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Abstract

Imagine that the technical development can change the ultrasound measurement systems
used for fetus feature detection from the large piece of machinery today, to a wireless
coin size system tomorrow.

The factor that has reduced the size of electronic systems over time is integration
and integrated circuits. In this thesis circuit simulator models of complete ultrasound
systems are used to design custom integrated circuits. These circuits are optimized for
low power consumption and small size. The models that are used predict the acoustic
behavior of an ultrasound system in a simulated measurement situation. This allows the
design of integrated electronics to be customized to a specific measurement application,
where performance can be validated, in one tool only.

The work in this thesis is excitation and reception electronics for general ultrasound
measurement equipment, as well as specific electronics aimed for the ultrasound energy
measurement situation. These electronic circuits show that size and power consump-
tion of ultrasound measurement systems can be reduced significantly with the use of
integration.
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Sauerer and Andrés Garćıa-Alonso for making my stay in Germany fruitful.

I also would like to thank Per Larsson-Edefors, Daniel Eckerbert, Roger Malmberg
and Lena Peterson for all the support and inspiration in the early stages of my work.

The work in this thesis was funded by the Action in support of regional development

objective one of the European Union (project numbers 304-6284-2002 and 304-10213-
2004) and the faculty board funds of Lule̊a University of Technology.

Martin Gustfsson, October 2005

ix



x



Part I



xii



Chapter 1

Thesis introduction

1.1 Development of the Electrical industry

Assume one day an invention is created, making one or both of the distance

communications controlled by the Swedish Bureau of Telegraphy, irrelevant.

Today, futuristic scenarios describe the wireless pocket-telephone that is every-

mans property. Without paying too much attention to these stories, it is

however not unthinkable that our means of long distance communication can

change. This change can be of such magnitude that equipment owned by the

Swedish Bureau of Telegraphy, is turned into a worthless pile of rubbish.

- Freely after H. Rydin 1914 (Original publication in Swedish)

This is how Rydin described the futuristic fantasies, right at the end of the First
World War. These lines were published in a book that was written as a tribune to Mar-
cus Wallenberg on his 50:th birthday. 33 years later, in 1947 came the transistor invention
at Bell Labs. This was succeeded by the invention of the integrated circuit in the late
50:ies. Gordon Moore described the rapid development that followed in 1965. At that
time, he saw the increased integration and reduction in cost of integrated circuits that
had huge consequences for the industry. His description was later named the Moore’s
law. One interpretation states that every 18 months, the number of transistors in an
integrated circuit of a fixed size is doubled [1].

The cost per transistor on an integrated circuit was reduced from approximately 1
USD in 1960, to 0.0000001 USD in 2002 [1]. Moore’s law and the reduction in cost did
two things to the electronic industry; it fractioned the life cycle of electronic products,
but also fractioned the cost of these products. Both of these factors increase the number
of consumer products sold. The integrated circuit helped to reduce size of products in
many industries, along with the cost to manufacture these products. This change was
brutal, and all of the great companies that could not adapt to these changes were doomed.
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2 Thesis introduction

This process of integration continues today. The universities research and investigate
new ways to expand and implement the power of the integrated circuits into new fields
and industries. The ideas and concepts conceived at the universities are developed by
the industry into new products.

Inspired by the scenario described by Rydin back in 1914, a similar text could be
formulated for the fetus feature detection scanning with Ultrasound measurement equip-
ment. Today this situation involves a huge piece of machinery, as depicted in Figure 1.1.
The situation is centered on the enormous piece of machinery, like the 1914 switchboards

Figure 1.1: A routine fetus feature investigation

of the Swedish Bureau of Telegraphy. Today we have seen the power of technological de-
velopment; in a way Rydin did not back in 1914. A futuristic scenario today would imply
that this large piece of machinery is reduced to an item of coin size, easily placed and sim-
ple to calibrate, which could extract even more things about the development of the fetus.

This thesis investigates issues concerning how small these ultrasound measurement
systems can be made.

1.2 Minimization of ultrasound measurement systems

Some of the obstacles of this minimization can today be found in a the following areas:

• Power consumption

• Size of power supplies

• Size of electronics
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• Cabels and power cords

• Data collection and processing

• Transducer size

The power consumption of an ultrasound measurement system, as depicted in Figure 1.1,
can be hundreds of watts. To keep the electronics in a stabile environment sufficient cool-
ing is necessary, and several fans assure this environment. If a small system is envisioned,
such fans could not be used, and thus the power consumption would have to be reduced.

The size of the power supplies is also an issue. The volume of such a coin size system
could be a few cm3. Today 4 cm3 can contain 1.0 Ah of energy [2]. With an operating
time of 1 year, this would give a mean power of 0.3 mW . This is set into the relation to
the hundreds of watts such a system use today.

The size of the electronics is also an issue. If Moore’s law can still be valid for a few
more years, the size of the electronics will not be a concern, as it is today.

Cables are an issue for the power consumption and size. Long signal cables are ex-
pensive, and can require large currents and voltages. If the length of the signal cables
simply could be diminished, power could be saved. If the power supply could be arranged
with a battery instead of a power cord, then the portability of the system would increase
drastically.

Large amounts of data take power and time to process into useful information. The
increase in computational power of computers increase with Moore’s law. In the future
more operations can be done for a smaller amount of power, to smaller total area.

The size of the ultrasound transducer is also a limiting factor. Recent development
indicate that μMEMS arrays can be used as ultrasound transducers [3, 4]. The simple
fabrication and integration with other electronics [5] can in the future result in transducer
and electronics in only one chip.

The answer to many of these questions is integration of electronics. Integration will
reduce power consumption, which will reduce the size of the power supplies. Integration
will also reduce the size of the electronics and increase the opportunities for data pro-
cessing. The possibilities of integration also apply to the transducers. The focus of this
thesis is design, and power consumption minimization, of small transducer front ends
for the pulse-echo ultrasound measurement systems. The approach of this work is with
the use of circuit simulator models of ultrasound measurement systems, to customize in-
tegrated circuits with respect to power consumption and size with preserved performance.

This thesis begins with an introduction to ultrasound measurement systems, and then
introduces how integrated electronics can be used in the minimization process. Next
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electrical simulators for modeling of ultrasound components and systems are discussed.
In this thesis, three scientific papers are included. They make a contribution to this
minimization process, by showing custom integrated circuits for ultrasound measurement
systems. The thesis is finally concluded, with a few words on coming work.



Chapter 2

Ultrasound Measurements

Simply turning the current knob down on the electronics in an ultrasound measurement
system is unlikely to do you any good. Many of the included parts require a lot of power.
Knowing where to turn the current knob requires analysis. Analysis that appreciates
different aspects of different measurement siutations. Let us start from the beginning.

2.1 Non-destructive testing

Non-destructive testing is a way to examine a material or a system without impairing
its future usefulness [6]. One method of doing this is to propagate an ultrasound wave
through a material. A comparison is made between the transmitted waveform on one
side to the received one at the other side. The differences from this comparison can be
used to find properties of the material that they were transferred through. This is an
example of ultrasound measurement. Other methods for doing non-destructive testing
is to use laser, electromagnetic fields, or radiation. Let us focus more on the different
ultrasound measurement techniques.

2.2 Ultrasound measurements

What we call sound is really acoustic waves propagating in air. If the frequency of
these acoustic waves is higher than 20 kHz, it is called ultrasound, because it is higher
than the hearable frequencies. Today ultrasound is used in many applications. The
ones mentioned in the introduction are diagnostical, such as fetus feature detection, or
aircraft crack detection. The aim is to measure one or several parameters using the
signal. Ultrasound can also be used in a treating sense. Some applications are kidney
stone disintegration, sore muscle treatment, ultrasound welding, and ultrasound cleaning.

5



6 Ultrasound Measurements

2.3 Ultrasound crystals and transducers

Changes in the electric field over an anisotropic material, changes the dimensions of the
material. This change in the physical size of a material can be used to generate ultra-
sound or acoustic waves. There are also other structures, sensitive to electric fields that
can be used to generate acoustic waves from electric fields. Common ultrasound genera-
tion devices are piezoelectric ceramics, piezoelectric thin-films, plastic materials (PVDF),
quartz crystals, and electrostatic devices. Recent development has introduced Micro Ma-
chined MEchanical Structures (μMEMS) on the same silicon as other integrated circuits
[3]. The piezoceramic crystals have high sensitivity1, and are used today in industrial
measurement applications [7]. This thesis focuses on piezoelectric crystals as ultrasound
generation device.

The delicate nature of the small acoustic waves generated by these devices usually re-
quires matching layers to propagate energy into the measurement situation. The acoustic
wave impedance is large in ultrasound generation devices, and very low in e.g. gases.
This cause very little energy to be propagated outside of the device itself, even less than
1 percent if not accurate acoustic matching is done. This can be derived from standard
wave theory [8].

An ultrasound generation device with these matching layers can be called an ultra-
sound transducer.

2.3.1 Electric noise in an ultrasound crystal

The sensitivity of an ultrasound crystal can be defined as the smallest mechanical dis-
placement that can be electronically measured in theory. Any force smaller than this
cannot be seen, and is thus assumed to be below the noise floor of the crystal. This
minimal displacement is defined in [9] from the foundational Nyquist noise of a Root
Mean Squared (RMS) value of

vn,RMS = (4kBTARe (ZE) B)0.5 (2.1)

where vn,RMS is the resulting noise voltage, kB is Boltzmann´s constant, TA is the ambient
temperature, Re(ZE) is the real part of the complex crystal impedance, and B is the
regarded signal bandwidth. The impedance of a crystal can be defined in many different
ways. In this analysis the model presented in [10] is used, and an expression for the
impedance of a one-dimensional unloaded crystal with the same material on both sides

ZE(ω) =
k2G0 (ω)

jωC0

(2.2)

1Here sensitivity refer to the dielectric coupling coefficient k which is can be larger for piezoceramics

compared to the other materials.
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would result. Here k is the electromechanical coupling coefficient, G0 is relative me-
chanical displacement, and C0 is the parasitic capacitance of the crystal. The relative
mechanical displacement can be expressed as

G0(ω) =
ωC

Qtjω
+

⎛
⎝0.5π

(
1 + exp−jπ ω

ωC

)

1 − exp−jπ ω
ωC

⎞
⎠

−1

, (2.3)

where ωC is the center frequency, and Qt is the quality factor of the crystal.

When Equation 2.2 is enumerated over frequency for a crystal specified in Table 2.1,
the noise voltages presented in Figure 2.1 result. The sensitivity for a few other ultra-
sound emission devices are compared to a piezoelectric crystal in [11]. One can see from

0 1 2 3 4 5 6 7 8 9 10
0

0.1

0.2

0.3

0.4

0.5

0.6
Integrated crystal noise in RMS

f (MHz)

Vn,RMS(μV)

Figure 2.1: The integrated noise in RMS plotted versus frequency for a piezoelectric crystal with
4-MHz center frequency

Figure 2.1 that the noise floor of the crystal is about 500 nV RMS for frequencies above
the center frequency. The frequency variation of the sensitivity can be seen by the vast
increase of integrated noise as the integration limits exceed the center frequency of the
crystal. At higher frequencies, hardly any contribution is made to the noise levels.

2.3.2 Ultrasound crystal modeling

The noise calculations above is based on an ultrasound crystal model presented in [10].
This model is based on block diagrams with a behavior in the frequency domain, which is
a common approach in signal processing. There are more ways to do this, where another
more spread way is to use equivalent circuits to model the crystal behavior. The concept
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Table 2.1: Piezoelectric crystal properties for Figure 2.1

Parameter Value
Center frequency 4 MHz

Parasitic capacitance 4.6 nF
Quality factor Qt 75
Electromagnetic k 0.6

of using an equivalent circuit to estimate the performance of ultrasound transducers was
conceived by Mason in the 1940’s [12]. Redwood introduced the transmission line into
the model during the 1960’s. He modeled acoustic waves with electromagnetic ones, and
could simulate the acoustic behavior of the transducer in the same time. [13]. Krimholtz
et. al. created a model in 1970 that allowed stacking of several transducers [14]. Early
implementations of these models into circuit simulators came during the late 1980’s [15].
These models contained negative capacitors and transformers. The first version with
voltage controlled sources was introduced by Leach in 1994 [16].

This foundation by Leach has been refined in several steps. Püttmer et. al. intro-
duced attenuation of the acoustic waves, with lossy transmission lines [17]. This was
introduced for viscoelastic losses within the piezoceramic. Later temperature and fre-
quency dependencies were applied to the modifications by Püttmer et. al. [18]. Another
modification was done to this work by Johansson and Martinsson, by the introduction
of diffraction loss materials [19]. This work also included a validation of the models with
simulations, and really showed the accuracy to which the models could be used.

Today a good estimate of a complete ultrasound measurement system can be done in
a SPICE simulator. This is discussed later in the thesis. The acoustic part is simulated
with the extensions of the Leach model, along with the interface electronics. This is an
imperative part of the foundation for this thesis.

2.4 Ultrasound measurement applications

When an ultrasound measurement is performed, amplitude is observed over time. The
material that the acoustic signals are propagated through modulates the amplitude over
time. This is observed with three main ultrasound measurement techniques, pulse-echo,
transit-through, and standing wave measurements [20]. The pulse-echo system uses one
transducer as receiver and transmitter. The transmitted ultrasound energy is reflected
back to the transducer at depths in the medium where the acoustic properties of the
medium changes, according to traditional wave theory [8]. The transducer excites an
ultrasound pulse, and then waits for the reflected echoes from the material. A transit-
through measurement setup has two ultrasound transducers, one transmitting and one
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receiving. The transmitter excites an acoustic wave that travels through the medium
between the transducer, and the receiver interprets the result. The standing wave sys-
tem has a continuous transmission between the transmitter and receiver. The received
ultrasound signal is then analyzed with respect to time and amplitude. Figure 2.2 gives
a overview over a pulse-echo ultrasound measurement system. In the next few sections,
some blocks in this figure is analyzed further.

LNA

High-speed ADC

Signal detection Timer

Rectifier Peak detector/
Integrator

ADC

1

2

3

Transmitter

Receiver

Transducer Ultrasound energy

CPU

N bits

Reflector

Figure 2.2: A pulse-echo ultrasound system overview.

2.4.1 Transmitter

The transmitter is used to create a electric field across the transducer, and to change this
in such a way that the desired acoustic waveform is created. The transmitted waveform
is usually a pulse, a pulse train, or a sinusoidal waveform. The pulse excitation is done
by connecting the transducer to a high voltage, and later at a desired time removes this
applied voltage. The time and magnitude of this excitation determines in combination
with the transducer and the media the nature of the excitation. If several pulses are sent,
the acoustic waveform can be shaped by the properties of this pulse train. Narrow-band
excitation can be done with a periodic pulse train, or with a sinusoidal signal.
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2.4.2 Receiver

The receiver consists of one common block to all receiver implementations, the Low
Noise Amplifier (LNA). In addition to this LNA, one or more of three main paths are
implemented in an ultrasound measurement system.

2.4.2.1 LNA

The LNA works as a buffer stage to provide some gain to the weak received signals. This
LNA does not only have to be low-noise, not to impair the Signal-to-Noise Ratio (SNR),
but also linear in phase, not to distort the signal envelops. In the medical imaging
with ultrasound, a Variable Gain Amplifier (VGA) [21] is used to compensate for the
attenuation in the Ultrasound signal path. The gain of the amplifier is increased as time
progresses. This is done to create good images even at some depth into the medium.

2.4.2.2 Full spectrum measurements: Path 1

Path 1 consists of a high-speed Analog-to-Digital Converter (ADC). This ADC converts
the received signal in real time, and presents the data to the CPU. This is a power
intense, but accurate way to analyze the received ultrasound signals. Typically medical
applications reside to this path of receiving techniques.

2.4.2.3 Time of flight measurements: Path 2

The receiver side of path 2 in Figure 2.2 consists of electronics that detect when the
reflected ultrasound echo has returned to the transducer. The power consumption of
such a receiver is smaller. A later implementation of this path is with the use of a ADC,
in path 1, and digital signal processing to increase the resolution of the arrival times.
The down side is that this measurement requires a lot of power. There are applications
where electronics is used directly with different techniques for measurements based on
this path. The ultrasound flow meters are one example.

2.4.2.4 Energy/Amplitude measurements: Path 3

The receiving electronics in path 3 has a rectifier, and a peak detector/integrator, suc-
ceeded by a low-speed ADC. The rectifier is used to find the signal amplitude, and if
the energy is desired, the signal is integrated over time. If only the peak amplitude is
desired, only the maximum amplitude is saved. The ADC then converts the integrated
result or the maximum amplitude once per cycle.

This path can with early analog signal processing be made with fractions of the power
compared to the path 1 described above. The amplitude or energy information can be
used to extract information about attenuation in the medium that the ultrasound is trans-
mitted into. The attenuation of the ultrasound echo can depend on the concentration of
particles in a liquid.



Chapter 3

Low Power Interface Electronics to
Piezo-Electric Ceramics

To reduce the power consumption of ultrasound measurement systems, integration was
identified as one of the key factors. Integration of electronics combined with good system
design can reduce the power consumption and system size drastically. Integrated elec-
tronics for ultrasound measurement systems for piezoelectric crystals have been discussed
previously [22, 23, 24, 25], even for high voltage applications [24]. This chapter presents
an introduction to integrated electronics for ultrasound measurement systems.

3.1 Integrated circuit design

When an integrated circuit is to be designed, the procedure is usually as follows. A
specification is set for what the circuit is to do. When this specification is done, a general
topology is chosen. This topology divides the circuit into blocks. Next the specification
is interpreted for the different blocks within the circuit. With this information a circuit
can be modeled with a tool, to refine the specifications for the included blocks. These
blocks are simulated on a top-level, before a transistor design is made. The transistor
design is made for the different blocks, and the performance match the specifications
set for each block. A physical description is made from the transistor design of all the
blocks in the circuit. These descriptions are merged into one circuit description. The
description is sent to an integrated circuit manufacturer, who manufactures the circuit.
The circuit is returned to the designer, who verifies with tests that the performance is as
desired. Normally a second iteration is done, with minor corrections, before the circuit
is ready for production.
Normally the result of the integration depend on the care that is put into every step of

this process, one can see it as a chain of events, where the result of this chain only is as
strong as its weakest link. If proper effort and analysis is made in all of the links in this
chain, a strong result is likely going to be the outcome.

11
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Specification

Technology choice

Block diagrams

System simulations

Transistor level design

Physical description

Simulation

Simulation

Manufacturing

Measurements

Finished circuit

Figure 3.1: A flow chart of a Integrated circuit design process

3.2 Electronics for ultrasound generation

A change in the electrical field across a piezoceramic crystal changes the dimensions of
the crystal, due to the anisotropic structure of the ceramic [26]. This allows electrical
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signals applied such a ceramic crystal, to be transformed into mechanical displacement
of its surface. These mechanical displacements can be used to generate acoustic waves
in a material.

The resulting acoustic waves from an electrical excitation depend on e.g. crystal
dimensions and support, ceramic properties, and excitation waveform. When given a
measurement setup with a ceramic crystal built into a transducer for proper support,
the degree of freedom is limited to the excitation waveform to shape the acoustic waves.
This excitation can be narrow band excitations such as sinusoids, or arbitrary waveforms
with digital to analog converters, or wide band excitations such as pulses or pulse trains.

Many industrial applications use the broadband excitation that can be available
through pulse train or pulse excitations. This thesis contributes to the field of step
excitation using an integrated circuit, presented in Paper C. Here an inductor and a
diode are used to push current into a capacitor, above the available supply voltages. The
large parasitic capacitance of the crystal is used as external capacitance, alleviating the
need for other complex circuitry. The excitation is done by a rapid short circuit between
the charged plates of the crystal. The voltage to which the crystal is charged prior to
discharge controls the transmitted energy.

3.3 Electronics for ultrasound reception

There are sometimes trade-offs that can be made when electronic design is to be con-
ducted. Noise performance and bandwidth can in some cases be bought with increased
power consumption. The distortion can be optimized by topology selection, where a
more complex topology usually provides better linearity, but requires more power. The
design of the receiver side is a compromise between performance and power consumption.

The equivalent input noise of the receiving electronics should to be lower than the
noise floor of the piezoelectric crystal. If the noise levels are higher than this floor, the
signal-to-noise ratio will be impaired by the receiver.

The bandwidth requirements are dependent on the highest frequency of interest that
is relevant for the measurement situation, which can vary for different setups. If the
Nyquist criterion is fulfilled for the highest frequency of interest, the receiver bandwidth
should not limit the accuracy of the system. Distortion is a third issue that should be
minimized below the noise limits of the system.

When a receiver is to be designed, as depicted in Figure 2.2, a number of specifications
are needed. A few of these specifications are given in Paper A, Paper B, and Paper C,
but they are re-given here.
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3.3.1 Specifications

When specifications are to be presented for a system, many details of the system itself
need to be sorted out. To give a rough idea on what these specifications may look like,
a few tables are given. In Table 3.1 a general specifications of an example pulse-echo
system aimed for water is given.

Table 3.1: System Specifications

Entity Target
Crystal center frequency 4 MHz

Resolution 10 bits
Supply voltage 3.3 V
Signal swing < 1.6 V pk-pk

Startup/Stop time < 5 μs
Distance resolution 1 μm

The LNA could have a specification according to Table 3.2. Here the gain-bandwidth
product is calculated from a 20-dB amplification at 10 MHz. The DC gain is estimated
to give a 10-bit precision in the step response of the amplifier. The noise is calculated
from integrated output noise. The integrated output noise has to be less than half a
LSB on the output, calculated at the relevant output swing. This is divided by the AC
gain, and by the square root of the bandwidth. Thus an equivalent input noise spectral
density is found.

Table 3.2: Additional specification for LNA

Entity Target
DC gain 60 dB

Gain Bandwidth Product > 100 MHz
Equivalent input noise < 25 nV per rootHz

Further, a ADC implemented for path 1 in Figure 2.2 for direct conversion would
have a specification found in Table 3.3. Here the effective number of bits (ENOB) has
to exceed that of the system not to impair the noise levels with quantization noise, nor
with non-linearities.
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Table 3.3: Additional specification for ADC

Entity Target
Conversion speed 20 MSample

ENOB 11 bits

In the case of a system implemented with path 2, a specification could be found in
Table 3.4. Here the linearity is important. The integrated energy or the peak amplitude
have to be converted into a digital format, but this ADC only have to convert once per
cycle instead of all the time.

Table 3.4: Additional specification for Energy/Amplitude measurements

Entity Target
Linearity > 10 bits

ADC ENOB 11 bits
ADC conversion rate 10 kSample

Finally a system specification for path 3 could be found in Table 3.5. Here the time
stability is calculated to resolve 1 μm distance change in water with speed of sound of
approximately 1500 m/s.

Table 3.5: Additional specification for time of flight measurements

Entity Target
Time stability < 0.67 ns
Timer length 10 bits
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3.3.2 Possible approaches for LNA design

Important issues for the LNA design can be seen in Table 3.2. To meet this specification
there are many choices that have to be made. A fundamental choice is the choice of the
technology that the circuit is to be implemented in. When making this choice, many
variables are to be accounted for, such as cost, which devices are needed in the design,
the foundary schedule, etc. Naturally the topology selected for the circuit design will
be affected by this choice. In the way to provide some guidance, some foundational
transistor properties are repeated.

3.3.2.1 Input transistor selection

Two types of input transistors are available, Metal Oxide Semiconductor Field Effect
Transistors (MOSFET) or Bipolar Junction Transistors (BJT). Both of these transistor
types differ in noise performance depending on the conducting carrier charge. Electrons
create the current1 in N-type devices (NMOS and NPN), and holes create the current in
P-type devices (PMOS and PNP). The thermal equivalent input voltage noise is inversely
proportional to the transconductance in both MOSFET and BJT devices, and nearly the
same size [27].

v̄2

n,eq,MOS ∝ 1

gm

(3.1)

v̄2

n,eq,BJT ∝ 1

gm

(3.2)

For the same area of a device of N-type or P-type, the N-type will have the highest
transconductance, thus the lowest equivalent input voltage noise.

Noise in transistors are usually of two types, flicker noise, also known as 1

fn -noise or

thermal noise2. The frequency at which the noise contribution from the flicker noise can
be neglected from the thermal noise is known as the “noise knee” frequency. For the
same transconductance P-type devices have a larger area due to the lower conductance,
and thus a lower flicker noise level. Thus for low frequencies, where large devices can
be used, P-type devices are more appropriate. The frequency at which this “noise knee”
occurs can be several orders of magnitude smaller for BJTs compared to MOSFETs.

As for high frequency applications, small parasitics are essential, and thus small de-
vices are imperative. Thus the high transconductance per area of an N-type device is
desirable.

The analysis this far really has not differentiated between BJT and MOSFET devices.
The same transconductance has been compared for the two without taking absolute val-
ues into consideration.

1With the word current, the collector current in BJTs and source current for MOSFETs are envisaged.
2BJTs also have shot noise
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The transconductance of a BJT device is

gm,BJT =
IC

kBT/q
≈ 40IC, (3.3)

where IC is the collector bias current, kB is Boltzmann´s constant, T is the device
temperature and q is the charge of an electron. The transconductance of a MOSFET is

gm,MOSFET =
2ID

(VGS − VT )
≈ 10ID, (3.4)

where ID is the bias drain current, VGS is the gate to source bias voltage, VT is the
threshold voltage of the device. The approximation use VGS − VT = 0.2 V , for the sake
of comparison.

Thus the noise levels are comparable between BJT and MOSFET, for the same
transconductance for a low-impedance source, but the BJT require approximately a
fourth of the current to achieve the same transconductance [27].

A factor that diminishes gain at higher frequencies for a transistor is the capacitance
between the output node and the input node. Here the MOSFET has a larger capacitance
compared to the BJT. This is because of how the transistors are implemented on silicon.
This makes the BJT a better choice for the high frequency applications.

3.3.2.2 LNA topologies

There are a number of available topologies for LNAs [28, 27], which can be used in both
MOSFET and BJT design. Depending on the surrounding electronics, such as the sensor
and the loading electronics, different topologies are chosen.

3.3.2.3 Operation of LNAs

The best way to save power is to turn active components off. If they really have to
be active, make them use minimal power. There are applications where the minimal
power required is comparably large, but imperative to meet the specification. If the
devices that need this power can be turned off when they are not needed, power can
be saved. If the startup and stop times are short for these components, a lot of power
can be saved, because the devices can be started in the last moment. Another way to
save power consumption is to reduce the supply voltage. This is in many cases forgot,
chasing the micro amps in analog design. If you can cut the supply voltage in two, the
power consumption will also decrease by the same factor. So smart system design, such
as turning things off, can also reduce your power consumption. Here Paper A describes
good system design to reduce power consumption.
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3.3.3 Possible approaches for analog to digital converter design

There is a wide variety of Analog to Digital Converter (ADC) topologies available. The
different topologies are suited for different resolutions and speeds. For a high speed
application, such as the full spectrum sampling of an ultrasound signal with the high-
est frequency of interest at 20 MHz or more, with a resolution larger than 10 bits, the
pipelined structures are the most efficient choice [29].

For pipelined structures the group lead by P. R. Gray has been very successful over
the years, to invent new methods to refine the topology. Other names worth mentioning
are T. B. Cho, D. W. Cline, and A. M. Abo. There are some complete Ultrasound
measurement systems on a single ASIC with ADCs, [22, 30, 31]

3.3.4 Possible approaches for time of flight detection design

Time of flight measurements require that the time can be determined accurately. The
timer is one intuitive part of this block. The other part is the device that starts and
stops this timer. This can be done with a device that sense zero-crossings. Zero-crossing
detection is usually done with a comparator that compares the signal to a reference volt-
age. As the outputs of the comparator toggles, zero-crossings occur. A good design for
this topology requires good timer design, along with good comparator design.

Time of flight measurements can be used to determine the position of medical instru-
ments during surgery [32], or to detect the flow rate of a liquid or a gas in a pipe [33].

When making a design for the time of flight technique, an accurate comparator is
needed that provide the same response, in spite of the input signal behavior. Normally
these circuits require a great deal of power, and provide short and constant response
times. In a battery-operated system, low power is essential. The repetition rate in
between the Ultrasound echoes are not that fast, and thus a slow and constant response
time can be tolerated. Thus a low power system can be designed [34].

3.3.5 Possible approaches for Energy/Amplitude measurement
design

The energy/amplitude measurements are to detect and hold broadband signals onto a
device that later can be read by a slow ADC. Here essential building blocks are a rectifier
and a low leakage storage device. High demands are posed in circuit linearity and noise.
Traditionally this measurement has been made with analog electronics. The accuracy of
this measurement has traditionally not been very good. As the digital signal processing
has become more available in the recent years, a much better accuracy has been found.
The accuracy came at a cost, and that is power consumption.



3.3. Electronics for ultrasound reception 19

Here Paper B discusses the simulation results from an ASIC made for energy measure-
ments in an ultrasound measurement system. It shows that early analog signal processing
can be used to cut power consumption in these systems.
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Chapter 4

Design tools for measurement
systems

There are many programs that can be used to model and simulate electronic circuits and
systems. One of the most spread programs is SPICE. In Chapter 2 modeling of ultra-
sound systems is discussed. This short discussion touches on the possibilities to model
complete ultrasound measurement systems in both the acoustic and electric domains with
electric circuit simulators.

In doing this, the input to the circuit simulator can be complex, and the result of
the simulation may not readily be validated by simple hand-calculations. This is when
it is necessary to understand the limitations of these simulators, in order to assess the
reliability of the results. To make this assessment, an introduction to electric circuit sim-
ulators is useful. This chapter will discuss SPICE-like circuit simulators in more detail.
Let us begin with some short history of SPICE.

SPICE was initiated back in 1968 by R. Rohrer, as an aid in his work on circuit
optimization [35]. The first version of Rohrers simulator was named CANCER1. This
program was renamed SPICE12 by one of Rohrers students Larry Nagel, who developed
it further and later released it to the public domain.

Understanding the limitations of the simulators is important when the results that
come out of them are to be evaluated. A circuit simulator uses the equations from
Kirchoffs Current Law to model a system in a matrix. These equations are solved to find
the result of the simulation. Two different techniques to solve the matrices created by
the circuit simulators will be discussed here. The first is Nodal Analysis (NA) and the
second is Modified Nodal Analysis (MNA). Let us start with the foundational operation
of a circuit simulator.

1Computer Analysis of Nonlinear Circuits Excluding Radiation
2Simulation Program with Integrated Circuit Emphasis
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4.1 Circuit simulators and Nodal Analysis

The circuit simulator represents an electric circuit as an N-port, which can be seen in
Figure 4.1. One port represents one node in the circuit. I.e. if we have 50 nodes in a
circuit, this could be represented by a 49-port, where the 50:th terminal of the N-port
represents the common node. Between these ports, admittances or conductances are
defined. As an introduction to how a circuit simulator works, let us illustrate this N-port

1
2
3
4
5
.
.
.
N

N-Port

Figure 4.1: A general N-Port

with a simple example circuit containing a few resistors, which can be seen in Figure 4.2.
This example contains five nodes, the ground node 0, and the four circuit nodes 1 to 4.
A four-port network can represent this circuit, where each node is regarded as one input
port, with reference to the ground node. The admittance- or conductance-matrix can be
found for this N-port as I = Y V or

3

R5

1k

1

R4

1k

R3

1k

4

R1

1k

R2

1k

2

0

0

Figure 4.2: A circuit example
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⎤
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⎡
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Y11 Y12 Y13 Y14
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Y31 Y32 Y33 Y34

Y41 Y42 Y43 Y44

⎤
⎥⎥⎦

⎡
⎢⎢⎣

V1

V2

V3

V4

⎤
⎥⎥⎦ . (4.1)

The formulation of the admittance/conductance matrix is based on evaluation of the
current and voltage in a node, when the other voltages are set to zero. This can be
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found in detail in [36] and [35]. The components in Figure 4.2 are inserted in the admit-
tance/conductance matrix in different ways, depending on the connection of the compo-
nent. To illustrate this, let us insert the components into the admittance/conductance
matrix, and gradually build a representation for the circuit in Figure 4.2.

The components R1 and R5, connected to the ground node and one other node yield
a change of the admittance/conductance matrix as

⎡
⎢⎢⎣

I1

I2

I3

I4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

1

R1
0 0 0

0 0 0 0
0 0 0 0
0 0 0 1

R5

⎤
⎥⎥⎦

⎡
⎢⎢⎣

V1

V2

V3

V4

⎤
⎥⎥⎦ . (4.2)

Only one position is changed in the matrix for each resistor. The other three resistors are
connected between two nodes of the circuit, and they are inserted in a slightly different
way. To illustrate, R2 is inserted as

⎡
⎢⎢⎣

I1

I2

I3

I4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

1

R1
+ 1

R2
− 1

R2
0 0

− 1

R2

1

R2
0 0

0 0 0 0
0 0 0 1

R5

⎤
⎥⎥⎦

⎡
⎢⎢⎣

V1

V2

V3

V4

⎤
⎥⎥⎦ . (4.3)

Now adding the other two resistors, the total matrix is formed as

⎡
⎢⎢⎣

I1

I2

I3

I4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

1

R1
+ 1

R2
− 1

R2
0 0

− 1

R2

1

R2
+ 1

R3
− 1

R3
0

0 − 1

R3

1

R4
+ 1

R3
− 1

R4

0 0 − 1

R4

1

R4
+ 1

R5

⎤
⎥⎥⎦

⎡
⎢⎢⎣

V1

V2

V3

V4

⎤
⎥⎥⎦ . (4.4)

This may strike a first time reader as funny, or complicated. This is only the Kirchoffs
Current Law equation in matrix format. The currents flowing into node 1 in Figure 4.2
is the difference between the current flowing into that node through resistor R1 and the
current flowing out of that node through R2.

I many cases the V matrix is sought. This can be found by V = Y −1I where I is the
initial current matrix, and Y −1 is the inverse admittance/conductance matrix.

Finding this admittance/conductance matrix, and it’s inverse is the main challenge
for the circuit simulators. The simple case with a resistive bridge in a DC analysis can
be done by hand in comparable time [35]. This is a simple case, and we will come back
to the resistors shortly. In many cases it is desirable to study an electrical circuit from
more than simply the DC case. Many simulators have both time-domain or transient
analysis and AC or frequency domain analysis. Let us continue by studying how other
components are inserted in the admittance/conductance matrix in the different analysis
modes.
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4.2 Components

4.2.1 Resistors

Resistors are always treated in the same way in the AC, DC and transient analysis. This
can also be seen in Table 4.1. The admittance is 1

R
.

4.2.2 Capacitors

The admittance/conductance of capacitors is determined in different ways in all the three
analysis. This can be seen in Table 4.1. In the AC case, the frequency dependence on
the admittance of the capacitor has to be regarded. Thus an admittance of YC = jωC is
inserted. In the DC case, the capacitor is treated as an open circuit, and zero admittance
is inserted. In the transient analysis the current flowing into a capacitor is expressed as
a differential equation i[t] = i0[t] + C dv

dt
. Thus a solution of this differential equation has

to be found numerically, which usually requires a few steps before it converges to a single
solution. The admittance that result from the solution of this equation is inserted in the
matrix.

4.2.3 Inductors

Inductors are also treated in different ways, as can be seen in Table 4.1. In the DC
case, they are treated as short circuits. In the AC case, the admittance is expressed as
YL = 1

jωL
. Finally in the transient analysis, the differential equation v(t) = v0(t) + Ldi

dt

has to be solved to find the admittance, in the same way as for the capacitors.

4.2.4 Current sources

As for current sources, the input admittance/conductance is low, and this is inserted as
a zero in the admittance/conductance matrix, in the same way as the resistors above.
The current is inserted directly into the current vector I.

4.2.5 Voltage sources

A voltage source cannot be implemented as an ideal component in NA. If one can assume
that a minimum resistor can be inserted in series with the voltage source, without affect-
ing the properties in a significant way, a Thevenin circuit is formed. The Northon equiv-
alent of this Thevenin circuit is implemented with a current source and a resistor. These
components are possible to implement in the NA case. An admittance/conductance Ymax

is inserted between the nodes, as described for e.g. resistors above, and the current source
of I = EYmax is inserted in the current vector. An illustration of the implementation of
the voltage source can be seen in Figure 4.3.
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4.2.6 Transistors

Transistors are modeled in two steps, first as a large signal model to determine bias
currents and voltages, and secondly as small signal components. The large signal bias
information is needed to set the parameters of the small signal components.

MOS transistors are modeled as Voltage Controlled Current Sources in the large sig-
nal domain. The resulting output current is determined by a set of equations defined
in the transistor model file. The most frequent used model for MOS transistors are the
BSIM3 models developed at Berkeley [37].

Bipolar transistors are modeled as Current Controlled Current Sources, where again
the resulting current is determined by a set of equations. The most frequent model used
today for Bipolar transistors is the VBIC95 model suggested by [38]. In the same way
as in the MOSFET case, the model complexity is large.

N1

N2

V1

E I1

E * Ymax

N2

N1

R

1/Ymax

Figure 4.3: The implementation of a voltage source in NA

Table 4.1: The values for the admittance/conductance that is inserted into the matrix for dif-
ferent components

Component DC AC Time domain
Resistor 1

R
1

R
1

R

Capacitor 0 jωC i[t] = i0[t] + C dv
dt

Inductor Ymax
1

jωL
v(t) = v0(t) + Ldi

dt

Current source 0 0 0
Voltage source Ymax Ymax Ymax
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4.3 Analysis modes

Depending on what analyses that are to be made different operations are conducted on
the admittance/conductance matrix. Many of the operations are to search for V , which
can be found as V = Y −1I. At some occasions the admittance/conductance matrix
become singular, and the voltages cannot be found. This is a error message that many
SPICE users have experienced.

4.3.1 DC analysis

The DC analysis establishes a DC bias point for all the included components. Normally
the simulator assumes that all the nodes begin at zero Volt, and begins to find a bias
point for all the non-linear components. In many cases there are convergence difficulties
for the different equations that govern the initial bias conditions. Many simulators have
implemented different ways to work around this problem by slowly stepping up the dif-
ferent voltages and currents. Sometimes the user have to assist in setting an expected
bias point at crucial nodes, if convergence is difficult to find.

4.3.2 AC analysis

The AC analysis usually begins with a DC-point determination for all the nodes in the
circuit, at zero frequency. As this initial DC point is determined, the component values
are changed according to the models or equations that govern their admittances, and
convergence at this point is sought. When the equations converge, the result can be
found for that specific frequency by solving the equations for V . For the next frequency
in the sweep this is iterated. The DC-point admittance/conductance matrix is found,
and then modified for the current frequency of interest. Again, this new equation system
is solved for the node voltages. This is iterated until all the frequencies in the interval
are completed.

4.3.3 Noise analysis

Noise analysis is closely related to AC analysis. Frequency is in many times an interesting
parameter within noise analysis. Here noise sources are defined, and their contribution
to the system noise is evaluated. Noise is introduced into the circuit as ideal voltage or
current sources.

4.3.4 Transient analysis

The transient analysis many times provide the user of a simulator with interesting infor-
mation about how the circuit really behaves. It is based on the DC analysis to find a
bias point, and then convergence is sought for the differential equations that govern the
time domain behavior of the included components. Convergence needs to be found twice
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for each point, first for the DC bias point, and secondly for the small signal parameters
of the included components.

4.4 What is Modified Nodal Analysis?

MNA is a development of the NA that was initially developed for circuit solvers. The
difference between MNA and NA is that MNA has an extended admittance/conductance
matrix with representation of branch currents and voltages. This modification will allow
implementation of new components, e.g. ideal inductors, and voltage sources, which
could not be done in NA. Today MNA is the most common way to implement circuit
solvers [36]. The MNA was originally proposed in [39]. The MNA is easier to implement
for circuit solvers, and easier for hand calculations of circuits [40]. Many circuit solvers
today does not utilize full-matrix storing, and this further improves the advantages of the
MNA implementation [40]. The equations of the MNA are based on the same strategy
as the NA case. The admittance/conductance matrix has to be built in both cases, but
is extended with branch currents in the MNA case. The details of this can be found in
[36], [39] or [40].

4.5 Ultrasound transducer model

The ultrasound modeling that can be done in SPICE circuit simulators, with voltage
sources was introduced by Leach in 1994 [16]. This model has been refined in several
steps, where lossy transmission lines [17], opened new ways of refinement. Deventer et.
al. introduced temperature and frequency dependence of the losses in the transmission
lines [18]. Johansson and Martinsson increased the detail in these models when diffrac-
tion loss also was introduced into the losses of the transmission lines [19]. A circuit
simulator model that have been used in this work is presented in Figure 4.4.

In Figure 4.4 both the acoustic and the electric behavior is simulated. Two resistors
and two transmission lines represent the acoustic plane. The resistors model the acoustic
impedance of air. The transmission line within the piezoelectric transducer models the
acoustic impedance and losses of the crystal itself. The PMMA transmission line, models
the signal path with frequency, temperature and diffraction effects. In the electrical part
of the circuit, the piezoelectric effect is modeled by the voltage-controlled sources. The
parasitic capacitance of the transducer is modeled by C0.

As electrical signals are applied to the electrical port, ultrasound signals are generated
in the acoustic plane. This behavior has been validated through measurements [19].
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Figure 4.4: The circuit schematic of an ultrasound transducer with air backing and a PMMA
soundpath.

4.6 Ultrasound system simulations

When the model presented in Figure 4.4, is used in the circuit simulator, one can easily
experiment with the ultrasound measurement system performance. This opens up the
possibility to optimize the electronics to the specific ultrasound measurement situation,
down to details about transducer backing and acoustic signal path properties, as men-
tioned in the section above.

One can validate that the excitation voltage will generate sufficient acoustic energy
in the measurement situation, and rely on the results. One can also look at the received
electric signals, to optimize the gain of an LNA. This opens possibilities to design in-
tegrated circuits for these systems, and also to optimize the electronics from different
parameters, such as size and power. This possibility is one of the foundations of this
thesis.



Chapter 5

Summary of the papers

5.1 Paper A - A CMOS Amplifier for Piezo-electric

Crystal Interfaces

Authors: E. M. I. Gustafsson, J. Johansson, J. Delsing

Reproduced from: Proceedings of 11th MIXDES conference 2004, Szczecin, Poland

This paper investigates how a power efficient customized front-end for a piezoelectric
crystal can be designed. The specification and requirements of the front end are analyzed,
and a sample design is presented. The sample design show 20 dB gain at 10 MHz, a
current consumption of 1.7 mA with 9.2 nV/

√
Hz equivalent input noise, and a start-up

time of 5 μs.

5.2 Paper B - Relative Ultrasound Energy Measure-

ment Circuit

Authors: E. Martin I. Gustafsson, Jonny Johansson, Jerker Delsing

Reproduced from: Proceedings of WISP2005, Faro, Portugal

This paper investigates if analog signal processing can be used to reduce the power
consumption in a ultrasound energy measurement system, compared to a traditional
system with an Analog to Digital Converter (ADC). The results from the paper indicate
that a factor of 20 can be saved in current consumption. The linearity of the presented
sample circuit is limited to 7 bits over 500 mV. To have this resolution with a standard
ADC solution would require a 10 bit ADC.
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5.3 Paper C - Ultra-Low Power Transmit/Receive

ASIC for Battery Operated Ultrasound Measure-

ment System

Authors: Jonny Johansson, Martin Gustafsson, Jerker Delsing

Accepted for publicaton in Elsevier Sensors and Actuators A:Physical

This paper presents a transmit and receive ASIC, which can be mounted directly on a
piezoelectric crystal. The on-chip transmitter can excite a crystal at voltages up to 40
V, with the use of an inductive charge pump. The ASIC is self-contained, with on board
oscillator and control logic. The measurements indicate a very low power and compact
interface to a piezoelectric crystal.



Chapter 6

Conclusions

The importance of this thesis may or may not be comparable to the book back in 1914 by
H. Rydin. His futuristic scenario carefully painted in colors of reflection on the develop-
ment of technology, did turn out right. To arrive at the coin size ultrasound measurement
system many steps will have to be made. Size, and power consumption of the electronics
will have to decrease. With the simple measures taken in this thesis, we see a smaller
ultrasound measurement system to less power.

Paper A presents an optimized LNA for the reception of ultrasound signals. This
amplifier shows short start and stop times, but a high power consumption in the active
state. The high power consumption provide gain and bandwidth which not easily can be
achieved in the 0.8 μm process, for a two-stage amplifier. An offset cancellation system
assures the stability of the amplifier over long time. This amplifier implemented as a
one-stage amplifier could have less noise, and more bandwidth, if it was implemented in
a more modern process.

Paper B indicates that early analog signal processing can be used to save power for
an ultrasound energy measurement system. The system performance of this circuit does
not reach all the specifications that would be desirable. The power consumed by this
circuit is a factor of eight below an ADC solution. This indicates that this is the way to
go. If this circuit could cover the entire range of input signals with good linearity, even
for a bit more power, it would still be a better choice than a high-speed ADC.

Paper C presents a general transmit and receive ASIC for pulse-echo ultrasound mea-
surement systems. The size and power consumption of the circuit is tiny compared to
the traditional one. The transmitter is able to multiply excitation voltages by a factor of
eight compared to a standard IC solution. If the receiver could have even less noise, and
the excitation could use pulses instead of steps, a more robust system could be achieved.

In spite of these wishes on what could be improved, it is proven that integration of
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these analog front ends reduces size and power consumption of pulse-echo ultrasound
measurement systems. These reductions are of such magnitude, that the scenario de-
scribed in the introduction with the coin size system is not science fiction anymore.
Unfortunately, these improvements cannot take us all the way today. The data collection
and processing are not there yet. A second thing that has some way to go is the power
consumption of wireless electronics. It fails the specifications by a good margin.

6.1 Future work

Generally wise system design is an essential part in reaching the vision. Locating all the
spots where power can be saved can be done with the tools presented in this thesis. The
approach with short start and stop times can be applied to entire systems, and not only
individual amplifiers as presented in Paper A, or integrated circuit as presented in Paper
B. The system can be designed to not do anything unless an external event requires the
system to take an appropriate action. This methodology is called reactive design. A
system is to react to the environment rather than to monitor it.

For circuits, reactive desing can be implemented as a deep sleep mode, where every-
thing is off, and at the last minute it is turned on to take action, and then turned off again.

Future work will take this into account, even in the specification phase, for all systems.
Start-up and stop times will be specified, and start and stop cycles will be designed for the
circuits. Analog signal processing will be implemented where most power efficient, and
digital where the analog cannot compete. Together this will become a minimal reactive
true mixed mode system, optimized for power.
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[18] J. van Deventer, T. Löfqvist, and J. Delsing, “PSpice simulation of ultrasonic sys-
tems,” IEEE Trans. Ultrason., Ferroelec., and Freq. Contr., vol. 47, pp. 1014–1024,
July 2000.

[19] J. Johansson and P.-E. Martinsson, “Incorporation of diffraction effects in simu-
lations of ultrasonic systems using PSpice models,” in Proc. IEEE Int. Ultrason.

Symp., vol. 1, pp. 405–410, 2001.

[20] A. B. Bhatia, Ultrasonic Absorption: An Introduction to the Theory of Sound Ab-

sorption and Dispersion in Gases Liquids and Solids. Oxford, 1967.

[21] E. Brunner, “An ultra-low noise linear-in-dB variable gain amplifier for medical
ultrasound applications,” in Proceedings of WESCON’95, pp. 650–655, IEEE, Nov.
1995.

[22] W. C. Black and D. N. Stephens, “CMOS chip for invasive ultrasound imaging,”
IEEE Journal of Solid State Circuits, vol. 29, pp. 1381–1387, November 1994.

[23] C. Kuratli and Q. Huang, “A fully integrated self-calibrating transmitter/receiver
IC for an ultrasound presence detector micro-system,” IEEE Journal of Solid State

Circuits, vol. 33, pp. 832–841, June 1998.

[24] J. Johansson, M. Gustafsson, and J. Delsing, “An autonomous low-power trans-
mit/receive ASIC with on-chip high voltage generation for piezoelectric transduc-
ers,” Accepted for publication, 2004.



35

[25] J. V. Hatfield and K. S. Chai, “A beam-forming transmit ASIC for driving ultrasonic
arrays,” Sensors and Actuators A, vol. A92, pp. 273–279, Aug. 2001.

[26] C. Kittel, Introduction to Solid State Physics. John Wiley & Sons, 7:th ed., 1996.

[27] R. Laker and W. Sansen, Design of Analog Integrated Circuits and Systems. Singa-
pore: McGraw Hill, 1994.

[28] B. Razavi, Design of Analog CMOS Integrated Circuits. Boston, MA: McGraw-Hill,
2001.

[29] MicroST. http://www.microst.it/Tutorial/eng/adc overview.html, Aug 2005.

[30] K. El-Sankary, A. Kassem, R. Chebli, and M. Sawan, “Low power, low voltage,
10bit-50MSPS pipeline ADC dedicated for front-end ultrasonic receivers,” in 14th

Intl. Conf. on Microelectronics, pp. 219–222, Dec. 2002.

[31] Q. Lisheng, K. El-Sankary, and M. Sawan, “A 1.8v cmos fourth-order gm-c bandpass
sigma-delta modulator dedicated to front-end ultrasonic receivers,” in Proceedings

of Solid State Integrated Circuit Technology, vol. 2, pp. 1425–1428, Oct. 2004.

[32] M. Siegel and T. Ault, “In situ calibration for quantitative ultrasonic imaging,”
Instrumentation & Measurement Magazine, IEEE, vol. 1, pp. 9–10, 12–13, 16, 18,
1998.

[33] J. Delsing, “A new velocity algorithm for sing-around-type flow meters,” IEEE

Trans. Ultrason., Ferroelec., and Freq. Contr., vol. 34, pp. 431–436, July 1987.

[34] K. Kozmin, J. Johansson, and J. Delsing, “A low power, propagation delay stable,
continuous-time comparator,” in Proceedings of Norchip 2004, pp. 261–264, 2004.

[35] R. Kielowski, Inside SPICE. McGraw-Hill, 1998.

[36] P. Linner, Datoriserad analys och konstruktion av elektriska nät. Chalmers Tekniska
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A CMOS AMPLIFIER FOR PIEZO-ELECTRIC

CRYSTAL INTERFACES

E. M. I. Gustafsson, J. Johansson, J. Delsing

Abstract

This paper describes an analog front-end aimed for an autonomous pulse-echo ultrasonic
system that is to transfer data over a wireless communication link. The front-end is
designed to be directly connected to a piezo-electric crystal, and to present the received
signals to an on-chip ADC. Important issues for this front-end are low power consumption,
low noise and an effective start and stop cycle. The proposed front-end is implemented
in a high-voltage 0.8-μm process. Simulations indicate 20 dB gain at 10 MHz, a current
consumption of 1.7 mA, 9.2 nV/

√
Hz input noise and a start-up time of 5 μs.

1 Introduction

In the process of designing an autonomous battery operated thumb-size pulse-echo ultra-
sound system an ASIC has been designed. This ASIC is a first step towards a system that
incorporates transmit- and receive-circuitry for ultrasound and a wireless communication
channel to transmit measurement data to a main central. This work is based on the EIS
architecture proposed in [1].
The proposed front-end is the receiver part of an ASIC that is to be directly attached to
a piezo-electric crystal. A lithium battery that is mounted in the backing of the crystal
powers the system. The battery operation of this stand-alone system makes every elec-
tron of the current supply precious. This ASIC should be able to run for long periods of
time on a single battery. Piezo-electric crystals that are to transmit a sufficient amount
of acustic energy into a medium, usually requires large excitation amplitudes that are
beyond the range of a standard CMOS process. A high-voltage process can to some
extent meet these requirements.
The high-voltage transients from the excitation of the piezo-electric crystal have suffi-
cient amplitude to cause a gate breakdown in many CMOS devices, and protection for
these transients has to be found. Given this protection, a standard CMOS amplifier can
be used. Many have been built in the 0.8-μm process, and different performance are
reported. Some amplifiers have high GBW, and consume high power [2] and perform ex-
cellently over the entire input DC range. Other amplifiers have even higher bandwidth,
for even more power, but for smaller loads [3]. There are also amplifiers presented for
ultrasonic front ends [4], [5], [6], made in different processes, where [6] is a low-power
front-end.
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This paper presents a complete front-end for piezo-electric crystals, including a stan-
dard amplifier, designed to have short start-up and stop times to save idle power, bias
generation and an amplifier offset cancellation system that prevents input offsets from
degrading the amplifier performance. The current consumption is to be less than 2 mA
in active mode.
These goals are to be met by specific design where low power and short start-up and
stop procedures are one way to reduce total power. Non-complex building blocks are to
be combined using smart system design to produce a powerful and customized solution.

2 Front-end design

To arrive at a specification for a piezo-electric crystal front-end, the system setup needs to
be explained. The main evaluated structure is the crystal glued directly onto a Plexiglas
(PMMA) material, without matching layers, with the battery included in the backing
layers of the crystal. The ultrasonic pulses are reflected at the end of the PMMA at the
PMMA-air interface. This setup has previously been modeled for Spice simulations [7]
[8]. Using the results of these simulations a front-end specification could be found, and
is presented in table 1.1.

Table 1.1: Front-end specification

Design object Desing goal
Bandwidth 10 MHz
Gain @ 10 MHz 20 dB
Operating voltage 3 - 5.5 V
Startup time 10 μs
Max. supply current 5 mA

Input noise < 5.3 nV/
√

Hz

Upon inspection of a typical spectrum of a received signal in the application described
above, using a Piezo-electric crystal with a center frequency of 4 MHz, a front-end band-
width of 10 MHz was found to be sufficient.
When the bandwidth is given, gain also needs to be specified. The application did not
set any specific requirements to the gain. To make this design feasible, previously im-
plemented amplifiers were taken into consideration to determine the goal. Previously in
similar applications, with a 0.8-μm process [2] [9], a gain much higher than 10 at 10 MHz
was not achieved, and it was concluded that this was a realistic design goal.
The battery voltage can vary between 5.5 V from the beginning of life down to 3 V at
the end of life.
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To reduce the power consumption of the front-end, it is necessary to be able to turn the
front-end off when it is not needed. This made it possible to precharge DC voltages to
the inputs of the amplifier, as a part of a startup-sequence. This allows input offset-
cancellation to be done, if the inputs are precharged to different DC voltages. Offset
cancellation can be done in a few different ways [10], and the most common is to use
unity-gain feedback to stabilize the amplifier input and output DC levels [11]. The DC
level on the in- and outputs are usually placed in the middle between the power rails
[12] to optimize swing. In this application a short and constant settling time is desirable,
independent of supply voltage.
In equation 1, 2 and 3 the power consumption of the front-end is set in relevance to the
power consumption needed to charge and discharge the crystal. The power consumed to
drive the front-end for 100 μs, is compared to increase the excitation amplitude 10 times.
Both would provide an increase of the received amplitude by a factor of 10. It is found,
by inserting numbers into equation 3 that if the amplifier consume less than 5 mA per
nF of capacitance in the Piezo-electric crystal, less power is consumed by turning on the
front-end, if a 5 V supply is assumed.

Pamp = Pcrystal@10∗U − Pcystal@U (1)

In equation 1 Pamp is the power consumed by the amplifier, Pcyrstal@10∗U is the power
consumed to charge and discharge the crystal at a voltage of 10 U. The Pcrystal@U is the
power needed to charge and discharge the crystal to a voltage of U.

tonImaxU = Ccrystal (10U)2 − CcrystalU
2 (2)

Equation 2 is a elaboration of equation 1. In equation 2 ton is the time that the
amplifier is turned on, Imax is the maximum current pulled out of the supplies by the
amplifier and U is the supply voltage to the amplifier. Ccrystal is the capacitance of the
crystal. Equation 3 follows from equation 2

Imax

Ccrystal

=
99U

ton

(3)

Noise is an important issue in sensor front ends. 12 bits of resolution over 2.4 V of
output swing was the design goal. If a bandwidth of 10 MHz with gain of 10 also was
desired, this would require the equivalent input noise spectral density to be less than 5.3
nV/

√
Hz.

The DC level of the pulse echo signal from the crystal is not controlled, and can settle
anywhere between the power rails. Genuine rail-to-rail amplifiers have previously been
designed [2], but a single differential pair was preferred to keep the current consumption
low.
The system is to be tested using an active oscilloscope probe, which determined the
output load to five pF and approximately 1 MΩ in parallel.
A summary of all the requirements can be found in table 1.3.
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3 Details of front-end design

The front-end consists of four blocks: a main amplifier, a bias generation, an offset can-
cellation and a precharge voltage generation block. A block diagram, except for the bias
circuitry, can be seen in figure 1 and a typical cycle of operation can be found in figure 2.
The operation of the front-end can be described as follows:
∗ The front-end is powered up, the inputs of the amplifier are released from ground and
the negative input of the amplifier is connected to the front-end input and the precharge
phase is begun. The time at which this occur is marked 0 μs in the figure.
∗ At the time marked 5 μs in the figure, the inputs of the amplifier are precharged and
the precharge circuit and offset cancellation blocks are disconnected.
∗ At the time marked 100 μs in the figure, the front-end is turned off. This is a typical
time when this may occur.

+ 

- 
LNA 

1 

1 

2 

3 

3 

Vref 1

In 

Out 

RLCL

CF

CI

C+

Vref 2

Comp 

Offset cancellation 

Precharge 1 

Figure 1: Block diagram of front-end

Another front-end related issue is charge injection on the amplifier inputs as the
different blocks are connected and disconnected. Matching the sizes of the capacitors on
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1 

2 

3 

AMP_OFF 

V 

100 0 5 t/μs

Figure 2: Switch operation, denoted times are examples.

the inputs decreases the effects of charge injection on the output. It also contributes to
reduce the drift of the amplifier output. This drift is due to leakage of the precharged
voltages on the inputs of the amplifier, through the reverse-biased PN junctions in the
switches.
The offset compensation system utilizes a comparator, that compares the output DC
voltage to a reference voltage, and adjusts the DC level on the negative amplifier input,
as described in the first method in [10].
The high voltage transients from the piezo-electric crystals are taken care of in two ways.
The amplifier is turned off when the transients are present on the chip and there is an
isolating transistor in series with the input node of the front-end. This isolating transistor
is marked with the number 2 in figure 1.

3.1 Amplifier design

A schematic of the implementation can be found in figure 3 and a general specification
can be found in table 1.2. Many of the design criterions for the amplifier were clearly
specified by the front-end requirements, such as supply voltage, bandwidth and gain.
The amplifier is the core of this design, and in order to achieve high bandwidth the
number of internal nodes that could limit the open-loop gain had to be small. This is
why a traditional structure using a differential pair and current mirror load, with a Miller
compensated class A output stage was chosen. The transistor M10 is used as a resistor
to move the zero created by the Miller capacitance, in the right half-plane to cancel the
non-dominant pole of the amplifier [13]. All the calculations are omitted, examples can
be found in many books of electronics, such as [11].
Important design goals were low noise, which implies large input transistors, high gain,
wide bandwidth, high PSRR, high CMRR, short startup-time and good phase margin at
10 MHz and 10 times gain. The functionality that makes this amplifier deviate from the
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textbook schematics are the switches in cascade with the current mirrors. This switch
turns the supply current off.

M1 M2

M3 M4 M5

M6 M7

M8 M9

M10

Cc

Out In- In+ 

gnd  

VDD

AMP_OFF 

Vp 

Figure 3: The amplifier schematic.

Table 1.2: Amplifier specification

Design object Desing goal
Supply current < 5 mA
Gain @ 10 MHz > 20 dB
Phase margin @ 10 MHz 70o
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3.2 Bias generation

The schematic of the bias generation block can be found in figure 4 [13]. This is where
the V p voltage is created, and it is not dependent on supply voltage. A current of 20 μA
is created in the PMOS mirror transistor M8. The reference current can be deactivated
if the Disable n is pulled high. The transistor M10 helps to start the bias generation.
The Disable n is pulled low 1 μs before the AMP OFF is pulled low, and this starts
the block.

VDD

gnd 

Vp 

M1

M2 M3

M4

M5

M6

M7

M8

M9

R1

Disable_n

M10

AMP_OFF

Figure 4: The bias generation schematic.

3.3 Offset cancellation block

The schematic of the offset cancellation block can be found in figure 5. This block
is designed to minimize offsets that are created in the amplifier. When the precharge
phase is initiated, the negative input of the amplifier is connected to the output of this
comparator. This node is denoted as In− in the figure. The positive input of the
comparator is connected to the output of the amplifier. This is denoted as Out in the
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figure. The negative input of the comparator is connected to a reference voltage, created
using the two diode-connected transistors M7 and M8 in the figure. The comparator
adjusts the negative input voltage of the amplifier during the precharge phase to minimize
offsets.

VDD

gnd 

Vp 
M2

M5 M6

AMP_OFF 

In- 

Out  

M3 M4

M1

M8

M7

Figure 5: The offset cancellation schematic.

3.4 Precharge voltage generation block

The schematic of the precharge voltage generation block can be found in figure 6. This
block is built up of a diode-connected transistor denoted M3 that together with a current
generator denoted M2 creates the reference for the positive input of the amplifier. This
circuit can be disabled if the AMP OFF signal is pulled high.
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VDD

gnd 

Vp 
M2

M3

M1

AMP_OFF 

In+  

Figure 6: The precharge block schematic.

4 Simulation results

In table 1.3 the simulated results of the front-end design can be found. It is evident that
many of the design goals are met. The goals for gain, current consumption, supply range
and noise are met with some design margin. The power consumption is low in comparison
to the specification, made for a 1-nF crystal. The achieved current consumption of the
front-end can in some cases motivate to start the front-end instead of increasing the
excitation voltage by a factor of 10, for as low voltages as 2 V. The PSRR and CMRR
are high, as expected in such a topology. The open-loop characteristics of the amplifier
can be found in figure 7. The size of this front-end is 0.9 (mm)2. Simulations indicate
that the output deviates less than 1 % from the reference voltage after 5 μs. The noise
level exceeded the specification, but it is sufficiently low for 11 bits of resolution.

5 Conclusion

This paper proposes a front-end for piezo-electric ultrasonic crystals. This front-end has
customized functionallity for the pulse-echo application, through low power consumption,
high bandwidth and low noise. A gain of 10 times at 10 MHz is confirmed through
simulations. The current consumption is 1.7 mA in active mode. The input noise spectral
density is 9.2 nV/

√
Hz and the startup-time is 5 μs. The layout occupied 0.9 mm2 and

the layout has been sent for fabrication in a 0.8-μm high-voltage process. Future work
will provide experimental results from measurements.
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Table 1.3: Specification and simulation results of the front-end

Design object Desing goal Simulations
Supply current 5 mA 1.7 mA
Startup time < 10 μs 5μs
PSRR > 70 dB 100 dB
CMRR > 70 dB 80 dB
Gain 10@10 MHz 10@11 MHz
Output swing 2.4 V 2.4V

Input noise < 5.3 nV/
√

Hz 9.2 nV/
√

Hz
Power supply 3.0 - 5.5 V 3.2 - 5.5 V
Load 5 pF, 10 MΩ 5 pF, 10 MΩ
Slew rate ± 50 μV/s ± 100 μV/s
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Relative Ultrasound Energy Measurement Circuit

E. Martin I. Gustafsson, Jonny Johansson and Jerker Delsing

Abstract

A relative ultrasound energy estimation circuit has been designed in a standard 0.35-μm
CMOS process, to be a part of a thumb size internet connected wireless ultrasound mea-
surement system. This circuit measures the relative energy between received ultrasound
pulses, and presents an output signal that is linear to the received energy. Post-layout
simulations indicate 7 bit linearity for 500 mV input signals, 5 μsec startup and stop
times, 2.6 mW power consumption during active state. The active area measures 0.6
mm2 including digital logic, bias generation, and an on-chip oscillator. The circuit has
been sent for manufacturing in the austrianmicrosystems C35B4 process via Europractice
MPW

1 Introduction

Ultrasound is used today in many different fields, such as health care, medicine, and
within the industry. Measurement applications using ultrasound are flow meters, liquid
level detection, or fatigue crack detection in aircraft materials. Ultrasound expands
into many new industry driven areas and cost of production and cost of installation are
issues for many ultrasound systems of today. There is a drive to make these systems
small, mobile, wireless, internet connected and battery operated. One step on the way to
decrease the system size and power consumption is to develop electronics, custom made
to be integrated close to the ultrasound crystal [1] [2] [3] [4] [5]. A thumb size wireless
platform could be used for data processing, communication, and online presentation of
measurement data [6] [7].

If material properties are to be determined with ultrasound, there are two available
approaches, either time of flight measurements or energy/amplitude measurements. The
energy measurements have traditionally been done with a high speed analog to digital
converter and a microprocessor to gather data and compute the results.

This paper investigates if analog signal processing can be used to estimate the relative
energy of ultrasound echoes, for less power compared to its traditional counterpart. One
possible system block diagram can be seen in Figure 1. Here the blocks circumferenced
by the dashed line is presented in [5] and the microprocessor system circumferenced by
the dash-dotted line is presented in [6]. The energy estimation can also be divided into
two blocks, as illustrated in Figure 2. There are previous reports of peak detectors [8]
and precision rectifiers [9]. These are used as a foundation for the rectifier design.
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Figure 1: The complete receiving system. The energy estimation block is presented in this paper
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Figure 2: The block diagram of the energy estimation system with noise sources

2 Specification and Theory

2.1 System specification

For a typical ultrasound measurement system using the energy/amplitude as primary
parameter, the specifications presented in Table 2.1 are appropriate.

A basic system architecture for the analog signal processing approach is presented in
Figure 1.

The system architecture and the specifications in Table 2.1 give rise to the following
design considerations.

The input signal amplitude from a typical ultrasound measurement system has a
variation that depends on the measurement situation. This variation can be as large as
a factor of four [10]. A realistic system input signal could be set to maximal 75 percent
of the supply voltage. The power supply VDD is set according to the specification of a
standard CMOS process. The system bandwidth is dimensioned to suite a piezoceramic
disc with a center frequency of 4 MHz. The startup-time is a compromise between
power consumption and speed. A slow startup time was set as a design target. A power
consumption estimate of a traditional high speed analog to digital converter (ADC)
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could be used to set the specification of this system. A 10-bit, 10 MSample ADC can
be estimated to consume about 20 mW [11], and a reasonable design goal is to decrease
this by a factor of two.

The equivalent input noise specification that can be seen in Table 2.1 is defined for
a 2.5 V signal swing, and 10 bits of analog to digital conversion. The quantization RMS
noise of an analog to digital converter is found as Vn,Q = LSBADC√

12
.

Table 2.1: Circuit specification

Design object Design goal
Accuracy 10 bit
vin,max 2.5 V peak to peak
VDD 3.3 V
Input bandwidth 10 MHz
Startup time < 5 μsec
Integrated power consumption < 10 mW
Output noise voltage RMS < 705 μV RMS
Output load 10 pF

2.2 Noise theory

The energy W of a time domain voltage signal vin(t) can be found if the power of this
signal developed in a conductance G is integrated over time T .

W = G

T∫

0

vin(t)2dt (1)

When an electronic system is to be designed two different noise voltage vn1(t) and vn2(t)
could be introduced. The first noise voltage represents the inherited signal noise which
is received by the system. The second noise voltage represents the uncorrelated noise
created within the system itself, but recalculated to equivalent input noise. This is also
illustrated in Figure 2. The energy expression can be found as

Wtot = G

T∫

0

(
(vin(t) + vn1(t))

2 + vn2(t)
2
)
dt. (2)

Assuming that the noise energy Wn2 is constant over time it follows that

Wn2 = G

T1∫

T0

(
vn2(t)

2
)
dt = G

T3∫

T2

(
vn2(t)

2
)
dt, (3)
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if (T1−T0) = (T3−T2) and if (T1−T0) is large. Thus if the noise energy could be measured
for the same duration, at a later instance in time, the results could be approximated as
equal. This is only valid if the integration times are long in comparison to the longest
regarded noise period time. If a later noise integration could be subtracted from the
energy expressed in Equation 2, only the correlated noise energy would remain. This can
be expressed as

Wn,remainder = 2G

T1∫

T0

(vin(t)vn1(t)) dt + G

T1∫

T0

(
vn1(t)

2
)
dt. (4)

There are cases where the noise voltage vn1(t) also can be regarded as uncorrelated from
the signal. In those cases, the noise voltage vn1(t) can be neglected in the analysis.

2.3 Signal theory

The input signal to this system designated vin(t) in Figure 3, is amplified in one inverting
unity-gain amplifier to produce the system signal vneg(t), and one non-inverting unity-
gain amplifier to create the signal vpos(t).

+

-

LP-filtervin(t) +

Rect

Rect
+

-
vout(t)

vneg(t)

vpos(t)

ineg(t)2

ipos(t)2

S

v1(t)
2

v2(t)dt

1

1

∫

+

-

Figure 3: A detailed block diagram of energy estimation system

Each of the signals vpos(t) and vneg(t) are connected with a coupling capacitor into
a capacitive input of a half wave rectifier. There will be a voltage division of the two
signals vpos(t) and vneg(t) depending on the size of these capacitors, and the effective
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input energy is reduced by a factor of

kinput =

(
Cc,rect

Cin,rect + Cc,rect

)2

. (5)

Here the Cc,rect is the size of the coupling capacitor and Cin,rect is the size of the input
capacitance of a half-wave rectifier.

The rectifier input voltages vPOS(t) and vNEG(t) in Figure 5 are biased with an over-
drive VOD, to assure that the input devices will be operating with strong inversion in the
channel. The input transistor drain voltage is also dimensioned to keep the rectifier input
transistors in the saturation region for small input voltages. This implies that the large
signal current of the rectifier input transistors will follow the large signal drain current
relation

iD,pos(t) =
μCoxW

2L
(vpos(t) + VOD)2 , (6)

for the positive side. The relation

iD,neg(t) =
μCoxW

2L
(−vpos(t) + VOD)2 , (7)

can be applied for the negative side. When the two currents are added the signal current
becomes

isignal(t) =
μCoxW

L
(vpos(t))

2 . (8)

Along with this current, a bias current of

ID,bias =
μCoxW

L
(VOD)2 , (9)

is also created. The current isignal is fed to a capacitor Cout on the output to perform the
integration. The relation

Vout(t) =

T∫

0

i(t)

Cout
dt (10)

connects time and current to voltage and capacitance. Thus the system transfer function
voltage Vout(t) after a time T can be found as

Vout =
krectkinputμCoxW

LCout

T∫

0

(vpos(t))
2 dt, (11)

where a rectifier efficiency krect is defined. To estimate the system transfer function an
input signal of

vin(t) = Ae−αtsin (2πft) , (12)

can be assumed, where the attenuation α, the amplitude A and the frequency f are
specified. With the use of Equation 11 and Equation 12, an ideal output voltage can be
found for different input amplitudes.
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2.4 Design environment

The design environment that was used for this design is the Cadence environment and
HIT-KIT, provided by austrianmicrosystems (AMS). The target process is a 0.35 μm
standard CMOS process. For the on-chip glue logic, the Synopsis tools were used. Layout
was done in Virtiouso provided by the Cadence environment.

3 Circuit design

3.1 Implemented system details

A detailed block diagram can be seen in Figure 3. A typical operating condition can be
seen in Figure 4. The inverting and non-inverting amplifiers create the differential input
voltages vpos(t) and vneg(t) needed to get the full-wave rectification out of the two half-
wave rectifiers. Section 2.2 above indicate that the effect of the integrated noise energy

Input signal
V

V

V

3.0
2.0

1.0

0.0

3.0

2.0

1.0

0.0

V+:
V-:

Output signal
1.0

0.8

0.6

Rectified currentI(μA)

13.0

8.33

3.67

1.00

Time(μsec)
11 12 13 14 15 16 17 18

Figure 4: An example operation condition, with a 4 MHz exponentially attenuated sinusoidal
input

can be reduced if the system noise is integrated two times, and the results subtracted.
This was incorporated in the system design.
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3.2 Details of implemented amplifier

A standard Miller compensated Operational Transconductance Amplifier (OTA) was
implemented with the simulation results seen in Table 2.2. The performance listed in
Table 2.2 are all worst case conditions simulated over the recommended process corners
from AMS. The OTA is used to design two unity gain voltage amplifiers, one non-inverting
and one inverting amplifier. Both of these amplifiers are implemented with capacitive
feedback elements.

Table 2.2: OTA simulation results

Specified entity Simulated results
Unity Gain Bandwidth 10 MHz
Phase margin 60o

Output signal range 0.8 - 2.5 V
Equivalent input noise 1.3 nV per rootHz
Current consumption 550 μA
Startup time 2 μs
Occupied area 0.044 mm2

3.3 Details of implemented rectifier

The rectifier principle schematic is illustrated in Figure 5. The current sources designated
IB supplies the bias current for the input devices MN0 and MN1. As the signal part
vpos(t) of the input voltage vPOS(t) increases, the signal current begin to increase through
MN1, according to the large signal saturation current of an NMOS transistor. This signal
current will be pulled out of the branch with MP2 and MP4, creating the rectified half
wave signal.

3.4 Integrator

The signal current created in MP4 in Figure 5 is mirrored to MP5. Besides the overdrive
bias current defined in Equation 9, the MP5 also requires a bias current. To keep either
of these two bias currents from charging the capacitor on the output, an equal current
is created using an identical structure as in Figure 5. This current is pulled out of the
output, and it is designated the ideal current source IDC in Figure 5. Even if the matching
between these currents are not optimal, a DC offset could be removed along with parts
of the uncorrelated noise, as suggested in Section 2.2, by a reference integration without
the input signal vin(t).

The bias current of an NMOS transistor depends on both VGS and VDS. Here VDS
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Figure 5: Rectifier principle schematic

will be determined by the output voltage vOUT (t). The drain current of an NMOS device
increases with increasing VDS. As for the PMOS transistor MP5, the drain current
decreases when the vOUT (t) increases. This implies that the mismatch in drain currents
of the current source and the MP5 will depend on the output voltage vOUT (t). This
mismatch will be strong if the output voltage approaches the vicinity of the supply rails.
This mismatch will cause non-linearities in the system transfer function.

To minimize the required number of external components, an internal inter-poly ca-
pacitor structure of 10 pF in typical mean conditions was used as output capacitor. It
is sized to integrate many echoes, to allow mean value correction. The integrator can be
seen in Figure 5, as transistor MP5 and the ideal current source, with the current IDC .

3.5 Charge injection

Charge injection is an issue that is familiar to most electronic designers. It is also a
topic into which a significant effort has been spent. There are several reports of different
compensation techniques [12], [13]. In this work, the Common Mode Rejection Ratio
(CMRR) is high in all the included structures. Electrically equal paths have been used
for all the signals that is passed over the circuit, and this reduces the issue with charge
injection to a question of matching of components and signal paths, and to preserve a
high CMRR throughout the circuit.
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3.6 Details of additional electronics

The additional electronics required to make this chip self-contained are a voltage ref-
erence, an oscillator, some digital logic and an auto-zero compensation scheme for the
amplifiers. The voltage reference is a standard resistor based reference [14]. The on-
chip oscillator is implemented as a seven delay-element ring oscillator. The inverting and
non-inverting amplifiers have an auto-zero phase, initially suggested by [15], implemented
with an OTA as described in [16].

3.7 Layout

The layout is presented in Figure 8 with a floorplan. The size of the total ASIC is 1.7
mm by 1.3 mm.

3.8 Simulation results

Post-layout simulations were made to evaluate the design. A rectification of an expo-
nentially attenuated sinusoidal input of 800 mV peak amplitude can be seen in Figure 4.
One can see that there is distortion in the rectified current. This distortion will decrease
the linearity as well as the efficiency of the rectification.

To estimate the efficiency and the accuracy of the structure, the amplitude was swept
between 0 V and up to 500 mV, for ten equal exponentially attenuated sinusoids, and the
result was sampled at the output. The input energy was determined using Equation 1,
and the result can be seen in Figure 6.

A best-fit straight line starting at origo was fitted to the curve in Figure 6, and the
difference between the output voltage and this line was divided with the maximum output
signal. The results can be seen in Figure 7, which indicate 7.2 bit linearity over the input
signals up to 525 mV, thus 3.5 mV accuracy. The 500 mV only corresponds only to a
fifth of the specified input signal range. It would require an ADC of 9.5 bits over 2.5 V
to resolve 3.5 mV.

The main limitation on the input signal swing are the input devices MN0 and MN1
in Figure 5. A larger signal swing would require a different overdrive voltage, as well as a
larger bias current through IB. A larger input signal will today cause the input transistors
MN0 and MN1 to go out of strong inversion, causing distortion in the output current
waveform. A second source of non-linearity is the output voltage dependence of the bias
current of the output transistor MP5.

Theoretical integration of the input signal conditions with ten waveforms, with the
use of Equation 11 and Equation 12 displayed an output voltage difference of 1.432 V at
4 MHz frequency, 500 mV amplitude, and an attenuation of α = 106 where only about
270 mV came out which result in a krect = 0.20. This depends on the low impedance node
between the transistors MP1 and MN2. This should ideally have had a high impedance.
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Figure 6: Output voltage change from a DC level plotted versus input energy of 4 MHz expo-
nentially attenuated sinusoids
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5 Discussion

This paper has presented the post-layout simulation results from a new relative ultra-
sound energy measurement device. This device is to be integrated in the work towards
the internet connected thumb-size ultrasonic measurement system. This preliminary data
indicate that energy measurements can be made, without the need of high speed conver-
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Figure 7: Error in mV for best-fit linearization for Post layout simulations

sions. The simulations were done on post-layout netlists, and they indicate that 7 bit
linearity can be reached over an input swing of 500 mV. This is one bit less compared to
a traditional high speed ADC system, but to less than a tenth of the power consumption.

The linearity is something that this topology struggles with, and a different rectifier
principle could help things to improve. The price one has to pay for this is probably
power consumption, which still is far away from the traditional system. The circuit has
been sent for manufacturing in a standard 0.35 μm CMOS process. The next step is to
validate the performance with measurements.
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Ultra-Low Power Transmit/Receive ASIC for

Battery Operated Ultrasound Measurement System

Jonny Johansson, Martin Gustafsson, and Jerker Delsing

Abstract

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

To overcome the dynamic range limitations imposed by a battery supply an on-chip
boost converter uses one external inductor to generate up to 40 V for excitation of the
transducer. The transducer itself is used as a storage capacitor, whereafter it is rapidly
discharged to generate an ultrasound pulse. An on-chip amplifier with intermittent op-
eration is controlled by a state machine and used to amplify incoming echoes. The chip
has been fabricated in a 0.8 μm high-voltage CMOS process, with a total chip area of
12 mm2.

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

1 Introduction

Ultrasound measurement equipment are used in a vast array of areas, e.g. medical
imaging and non-destructive evaluation (NDE) [1]. Many of these systems are pulse-
echo systems, where a piezoelectric or micro-machined transducer is used to generate the
ultrasound pulse, as well as to receive the reflected echo. Traditionally the transducer
or transducer elements are built in a probe head or scanner, which is connected via
coaxial cabling to the electronics unit used for pulse excitation and reception. If all the
electronics needed for pulse generation and reception could be integrated in the scanner
or probe head, and the unit be equipped with wireless communication, all cabling could
be omitted. The flexibility e.g. in a medical environment would be greatly enhanced.
Further, if the probe head is equipped with a CPU core and wireless communication,
applications within sensor networking and ambient intelligence would be feasible [2, 3].

One important step to reach this target is to miniaturize driver and receiver electronics
for the system. Several papers have recently been published in this field. On the receiver
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side, they concern the integration of amplifiers, A/D converters and signal conditioning
[4, 5, 6, 7]. On-chip drivers for single element piezoelectric transducers and transducer
arrays have been published [8, 9]. For capacitive micro-machined ultrasonic transducers
(CMUTs), complete front end [10] as well as the integration of a high voltage DC/DC
converter has been reported [11].

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

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

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

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

2 System Level Considerations

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

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

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

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

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

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

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

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

2.1 Pulse generation strategy

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

The design presented in this paper takes a different approach. Here, the piezoelectric
transducer itself is used as storage capacitor. The transducer is slowly charged by the
high voltage generation block, whereafter it is rapidly discharged to create an ultrasound
pulse. Key features of the approach are:
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• No external storage capacitor is required. This reduces the size as well as the power
consumption for low pulse repetition rates, as no high voltage buffer needs to be
maintained in between pulses.

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

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

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

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

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

2.1.1 Transducer capacitance

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

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

C0 =
Aε0K

d
. (1)
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Here ε0 is the permittivity in free air, K is the dielectric constant of the material, A is the
area of the transducer, and d is its thickness [24]. The governing parameter here is K,
which varies with frequency and mechanical state for a piezoelectric material. The free

dielectric constant KT is often measured at 1 kHz where the transducer is free to move.
The clamped dielectric constant KS on the other hand is measured on a frequency above
all resonances and their harmonics (several MHz), where inertia blocks the movement
of the transducer. In a sensor application, the amount of clamping depends on the
materials used in the design as well as the frequencies considered. For the experiments and
simulations performed in this paper, the transducer is mounted on a backing of plexiglas
(PMMA) with water on the opposite side. Thus, for the low frequencies encountered e.g.
during the charging from a charge pump or boost converter, the disc can be regarded as
free.

In the remainder of this paper, the notations CK
0 and CS

0 are used for the capacitance
of the piezoelectric disc in free and clamped states respectively. Approximate values of CK

0

for Pz27 piezoceramic discs with diameters from 5 mm to 20 mm with frequencies from
1 MHz to 4 MHz range from 0.2 nF to 10 nF [25]. The values of CS

0 are approximately a
factor of two lower. The resistivity of the Pz27 material is about 5 · 1010 Ωm. Thus, the
unloaded free time constant for a circular transducer as those considered here is about
800 s.

2.2 Power saving strategies

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

A pulse echo system works intermittently by its nature, with the pulse repetition rate
frep set by the application. Somewhere in the time interval Trep = 1/frep between two
excitation pulses, an echo is assumed to arrive. The duration of the echo is normally
much shorter than Trep. Thus, an efficient way to save power in these types of systems is
to power up the receiver and signal conditioning electronics only when an echo is awaited.
Obviously, this places the added requirement that the approximate arrival time of the
echo must be known beforehand. If a reception window of

Tamp =
Trep

10
(2)

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

Another aspect of power concerns the dynamic range on system level, i.e. the attenu-
ation that can be tolerated for the ultrasound pulse. This is decided by both the amount
of energy that is transmitted and the possibility to amplify a received pulse echo. The
system in this paper opens the possibility to increase the received signal level from both
ends; either by an increase in excitation voltage or by an increase in amplification. The
system energy efficiency can be further enhanced if this possibility is used correctly.
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Assuming adiabatic charging, the electrical energy required to increase the ultrasound
pulse energy by a factor k2 by an increase in the excitation voltage is

�Wexc =
1

2
CK

0
U2(k2 − 1). (3)

Here, U is the initial excitation voltage. An amplifier that consumes a current Iamp from
a supply voltage Vsup will consume the energy

Wamp = IampVsupTamp (4)

during the on time Tamp. Thus, by setting Wamp = �Wexc we can get

Iamp =
CK

0 U2(k2 − 1)

2VsupTamp
. (5)

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

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

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

2.3 Amplifier requirements

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

Amplifier design for ultrasound systems is well covered in the literature [4, 5, 26].
The included amplifier is optimized as a building block for use in the current system.
A summary of the amplifier design goals are found in Table 3.1. Applications under
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development within the department concern density and flow measurement, which require
a dynamic range of 10-12 bits. Thus, the noise target was set to achieve 12 bits of output
dynamic range for ±1.2 V output swing. The bandwidth is sufficient to handle a signal
from a 4 MHz transducer. The current consumption target is set based on the discussion
in section 2.2. On-chip bias generation was included in the design to achieve autonomous
operation of the complete system. The closed loop gain was set to 20 dB, which was
deemed a reasonable target based on the desired bandwidth and previously published
amplifier performance in a similar process [27].

2.4 Simulation and design environment

An ultrasound sensor system incorporates mechanical as well as electrical components.
The behavior of the transducer and the ultrasound propagation is one factor that sets the
requirements on the electronics and decides the overall system performance, e.g. power
consumption. In the design of electronics for the system it is thus advantageous if the
behavior of these parts can be included in the simulations. To achieve this system level
simulation, SPICE models of the ultrasound system have been used within the design
tool for integrated circuits. The model uses an electrical equivalent circuit to model the
piezoelectric transducer [28, 29, 30, 31]. A schematic of the model is shown in Fig. 2.
The voltages at the mechanical ports represent the acoustic pressure, and the currents
represent the particle velocity at the transducer surfaces. The electrical port is equivalent
to the connections to the electrodes at the transducer surfaces. The piezoelectric effect
is modelled by current controlled current sources, while the static capacitance of the
transducer is modelled by capacitor C0. If a propagation medium is to be added to the
circuit, it is modelled as a second transmission line connected to either of the mechanical
ports. A medium against which only a reflection is of interest, such as backing, can be
modelled by a single resistor instead of a transmission line.

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

Table 3.1: Amplifier design goals and measured results.

Parameter Target Measured

Bandwidth 10 MHz 10.5 MHz
Gain 20 dB 19.5 dB
Startup time 10 μs 3 μs
Supply current 5 mA 2.1 mA
Eq. input noise <17 μVRMS 45 μVRMS

Output load 5 pF, 10 MΩ n.a.
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3 Circuit design

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

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

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

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

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

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

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

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

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

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

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

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

• Off. System is turned off until next pulse generation.

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

The control of the functionality of the chip is handled by a finite state machine (FSM).
The FSM relates all switching activity to its input clock signal with a frequency fclk =
1/Tclk. The core of the FSM is a 20-bit counter. The output signals of the FSM controls
the complete operation cycle of the chip. A wide range of settings was desired to be able
to test the chip with a variety of load and operating conditions. The times controlled by
the FSM are indicated in Fig. 4, with the range of settings shown in Table 3.2.

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

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

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

3.2 Inductive boost converter

A simplified schematic of the inductive converter together with possible off-chip con-
nections are shown in figure 5. Pumping is performed with the high voltage transistor
M9. During the pumping sequence transistor M7 is on and transistor M8 is off. When
the pumping cycle is complete, charge n is pulled high so that M8 grounds the supply
side of the inductor. This is necessary as a current would otherwise be built up in the

Table 3.2: Times controlled by the FSM.

Parameter Range (×Tclk) No. of steps

Tpump 1 – 8 4
Tcharge 1 – 513 8
Thold 1 – 4097 4
Twait 1 – 513 8
Tamplify 9 – 1025 4
Toff 17 – 16385 4



82 Paper C

inductor during the discharge of the piezoelectric transducer connected to the output of
the pump. M7 and M8 are driven with unbalanced inverter chains to ensure that they
are never carrying a short circuit current during switching.

The pump is intended to be used together with an external SMD inductor. With
the target capacitance CK

0
in the range of 0.2 nF up to 10 nF a design target for the

inductor was set to 100 uH. This gives a resonance frequency of LpumpC
K
0

ranging from
0.16 MHz up to 1.1 MHz. The transfer of energy from the inductor to the capacitive
load is performed during a quarter of a period, i.e. within times ranging from 0.23 μs to
1.6 μs. This corresponds well to the available settings for Tpump discussed in the previous
section. The chosen inductor has a series resistance RL of 10 Ω. The self resonance
frequency is 10 MHz, corresponding to a parallel capacitance CLof 2.5 pF.

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

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

3.3 Discharge unit

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

CS
0
Udis = WIsat/μmtdis (6)

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

The discharge unit is divided into five equivalent blocks, one of which is shown in
Fig. 6. The division into blocks makes it possible to adjust the used discharge transistor
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size to the connected load. The main component in the block is the 12000/3 μm discharge
transistor M1. The used type is the NMOSTH, which is a high voltage thin oxide n-
channel transistor. At a gate voltage of 3.6 V the transistor achieves a peak current of
about 1 A. The gate capacitance presented by M1 is large, and care has been taken to
use appropriate transistor scaling to drive the gate. Care has also been taken during the
layout process to ensure that the maximum allowed current densities in all layers of the
chip are not exceeded during the discharge of the transducer.

A discharge is initiated by a high level on the pulse input, which propagates through
the AND gate A1 to the buffers and to the discharge transistor M1 which starts to dis-
charge the node out. The task of the discharge control is to turn the discharge transistor
M1 off immediately when the out node has been discharged, to avoid holding the trans-
ducer clamped to ground level. A key component to achieve this is the controllable level
shifter M2/M3 which transforms the high voltage on the out node to a level appropriate
for the low voltage CMOS logic. The gate node of the inverter M4/M5 will hold a value of
VDD−VGSM3 as long as the out node remains over approximately VDD−VGSM3+VDS,satM3.
To avoid discharge of the out node during charge and hold, the level shifter is turned on
only when a discharge is initiated.

When the out node has been discharged to a level approaching VDD − VGSM3, the
gate node of M4/M5 starts to drop as it is pulled down by M2 when M3 turns off. The
inverter M4/M5 switches and pulls the clock input of the D flip-flop high. This turns off
the discharge transistor through the AND gate A1, as well as the sense circuit through
AND gate A2. Before a new discharge cycle can be performed the D flip-flop has to be
reset through reset.

The control block as well as the buffer inverters for M1 has been designed with low
voltage transistors and logic, except for the transistor M3. This is subject to a high
voltage at the drain which is connected to the transducer, thus a high voltage transistor
has been used.

3.4 Amplifier

This section gives a block level description of the amplifier. Detailed circuit solutions can
be found in [33]. The amplifier is based on three blocks as shown in Fig. 7: an operational
transconductance amplifier (OTA), bias generation, and precharge generation.

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

As the amplifier is used intermittently and built around capacitive feedback, all op-
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erating points need to be set at each start up. This is achieved by the precharge block,
which is based on a comparator that is connected in the feedback loop during the start
up phase of the amplifier. The precharge block also contains two voltage bias points. Vb1

sets the reference of the comparator to approximately half the supply voltage, yielding
an output voltage of the amplifier at the same value after complete start up cycle. The
comparator feedback also compensates eventual input related offset in the OTA. Vb2 is
used to set the positive input of the OTA to a suitable bias point during the start up
phase. Bias current for the OTA and the startup block is provided by the bias genera-
tion block. This is also a standard design [35], which has been extended with a switch
transistor to enable power off. The reference current generated is 20 μA, which is scaled
in the target blocks.

The switching sequence for the amplifier is indicated by the diagram in Fig. 7. Main
phases are the following:

• t < 0 μs: Off. Used while the piezoelectric transducer is excited and the echo is
travelling in the media. Both amplifier inputs are grounded through switches Φ1.
At the same time the high voltage switch Φ2 is open. This protects the negative
OTA input from high voltage transients on the input, which all the time is connected
to the piezoelectric transducer. Switches Φ3 are open, disconnecting the startup
block

• 0 < t < 1 μs: Bias. The bias generation block is activated and switch Φ2 is closed
to connect the input capacitor CI to the negative input of the OTA, which remains
grounded.

• 1 < t < 5 μs: Startup. Switches Φ1 are opened and switches Φ3 are closed. The
OTA and the comparator are turned on to initiate the precharging of all nodes to
the desired bias point.

• 5 < t < Tamp μs: Active. Switches Φ3 are opened and the precharge phase discon-
tinued. The amplifier is operational.

• t > Tamp μs: Off. Switch Φ2 is opened and switches Φ3 are closed to ground the
inputs of the OTA. Bias generation, OTA and comparator are turned off.

All parts in the amplifier except switch Φ2 and the input and feedback capacitors have
been designed with low voltage transistors. The input capacitor and switch Φ2 have to be
able to withstand the high voltage generated on the transducer. The feedback capacitor
CF is not subject to high voltage and could be designed with standard components, but
it was elected to use the same type of capacitor as for CI to achieve reasonable matching.

4 Results and discussion

A chip photograph outlining the main blocks is shown in Fig. 8. The chip area is
3.3×3.6 mm2, with a major part occupied by the transducer discharge transistors. The
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following subsections describe the measurement setup and the various measurements
performed on the chip.

4.1 Measurement setup

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

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

• Amplifier performance. The performance of the amplifier was measured and set in
relation to design target.

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

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

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

The voltage at the transducer and the amplified received echo were measured with a
Tektronix TDS7254 oscilloscope, using a low load active probe (Cp < 2 pF, Rp = 1 MΩ)
for the measurement at the amplifier output. The power consumption of the pump cycle
and the amplifier were measured differentially with active probes over a 1.2 Ω resistor in
series with the power supply, while the mean power consumption was measured directly
with the Sourcemeter.

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

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

4.2 A complete cycle

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

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

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

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

D = εSE + eS. (7)

Here, εS = ε0K
S is the permittivity for the free transducer, and e is the piezoelectric

coupling constant. Further, as the piezoelectric material does not contain free charges,
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the displacement is directly linked to the surface charge density σs, i.e.

D = σs. (8)

As the discharge is initiated, charge is removed from the surface of the piezoelectric
transducer, thus lowering the electrical field. Simultaneously, both mechanical stress and
strain are developed in the transducer. When the electrical field reaches zero, this is
a combined effect of reduced D and mechanical influence. Thus, when the crystal is
electrically released, there may well be a remaining D field in the material, even though
E = 0. Thus, there is charge “trapped” on the surfaces of the transducer, and when the
mechanical ringing has settled this manifests itself as a reminiscent E field.

4.3 Amplifier performance

Measured performance of the amplifier are presented in Table 3.1 together with the design
targets. The amplifier meets the design targets except for the input equivalent noise, as
discussed in section 3.4.

4.4 Pump efficiency

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

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

4.5 System power consumption

The power consumption for the system excluding digital input pads was measured for
three repetition rates and three different piezoelectric transducers, as shown in Table 3.3.
The transducers all have a center frequency of 4 MHz.

Table 3.3: Power consumption of the system for various repetition rates and load conditions.

∅transducer (mm) 6.5 10 12

CS
0 (nF) 0.55 1.30 1.88

Uexc (V) 40.5 35.8 31.4

frep (Hz) 70 1385 3430 69 1335 3130 69 1335 3130

Pmeas (mW) 0.21 2.48 6.06 0.27 3.56 8.44 0.29 3.67 8.46

Pmin (mW) 0.063 1.25 3.10 0.12 2.23 5.23 0.13 2.47 5.80
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The power consumption of a clamped piezoelectric transducer that is excited at a
repetition frequency frep with single shot excitation pulses from a fixed voltage source
can be calculated as

Pmin = frepC
S
0
U2

exc, (9)

where Uexc is the excitation voltage. The use of the clamped capacitance value CS
0

shows that the calculation only takes into consideration the pure electrical capacitance
of the transducer [13]. As soon as the transducer is free to move, electrical energy will
be converted to mechanical and the effective capacitance value as well as the power
consumption will increase. The value of Pmin can thus be used as a benchmark for
the minimum achievable power consumption of an ultrasound system using single pulse
excitation. Calculated values of Pmin are included in the table for the different transducers
and excitation frequencies.

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

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

Measurements have been performed on the individual parts as well as on the complete
system. The efficiency of the boost pump reaches 80% when a discrete switch diode is
used. The total power consumption including excitation, amplification and operation of
the digital logic has been measured for various pulse repetition frequencies.
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The results show that it is possible to reach a power consumption within a factor
of two from the minimum power required to charge the transducer alone from a fixed
voltage source. This clearly shows that the presented design strategy can be applied
to reach extremely low power consumption in a battery operated pulse echo ultrasound
sensor. The power consumption at a repetition frequency of 70 Hz reaches 210 μW,
which enables an operating time of several years from one single Lithium battery.

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