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Absract

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 operation is controlled by a state machine and used to amplify incoming echoes. The chip has been
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abricated in a 0.8�m 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 2 of the power neede

he capacitance of the piezoelectric transducer from a fixed voltage source. The results show the possibility to achieve extremely
onsumption in a battery operated pulse–echo ultrasound measurement system.
2005 Elsevier B.V. All rights reserved.
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. Introduction

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

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

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

This paper describes the design of the complete transm
receive electronics for a piezoelectric transducer into one
gle application specific integrated circuit (ASIC). The chip
intended to be operated from a single lithium battery with a
ply voltage of 3.6 V. Such a low supply voltage limits the amo

924-4247/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Proposed sensor design with battery cast into the backing material. The
work presented in this paper concerns the electronics integrated in a single ASIC
as indicated in the figure.

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 con-
trol 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 am-
plifier helps to achieve this target. The use of system level sim
ulation 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 th
development environment used for chip simulation and layout.

Section2 in this paper presents an in depth discussion of the
system level considerations that have been taken to achieve th
set target. Strategies for pulse generation and system level pow
optimization as well as the requirements set on the amplifie
are discussed. Section3 presents the circuit solutions chosen
to achieve the required functionality. Measurement results an
discussion are presented in Section4, whereafter conclusions
are drawn.

2

one
o und
s n-
s he
r f the
g in
o ctric
t

oaxi
c to a
m tion
e

The building block presented in this paper is an ASIC con-
taining the complete transmit and receive electronics for a piezo-
electric transducer. The initial design requirements were:

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

• Battery operation. The chip shall be able to operate from
power supplies ranging between 3.6 and 5.2 V, enabling oper-
ation 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 opti-
mized for intermittent operation to minimize the power con-
sumption.

The following subsections describe strategies for pulse gen-
eration, system level power optimization and amplifier design.
A s are
p
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. System level considerations

The aim with the work presented in this paper is to form
f the building blocks for a portable, battery operated ultraso
ensor system as discussed in Section1 above. A proposed se
or design is shown inFig. 1. Here, the battery is cast into t
ear part of the backing which is used to tailor the shape o
enerated ultrasound pulse[12]. The electronics is integrated
ne single ASIC which is mounted directly on the piezoele

ransducer[13].
The output of the sensor system is here depicted as a c

onnector. This could be replaced with a direct connection
icroprocessor system with integrated wireless communica
.g. as discussed in[14].
-

e

e
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lso, the models used to perform system level simulation
resented.

.1. Pulse generation strategy

The target system for this design is a pulse–echo sy
here the transducer oscillates at its natural oscillating
uency. Traditional high energy excitation systems discha
apacitor over the piezoelectric disc to generate a spike typ
itation pulse[15]. Other solutions are to use a gated sinuso
aveform, a square wave pulse, or an arbitrary waveform
rated by a digital-to-analog converter[16,17]. For an on-chip

ntegration, both the losses in the system as well as the
lexity of the electronics must be taken into account. The u
square wave excitation combines fairly simple circuitry w

ery good pulse control and low internal loss[9,13]. Genera
ion of a gated sinusoidal or an arbitrary waveform increase
omplexity of the electronics. The drawback of these solu
s that they require a high voltage power supply from whic
enerate the desired waveforms, e.g a storage capacitor
utput of an on-chip dc/dc converter.

The design presented in this paper takes a different appr
ere, the piezoelectric transducer itself is used as storag
acitor. The transducer is slowly charged by the high vol
eneration block, whereafter it is rapidly discharged to cr
n ultrasound pulse. Key features of the approach are:

No external storage capacitor is required. This reduce
size as well as the power consumption for low pulse repe
rates, as no high voltage buffer needs to be maintain
between pulses.
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• 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 2 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 efficiency (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 components 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 capaci-
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free dielectric constantKT is often measured at 1 kHz where the
transducer is free to move. Theclamped dielectric constantKS

on the other hand is measured on a frequency above all reso-
nances 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 notationsCK
0 andCS

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

0 for Pz27
piezoceramic discs with diameters from 5 to 20 mm with fre-
quencies from 1 to 4 MHz range from 0.2 to 10 nF[25]. The
values ofCS

0 are approximately a factor of 2 lower. The resis-
tivity of the Pz27 material is about 5× 1010�m. Thus, the
unloaded free time constant for a circular transducer as those
considered here is about 800 s.

2.2. Power saving strategies
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ive pump has achieved 65%[23]. The large value of the targ
apacitance of the piezoelectric transducer (nF-range) fu
ampers the efficiency of an on-chip solution, as the achie
apacitance and inductance values are low.

This work aims at a 10-fold increase in voltage level. T
ill reduce the efficiency for the capacitive charge pump

n the case where discrete components are used, as the
er of stages has to be high. Further, several stages in a c
ump would require several external capacitors. The sol
ith an inductor based boost converter requires only one e
al component. The circuit complexity is also lower than tha
charge pump. Thus, the decision was taken to use an ind
oost converter with a single external inductor to generat
igh voltage required for excitation.

.1.1. Transducer capacitance
The capacitive behavior of the used piezoelectric transd

s an important design parameter both for the inductive ch
ump and the discharge block. The intention with this secti

o give an introduction to this behavior and to give approxim
alues for the target transducers of this design.

A piezoelectric ceramic transducer can, as an approxim
utside of its resonance regions, electrically be viewed as a
llel plate capacitor with a capacitance:

0 = Aε0K

d
. (1)

Hereε0 is the permittivity in free air,K the dielectric constan
f the material,A the area of the transducer, andd is its thick-
ess[24]. The governing parameter here isK, which varies with

requency and mechanical state for a piezoelectric materia
r
e
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Low power consumption is vital to preserve battery lifet
n a portable system. This section describes system level p
aving strategies applied in this design.

A pulse–echo system works intermittently by its nature,
he pulse repetition ratefrep set by the application. Somewhe
n the time intervalTrep = 1/frepbetween two excitation pulse
n echo is assumed to arrive. The duration of the echo is
ally much shorter thanTrep. Thus, an efficient way to sa
ower in these types of systems is to power up the receive
ignal conditioning electronics only when an echo is awa
bviously, this places the added requirement that the app
ate arrival time of the echo must be known beforehand

eception window of:

amp = Trep

10
(2)

an be used, 90% of the power consumed by the amplifi
aved. As the power consumption of the digital control clo
nd logic required to achieve the functionality is low compa

o that of the amplifier (�W versus mW), large power savin
an be made.

Another aspect of power concerns the dynamic range on
em level, i.e. the attenuation that can be tolerated for the
ound pulse. This is decided by both the amount of energy
s transmitted and the possibility to amplify a received pu
cho. The system in this paper opens the possibility to inc

he received signal level from both ends; either by an increa
xcitation voltage or by an increase in amplification. The sy
nergy efficiency can be further enhanced if this possibili
sed correctly.

Assuming adiabatic charging, the electrical energy requ
o increase the ultrasound pulse energy by a factork2 by an
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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 con-
sumes a currentIamp from a supply voltageVsup will consume
the energy:

Wamp = IampVsupTamp (4)

during the on timeTamp. Thus, by settingWamp = �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�J, 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�s. Thus, in this specific case, the amplifier is more
energy efficient if it can achieve a voltage amplification higher
t
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Table 1
Amplifier design goals and measured results

Parameter Target Measured

Bandwidth (MHz) 10 10.5
Gain (dB) 20 19.5
Startup time (�s) 10 3
Supply current (mA) 5 2.1
Equivalent input noise (�VRMS) <17 45
Output load 5 pF, 10 M� n.a.

Thus, the noise target was set to achieve 12 bits of output dy-
namic range for±1.2 V output swing. The bandwidth is suffi-
cient to handle a signal from a 4 MHz transducer. The current
consumption target is set based on the discussion in Section2.2.
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 am-
plifier 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 sys-
tem it is thus advantageous if the behavior of these parts can be
included in the simulations. To achieve this system level simu-
lation, 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 trans-
ducer[28–31]. A schematic of the model is shown inFig. 2. The
voltages at the mechanical ports represent the acoustic pressure,
and the currents represent the particle velocity at the transducer
s
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han 10 times on this supply current.
One important factor must be taken into account when

idering whether to increase the excitation energy or the
lification: the signal-to-noise ratio (SNR) of the received
mplified echo signal. An increase in the transmitted puls
rgy will increase the SNR in the receiving end of the sys
n increase in amplification factor will only achieve this if it
ccompanied by a similar decrease in amplifier equivalent
oise level.

.3. Amplifier requirements

In many cases of the design of amplifiers for piezoele
ensors, the target is not only to amplify the received signa
lso to achieve an impedance matching to the connected
s the intention with the presented design is future integra
f all electronics onto one chip, the cable matching is irrelev

nstead the amplified signal shall be presented to an A/D
erter or other signal processing electronics. The amplifier
hen be designed for a dynamic range higher than the subse
ignal processing electronics if it is not to limit the performa
f the system. Apart from noise and bandwidth requirem

he amplifier should be optimized and designed for rapid
p as it will only be used intermittently as discussed in Sec
.2above.

Amplifier design for ultrasound systems is well covere
he literature[4,5,26]. The included amplifier is optimized

building block for use in the current system. A summar
he amplifier design goals are found inTable 1. Applications
nder development within the department concern density
ow measurement, which require a dynamic range of 10–12
t
e.

.
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urfaces.
The electrical port is equivalent to the connections to

lectrodes at the transducer surfaces. The piezoelectric ef
odelled by current controlled current sources, while the s

apacitance of the transducer is modelled by capacitorC0. If a
ropagation medium is to be added to the circuit, it is modelle
second transmission line connected to either of the mech
orts. A medium against which only a reflection is of inter
uch as backing, can be modelled by a single resistor inste
transmission line.
Analog and mixed signal design and simulation has

erformed within the Cadence IC4.46 framework, using
pectre and SpectreVerilog simulators. The digital co
lock was written in Verilog and synthesized with Syn
is, whereafter Silicon Ensamble was used for place
oute.

. Circuit design

The design has been performed in a 0.8�m, 50 V CMOS
echnology provided by austriamicrosystems (AMS)[32]. The
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Fig. 2. Schematic model of the ultrasound system including air backed piezoelectric transducer and sound path.

process features double metal and double poly as well as high
resistive poly options. A wide variety of various high voltage
transistors are available. 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 inFig. 3:

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

• Boost converter. Used to generate high voltage on the piezo-
electric transducer prior to excitation.

• Discharge unit. The excitation of an ultrasound pulse is gen-
erated 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 transducer as shown inFig. 4. The main phases
are:

• Charge. The transducer is charged to high voltage with the
boost converter. The charging is done with severalPump cy-
cles.

• Hold. The transducer is held at the high voltage level to let
eventual echoes generated 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 re-

ceived 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 de-
sign 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 manufacturing run.

3.1. Control block

The control of the functionality of the chip is handled by
a finite state machine (FSM). The FSM relates all switching

s and e ch
Fig. 3. Block schematic of the complete chip outlining the main block
 external connections. Control signal inputs can be bonded directly on thip.
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Fig. 4. Chip functionality illustrated by the behavior of the voltage on the transducer.

Table 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

activity to its input clock signal with a frequencyfclk = 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 inFig. 4, with the range of settings
shown inTable 2.

The settings of the parameters are made through parallel dig-
ital 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 o
nine slow inverters to generate the clock signal. The nomina
frequency for the oscillator isfclk = 1.19 MHz in the high fre-
quency 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 avail-
able 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 rela-
tively low.

3.2. Inductive boost converter

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

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

0 in the range of
0.2–10 nF a design target for the inductor was set to 100�H.
This gives a resonance frequency ofLpumpC

K
0 ranging from

0.16 MHz 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 to 1.6�s. This corresponds
w i-
o
1 ding
t

the
o stors
g , the

Exte
Fig. 5. Simplified schematic of the inductive boost converter.
r
l

.

ell to the available settings forTpump discussed in the prev
us section. The chosen inductor has a series resistanceRL of
0�. The self resonance frequency is 10 MHz, correspon

o a parallel capacitanceCLof 2.5 pF.
A large part of the energy loss in the pump is due to

n-resistances in transistors M7 and M9. Wider transi
ive lower on-resistance and lower loss. At the same time

rnal connections to inductor and transducer are indicated in the figure.
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consumed chip area and capacitive loss during switching in-
creases. Both transistors are here scaled to have an on-resistance
in the order of 2�, to keep the total transistor on-resistance be-
low the value of the series resistance in the inductor.

One diode is needed to achieve the desired functionality. Al-
though not available as standard components in the libraries,
two on-chip diodes were implemented in an effort to mini-
mize the number of external components. One uses the para-
sitic diode formed between drain and substrate in a high volt-
age 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 trans-
ducer driven by a pulse source showed that a fall timetdis of
1/10 of the crystal resonance frequency period timeTosc gives
maximum pulse amplitude from the crystal while avoiding to
use faster transitions than necessary. The relation:

C

c ired
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t d
c t th
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The discharge unit is divided into five equivalent blocks, one
of which is shown inFig. 6. The division into blocks makes it
possible to adjust the used discharge transistor size to the con-
nected load. The main component in the block is the 12000/3�m
discharge transistor M1. The used type is the NMOSTH, which
is a high voltage thin oxide n-channel transistor. At a gate volt-
age 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 lay-
ers of the chip are not exceeded during the discharge of the
transducer.

A discharge is initiated by a high level on thepulse input,
which propagates through the AND gate A1 to the buffers and
to the discharge transistor M1 which starts to discharge the
nodeout. The task of the discharge control is to turn the dis-
charge transistor M1 off immediately when theout node has
been discharged, to avoid holding the transducer clamped to
ground level. A key component to achieve this is the control-
lable 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 theout node remains over approxi-
matelyVDD − VGSM3 + VDS,satM3. To avoid discharge of theout
node during charge and hold, the level shifter is turned on only
w

ching
V t is
p 5
s his
t , as
w new
d reset
t

has
b cept
f the

mati
S
0Udis = WIsat/�mtdis (6)

an be used get a first estimate of resulting fall time or requ
ransistor width for a given crystal. Here,Udis is the discharg
oltage,Isat/�m the saturation current per�m of the discharg
ransistor andW is its width in �m. The use of the clampe
apacitance of the transducer is motivated by the fact tha
requency content of the discharge pulse has a high conte
armonics above the resonance frequency of the crysta

er the discharge, the discharge transistor has to be turn
mmediately to let the crystal oscillate freely at its resona
requency.

Fig. 6. Simplified sche
e
f
-
ff

hen a discharge is initiated.
When the out node has been discharged to a level approa

DD − VGSM3, the gate node of M4/M5 starts to drop as i
ulled down by M2 when M3 turns off. The inverter M4/M
witches and pulls the clock input of the D flip-flop high. T
urns off the discharge transistor through the AND gate A1
ell as the sense circuit through AND gate A2. Before a
ischarge cycle can be performed the D flip-flop has to be

hroughreset.
The control block as well as the buffer inverters for M1

een designed with low voltage transistors and logic, ex
or the transistor M3. This is subject to a high voltage at

c of one discharge block.
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Fig. 7. Block schematic of the amplifier. Switch timing is indicated in the diagram.

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 inFig. 7: an operational transcon-
ductance amplifier (OTA), bias generation, and precharge gen-
eration.

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 ca-
pacitive feedback, all operating 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
s tain
t ra-
t tput
v star
u entu
i n-
p ase
B the
b
h r of

The reference current generated is 20�A, which is scaled in the
target blocks.

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

• t < 0�s: Off. Used while the piezoelectric transducer is ex-
cited and the echo is travelling in the media. Both amplifier
inputs are grounded through switches�1. At the same time
the high voltage switch�2 is open. This protects the neg-
ative OTA input from high voltage transients on the input,
which all the time is connected to the piezoelectric transducer.
Switches�3 are open, disconnecting the startup block.

• 0 < t < 1�s: Bias. The bias generation block is activated and
switch�2 is closed to connect the input capacitorCI to the
negative input of the OTA, which remains grounded.

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

• 5 < t < Tamp�s: Active. Switches�3 are opened and the
precharge phase discontinued. The amplifier is operational.

• t > Tamp�s: Off. Switch�2 is opened and switches�3 are
closed to ground the inputs of the OTA. Bias generation, OTA
and comparator are turned off.

All parts in the amplifier except switch�2 and the input and
feedback capacitors have been designed with low voltage tran-
s o
w feed-
b be
d se the
s g.

4

in
F rt
tart up phase of the amplifier. The precharge block also con
wo voltage bias points.Vb1 sets the reference of the compa
or to approximately half the supply voltage, yielding an ou
oltage of the amplifier at the same value after complete
p cycle. The comparator feedback also compensates ev

nput related offset in the OTA.Vb2 is used to set the positive i
ut of the OTA to a suitable bias point during the start up ph
ias current for the OTA and the startup block is provided by
ias generation block. This is also a standard design[35], which
as been extended with a switch transistor to enable powe
s

t
al

.

f.

istors. The input capacitor and switch�2 have to be able t
ithstand the high voltage generated on the transducer. The
ack capacitorCF is not subject to high voltage and could
esigned with standard components, but it was elected to u
ame type of capacitor as forCI to achieve reasonable matchin

. Results and discussion

A chip photograph outlining the main blocks is shown
ig. 8. The chip area is 3.3 mm× 3.6 mm, with a major pa
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Fig. 8. Photograph of the manufactured chip. The main blocks are outlined in
the figure.

occupied by the transducer discharge transistors. The follow-
ing subsections describe the measurement setup and the vario
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 pumping, 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 mea-
sured. A capacitor was used as a load for these measuremen
to get a value of the pump efficiency without the electrome-
chanical 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
capacitor and piezoelectric transducers as the target for the sy
tem. The capacitor was used as it allows a more precise judge
m citiv
l ele
t usin
2 ucer
t d in
w tran

ducer together 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 M�) for the mea-
surement at the amplifier output. The power consumption of the
pump cycle and the amplifier were measured differentially with
active probes over a 1.2� resistor in series with the power sup-
ply, 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 mea-
surement 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 noticeably higher (∼6%) for 10 mea-
surements at 70 Hz repetition rate. The power consumption 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 calibrated, a gain error of 2% and the
uncertainty due to limited resolution (8 bits) remain in the oscil-
loscope. The measured voltage amplitudes are low level (mV),
and overlaid on a non stable dc base. The unstable environment
yields a standard deviation which has been estimated to less than
4% for 10 measurements.

Measurements were performed using capacitors of 1.0 and
4 ters
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t
o n set
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u ew of
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t plete
i s, and
e
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a nding
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t reso-
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ent of the system power consumption related to the capa
oad than the piezoelectric transducer does. When a piezo
ric transducer was used this was connected to the board
0 cm long micro coaxial cabling. This allowed the transd

o be mounted on a plexiglas (PMMA) backing and immerse
ater to achieve a pulse–echo system. The front side of the
us

ts

a
s-
-

e
c-
g
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.6 nF, and with 4 MHz piezoelectric transducers with diame

.5, 10 and 12 mm. Although, several parameters are po
o vary in the system, most of them have been kept consta
hese measurements. The amplifier on timeTamp which is one
f the decisive factors for the power consumption has bee

o 120�s throughout the measurements. The loads and s
sed for the measurements presented below are but a f

he many possible in the system. It should thus be exp
o see efficiencies and power consumption for various pa
he system vary when different settings are used. The com
nterdependence between settings of the FSM, load value
fficiency is subject for further investigation.

.2. A complete cycle

A complete transmit and receive cycle is shown inFig. 9,
here the voltage at the transducer and the amplifier outp
lotted to the same scale. The amplifier is active to amplify
econd incoming echo in a pulse–echo system. Expanded
f the excitation and the amplified echo are shown inFigs. 10
nd 11, respectively. Even though the transducer was cov
ith protective lacquer, leakage was observed for high volt
hen it was immersed in water. This will not be present
complete sensor where the transducer is cast in surrou
aterial.
In Fig. 10it is seen that the transducer is properly release

he voltage approaches zero, whereafter it oscillates at its
ance frequency of about 4 MHz. It is also seen that the t
ucer produces oscillations at a frequency more than 1 de

ower than 4 MHz. These are caused by radial and flexural m
n the transducer that are excited simultaneously as the w
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Fig. 9. Measured transducer and amplifier output voltages for a complete trans-
mit and receive cycle.

longitudinal mode[12]. With the transducer integrated in a com-
plete sensor with correct backing and matching layers these
modes would be reduced. Another source for non-wanted os-
cillations 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 equiva-
lent 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 mechani-
cal 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 displacementD in the material is coupled to
both the applied electrical fieldE and to the strainS through the

n.

Fig. 11. Close up of the measured received echo signal after amplification.

relation:

D = εSE + eS. (7)

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

ande is the piezoelectric coupling constant. Further, as the piezo-
electric material does not contain free charges, the displacement
is directly linked to the surface charge densityσs, i.e.:

D = σs. (8)

As the discharge is initiated, charge is removed from the sur-
face of the piezoelectric transducer, thus lowering the electrical
field. Simultaneously, both mechanical stress and strain are de-
veloped in the transducer. When the electrical field reaches zero,
this is a combined effect of reducedD and mechanical influence.
Thus, when the crystal is electrically released, there may well be
a remainingD field in the material, even thoughE = 0. Thus,
there is charge “trapped” on the surfaces of the transducer, and
when the mechanical ringing has settled this manifests itself as
a reminiscentE field.

4.3. Amplifier performance

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

4

sap-
p to the
u ard
d trate
o the
l ments
a this
p
Fig. 10. Close up of the measured transducer voltage during excitatio
ussed in Section3.4.

.4. Pump efficiency

Initial measurements of the pump efficiency gave very di
ointing results in the order of 10%. The cause was traced
se of the on-chip parasitic diodes. When conducting in forw
irection, these form parasitic bipolar transistors to the subs
f the circuit, which shunt the charge current away from

oad capacitance. Thus, for the remainder of the measure
n external 1N4148 switch diode was used to overcome
roblem.
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Table 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

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 in-
put pads was measured for three repetition rates and three dif-
ferent piezoelectric transducers, as shown inTable 3. The trans-
ducers all have a center frequency of 4 MHz.

The power consumption of a clamped piezoelectric trans-
ducer that is excited at a repetition frequencyfrep with single
shot excitation pulses from a fixed voltage source can be calcu-
lated as

Pmin = frepC
S
0U2

exc, (9)

whereUexc is the excitation voltage. The use of the clamped
capacitance valueCS

0 shows that the calculation only takes into
consideration the pure electrical capacitance of the transduce
[13]. As soon as the transducer is free to move, electrical en
ergy will be converted to mechanical and the effective capaci-
tance value as well as the power consumption will increase. Th
value ofPmin can thus be used as a benchmark for the mini-
mum achievable power consumption of an ultrasound system
using single pulse excitation. Calculated values ofPmin are in-
cluded in the table for the different transducers and excitation
f

m
w ion,
a
a rs in
a epe
t ption
o d to
P ro-
c rthe
r ptio
f

5

au
t elec
t e on
c mic
r ted u
t an b
a loss
s e th

power consumption. Intermittent operation of the included am-
plifier further decreases the power consumption.

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

The results show that it is possible to reach a power consump-
tion within a factor of 2 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 rep-
etition frequency of 70 Hz reaches 210�W, 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 com-
munication. 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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