need to be estimated. 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 
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Table 1: Starting values for estimation of parasitic 
components in the measurement setup. 

Parameter 	 Value 
Drain capacitance of driver stage 
Source capacitance of driver stage 
Resistance of bond wire 
Inductance of bond wire 
Inductance of package lead 
Capacitance between package leads 
Resistance of package lead 
Capacitance of coaxial cable 
Inductance of coaxial cable  

12.6 pF 
9.2 pF 
0.1 
10 nil 
15 nH 
2 pF 
0.4 12 
100 pF/m 
250 nH/m 

socket, approximate values can be achieved from the packaging facility. For cables, 
specifications are often available for characteristic impedance Z (2), and capaci-
tance per unit length  C  (F/m).  Given this also the inductance per unit length, L 
(Him), can be calculated from the relation [9] 

Z = 
1  C .  (1) 

  

If specific details on parasitic components for a chip or circuit are unknown, 
approximations 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 Den-
mark. 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 [111 The design is a 
push-pull driver, generating a 5 V square wave excitation pulse. The driver is con-
trolled with a signal generator. The excitation pulse width is set to half the crystal 
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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) 	 487e-6 
Permittivity 	 es  (As/Vm) 	8.09e-9 
Piezoel. stress const. 	e33  (C/m2) 	16  
Q  factor 	 Q 	 74 
Conductivity 	 G  (1/12) 	 0 
Elastic constant 	 CE  (Pa) 	 1.134011  
Frequency (calc) 	 .f. 	 4.3.106  
Density of PMMA 	 PPmma (kg/m3) 	1190 
Speed of sound, PMMA 	cpmmA  (m/s) 	2775  

oscillation period time, to give maximum returned echo amplitude [12]. The chip is 
connected to the piezoelectric crystal with a 5012 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. 

2.3. Simulation setup 

The schematic used for simulation is shown in figure 2. Simulations were per-
formed 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 propa-
gation 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 sili-
con foundry. Estimated parasitic components are included in the simulation sche-
matic. 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 val-
ues 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 mechani-
cal 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]. 
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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. 

2.4. The transmission line 

The coaxial cable connecting the driver and the piezoelectric crystal is modeled 
as a transmission line. A transmission line is characterized by its characteristic im-
pedance, Z (S2), which is the impedance seen by a propagating wave in the line [9]. 
The characteristic impedance can be calculated from (1) if the inductance per meter 
L (Him) and the capacitance per meter  C  (F/m)  is known. Also, if the transmission 
line exhibits electrical losses, the resistance per meter  R  (S2/m) and the conductivity 
per meter  G  (1/Qm) are used. For short lengths, cable transmission lines can often 
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be considered lossless, setting  R  and  G  to zero. For the reminder 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 
propagating electromagnetic  (EM)  wave, the transmission line behaves as a lumped 
component consisting of a series inductor LL  (H)  and a parallel capacitance  CL  (F). 
The value of the inductor is calculated as 

LL = 1L 	 (2)  

and the value of the capacitor as 

CL  = /C , 	 (3)  

where 1 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 
k/10, where is the wavelength of the  EM  wave. In this paper the characteristic 
impedance of the coaxial cable is 50 ohms, and the capacitance is 100 pF/m, giving 
an inductance of 250 nH/m. The propagation speed of an  EM  wave is 

1  
c=  	

-‘1 LC 
(4)  

yielding c=2.108  m/s.  With the wavelength being 

A = c  (5)  

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

c 
ihm 101 	 (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 <fiirn  < 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 ca-
ble 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. 
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Figure 3: Measured and simulated voltages at 
driver for 7 cm coaxial cable. 

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 significantly changed by the use of a transmission line approach, this is 
discussed. 

3. Results and discussion 

3.1. Excitation pulse shape 

Measurements and simulations were made on the temporal behavior of the excita-
tion 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 measurements 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 cir-
cuit being formed by the inductances in series with the static capacitance Co  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 co-
axial cable length this inductance is 18 nH, giving a total series inductance of Lto, = 
78 nH. The static capacitance of the transducer in the simulation is 
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Figure 4: Measured and simulated voltages at 
transducer for 7 cm coaxial cable. 

Co  = ESKaeff

2  

(8) len  

-4 

Using the effective radius aeff  = 5.2 mm and adding 30 pF for the parasitic and ca-
ble capacitance the total value is CTOT=  1.44 nF. The resonance frequency of an LC 
series circuit is 

1  

fic  27rNii,j (9) 

which here is calculated to be 15 MHz. This is in good agreement with the fre-
quency of the oscillation during the excitation, marked with A in figure 4. The pe-
riod time of 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 con-
nectors. 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 3. 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 be-
comes significant, at a cable length 1 = 2.07 m it is  LI,  = 518 nH. Adding series in-
ductance, the total value is 40,=578 nH. Further, the capacitance of the coaxial ca- 
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Figure 5: Measured and simulated voltages at 
driver for 2.06 m coaxial cable.  

ble  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 os-
cillation 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 fre-
quency. It can however be seen that it is of the order of magnitude as calculated 
above. The series circuit LT07/CT0T here forms a low pass filter with a corner fre-
quency around 5MHz, 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 (fig-
ure 6, mark  D).  

The behavior can also be explained using the transmission line view of the ca-
ble [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 through an equivalent generator resistance  ZG  approximately 
equivalent to the characteristic impedance of the transmission line, Z = 50 a Part 
of the excitation pulse will be reflected back towards the driver stage. The time 
constant of the discharging curve will be T = ZGC0  =70  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 
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Figure 6: Measured and simulated voltages at 
transducer for 2.06 m coaxial cable. 

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 simula-
tions 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 ca-
ble lengths as discussed in section 3.1 above. Due to the high frequency depend-
ence 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 modeled. Thus, the echoes 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 fw  as the cable length is varied. The range of fw  is 5 to 15 MHz as cal- 
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Figure 7: Peak-to-peak voltage of received echo 
for varying length of the coaxial cable. 

culated in section 3.1 above. As this frequency varies, the oscillation will work in 
various phase positions versus the excitation pulse, thereby amplifying or attenuat-
ing 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 fre-
quency 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 di-
vided in three parts: 

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

• tf:  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 t, is affected by the filter, as the pulse is charging the large ca-
pacitance Co  during this time. The time tr  will be affected mainly due to the propa-
gation 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. 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 
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Figure 8: Time shift of received echo for varying 
length of the coaxial cable. 

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 us. 

The variation of time of flight as a function of cable length used is shown in 
figure 9. 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 [51. The coefficient of attenuation has 
a temperature 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 controlled to within ±1°  C.  For the distance traveled in PMMA this 
give an uncertainty of 2.5% for measured amplitude. The total time of flight varies 
between 7.7 and 7.8 us, giving an uncertainty of 7  ns.  The oscilloscope has a verti-
cal 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 un-
certainties 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 
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batches. 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 com-
plete 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 influ-
ence 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 traveled (21.4 mm). Simulations for 
variations of PZ-27 parameters were presented in [6], showing that one single pa-
rameter can change the amplitude of an incoming echo with over 11%. Preliminary 
simulations also show that the ringing of the transducer, center frequency, and in-
fluence 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 mechani-
cal 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 ex-
cite the transducer. One way to keep Co  at nominal value would be to apply the re-
duction 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 simula-
tion model. The reduced value is then applied only in the calculation of the con-
ductive 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 influ-
ence of parasitic components is taken into account. The influence of the coaxial ca-
ble 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 µs. Simulations predict this variation within a few  ns.  
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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 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 environment, it should then be possi-
ble 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 meas-
urement and simulations. 
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