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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 AS
The chip will be one building block in a thumb size battery operated ultrasound measurement system. The main design target has been to act
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 |
40V for excitation of the transducer. The transducer itself is used as a storage capacitor, whereafter it is rapidly discharged to generatachn ultras
pulse. An on-chip amplifier with intermittent operation is controlled by a state machine and used to amplify incoming echoes. The chip has be
fabricated in a 0.8.m high voltage CMOS process, with a total chip area of 12mm

Measurements verify the design approach. The power consumption for the system reaches within a factor of 2 of the power needed to ch
the capacitance of the piezoelectric transducer from a fixed voltage source. The results show the possibility to achieve extremely low po
consumption in a battery operated pulse—echo ultrasound measurement system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sensor networking and ambient intelligence would be feasible
[2,3].

Ultrasound measurement equipment are used in a vast ar- One important step to reach this target is to miniaturize
ray of areas, e.g. medical imaging and non-destructive evaluahkiver and receiver electronics for the system. Several papers
tion (NDE)[1]. Many of these systems are pulse—echo systemdyave recently been published in this field. On the receiver side,
where a piezoelectric or micro-machined transducer is used tihey concern the integration of amplifiers, A/D converters and
generate the ultrasound pulse, as well as to receive the reflectsijnal conditioningl4—7]. On-chip drivers for single element
echo. Traditionally the transducer or transducer elements aggezoelectric transducers and transducer arrays have been pub-
builtin a probe head or scanner, which is connected via coaxidished[8,9]. For capacitive micro-machined ultrasonic transduc-
cabling to the electronics unit used for pulse excitation and reers (CMUTS), complete front erjdl0] as well as the integration
ception. If all the electronics needed for pulse generation and resf a high voltage dc/dc converter has been repditédl
ception could be integrated in the scanner or probe head, and the For a portable wireless probe head or scanner itis not only the
unit be equipped with wireless communication, all cabling couldsize of the electronics thatisimportant. Also the power consump-
be omitted. The flexibility, e.g. in a medical environment wouldtion is crucial, as the device will be battery operated. Further, the
be greatly enhanced. Further, if the probe head is equipped witimitation imposed the low supply voltage of the battery must
a CPU core and wireless communication, applications withirbe overcome for pulse generation.

This paper describes the design of the complete transmit and
receive electronics for a piezoelectric transducer into one sin-
gle application specific integrated circuit (ASIC). The chip is
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The building block presented in this paper is an ASIC con-

Connector —___ o i ) . ’
taining the complete transmit and receive electronics for a piezo-
Battery electric transducer. The initial design requirements were:
Backing
Pump \ e Autonomous operation. The chip must be capable to operate
inductor fully autonomously, without external clocks or bias genera-
ASIC tors.
Piezoelectric | T , e Battery operc_ztion. The chip shall be able to operat_e from
transducer power supplies ranging between 3.6 and 5.2 V, enabling oper-
Matching 4 ation from one single lithium battery. The power consumption
layer 4 must be minimized to provide long battery life time.

Work presented in this paper e HYV pulse generation. The use of only one battery voltage to
generate the excitation pulse for the transducer will limit the
Fig. 1. Proposed sensor design with battery cast into the backing material. The amount of output ultrasound energy. This will highly impair
Wo_rk p_resentgd inthis paper concerns the electronics integrated in a single ASIC the dynamic range of the measurement system. Thus, a high
as indicated in the figure. . . . . .
voltage generation circuit shall be incorporated on the chip.

® FExternal components. The number of external components to
of ultrasound energy that can be generated. To overcome this, generate the high voltage shall be kept to a minimum. This

the piezoelecFric transducer is charged with an on-chip boost provides easier assembly and lower cost for production.
converter, which uses one external inductor to generate up @ 4,,,i5¢r. The chip shall host an amplifier for the received
40V on the crystal. The design has three main building blocks: pulses in a pulse—echo system. The amplifier shall be opti-

a charge/discharge unit, an amplifier and a state machine to con- i-ed for intermittent operation to minimize the power con-
trol the functionality. The function of the chip is completely sumption.

autonomous and does not require any external control signals or

clocks. . , The following subsections describe strategies for pulse gen-
The main design target has been to achieve extremely 10 a1ion, system level power optimization and amplifier design.

power operation while the number of external components i\ sq the models used to perform system level simulations are
kept minimal. Adiabatic charging achieved by an 'ndUCt'Vepresented.

pump together with intermittent operation of the on-chip am-
plifier helps to achieve this target. The use of system level simy ; p,;c. generation strategy
ulation including both ultrasonic devices and electronics is an

important tool in this design process. To achieve this, SPICE The target system for this design is a pulse—echo system

models for the piezoelectric device has been used directly inthgere the transducer oscillates at its natural oscillating fre-
development environment used for chip simulation and layoutyency. Traditional high energy excitation systems discharge a
Section2 in this paper presents an in depth discussion of the.anacitor over the piezoelectric disc to generate a spike type ex-

system level considerations that have been taken to achieve tRg4tion pulsg15]. Other solutions are to use a gated sinusoidal

settarget. Strategies for pulse generation and system level POWEEVeform, a square wave pulse, or an arbitrary waveform gen-

optimization as well as the requirements set on the amplifieg,ateq by a digital-to-analog conver{é6,17} For an on-chip
are discussed. Sectidpresents the circuit solutions chosen integration, both the losses in the system as well as the com-

to achieve the required functionality. Measurement results anfjexity of the electronics must be taken into account. The use of
discussion are presented in Sectigrwhereafter conclusions 5 gqiare wave excitation combines fairly simple circuitry with

are drawn. very good pulse control and low internal 10i13]. Genera-
tion of a gated sinusoidal or an arbitrary waveform increases the

2. System level considerations complexity of the electronics. The drawback of these solutions
is that they require a high voltage power supply from which to

The aim with the work presented in this paper is to form onegenerate the desired waveforms, e.g a storage capacitor at the
of the building blocks for a portable, battery operated ultrasoun@utput of an on-chip dc/dc converter.
sensor system as discussed in Sectiabove. A proposed sen-  The design presented in this paper takes a different approach.
sor design is shown ifig. 1 Here, the battery is cast into the Here, the piezoelectric transducer itself is used as storage ca-
rear part of the backing which is used to tailor the shape of thgacitor. The transducer is slowly charged by the high voltage
generated ultrasound pull?]. The electronics is integrated in  generation block, whereafter it is rapidly discharged to create
one single ASIC which is mounted directly on the piezoelectrican ultrasound pulse. Key features of the approach are:
transducef13].

The output of the sensor system is here depicted as a coaxial No external storage capacitor is required. This reduces the
connector. This could be replaced with a direct connectionto a sjze as well as the power consumption for low pulse repetition
microprocessor system with integrated wireless communication, rates, as no high voltage buffer needs to be maintained in
e.g. as discussed [h4]. between pulses.



J. Johansson et al. / Sensors and Actuators A 125 (2006) 317-328 319

e lItrequiresonly one transistor sized to handle the peak currenige dielectric constank " is often measured at 1 kHz where the
for discharging. Thisis significant, as these transistors occupitansducer is free to move. Th&imped dielectric constank S
a fair amount of chip area. on the other hand is measured on a frequency above all reso-
¢ The single edge excitation trades pulse control for simplicitynances and their harmonics (several MHz), where inertia blocks
It requires no control of any pulse widths. This significantly the movement of the transducer. In a sensor application, the
reduces the complexity of the electronics, as the pulse widtAmount of clamping depends on the materials used in the design
of a square wave excitation needs to be controlled down t@s well as the frequencies considered. For the experiments and
ns-level. simulations performed in this paper, the transducer is mounted
¢ Adiabatic charging of the transducer can be achieved. Thign a backing of plexiglas (PMMA) with water on the opposite
can reduce the energy consumption for the excitation withside.
almost a factor of 2 compared to charging and discharging Thus, for the low frequencies encountered, e.g. during the
from a fixed voltage sourci8]. It should however here be charging from a charge pump or boost converter, the disc can be
noted that excitation with a single edge does not generatgegarded as free.
as much output energy as does the excitation with a square |n the remainder of this paper, the notatiaf{§ andCS are
wave. used for the capacitance of the piezoelectric disc in free and
clamped states, respectively. Approximate valuegofor Pz27
Two main paths are available to generate the high voltaggyiezoceramic discs with diameters from 5 to 20 mm with fre-
either a capacitive charge punii9,20] or an inductive boost quencies from 1 to 4 MHz range from 0.2 to 10[#5]. The
converter[21,22] The requirements for high efficiency (low values ofcg are approximately a factor of 2 lower. The resis-
power) on one hand and no external components on the other aiigity of the Pz27 material is about & 10°Qm. Thus, the
highly contradictive. Best case efficiencies of up to 85-90% camnloaded free time constant for a circular transducer as those
be achieved with external components for low voltage increaseonsidered here is about 800 s.
ratios. The efficiencies for solutions with on-chip inductors and
pump capacitors are highly dependentonthe load conditions and2. Power saving strategies
voltage increase ratio. For a converter with an on-chip inductor
an efficiency of 28% has been repor{@d], while the capaci- Low power consumption is vital to preserve battery lifetime
tive pump has achieved 65f23]. The large value of the target in a portable system. This section describes system level power
capacitance of the piezoelectric transducer (nF-range) furtheyaving strategies applied in this design.
hampers the efficiency of an on-chip solution, as the achievable A pulse—echo system works intermittently by its nature, with
capacitance and inductance values are low. the pulse repetition ratgep set by the application. Somewhere
This work aims at a 10-fold increase in voltage level. Thisjn the time intervallyep = 1/ frep between two excitation pulses,
will reduce the efficiency for the capacitive charge pump alsaan echo is assumed to arrive. The duration of the echo is nor-
in the case where discrete components are used, as the NURally much shorter thafiep. Thus, an efficient way to save
ber of stages has to be high. Further, several stages in a chargéwer in these types of systems is to power up the receiver and
pump would require several external capacitors. The solutiogignal conditioning electronics only when an echo is awaited.
with an inductor based boost converter requires only one exteBbviously, this places the added requirement that the approxi-
nal component. The circuit complexity is also lower than that formate arrival time of the echo must be known beforehand. If a
a charge pump. Thus, the decision was taken to use an inductiy@ception window of:
boost converter with a single external inductor to generate the T
high voltage required for excitation. Tamp= %’ (@)

2.1.1. Transducer capacitance can be used, 90% of the power consumed by the amplifier is

The capacitive behavior of the used piezoelectric transduc&@ved. As the power consumption of the digital control clocks
is an important design parameter both for the inductive charg@nd logic required to achieve the functionality is low compared
pump and the discharge block. The intention with this section i$0 that of the amplifier (W versus mW), large power savings
to give an introduction to this behavior and to give approximatecan be made.
values for the target transducers of this design. Another aspect of power concerns the dynamic range on sys-

A piezoelectric ceramic transducer can, as an approximatiowm level, i.e. the attenuation that can be tolerated for the ultra-
outside of its resonance regions, electrically be viewed as a pagound pulse. This is decided by both the amount of energy that

allel plate capacitor with a capacitance: is transmitted and the possibility to amplify a received pulse—
echo. The system in this paper opens the possibility to increase
Co = AEOK, (1) thereceived signal level from both ends; either by an increase in
d excitation voltage or by an increase in amplification. The system

Heregg is the permittivity in free airk the dielectric constant energy efficiency can be further enhanced if this possibility is
of the materialA the area of the transducer, a#ds its thick-  used correctly.
nesq24]. The governing parameter hereiswhich varies with Assuming adiabatic charging, the electrical energy required
frequency and mechanical state for a piezoelectric material. Th® increase the ultrasound pulse energy by a fakfoby an
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increase in the excitation voltage is: Table 1
Amplifier design goals and measured results
AWeye = }Cg U?(k? — 1). (3) Parameter Target Measured
2 Bandwidth (MHz) 10 16
Here,U s the initial excitation voltage. An amplifier that con-  Gain (dB) 20 1%
sumes a currentymp from a supply voltagé/syp will consume ~ Startup time ¢s) 10 3
the energy: Supply current (mA) 5 a
’ Equivalent input noise/(Vrus) <17 45
Output load 5pF, 10 @ n.a.
Wamp = IamstupTamp (4) i P
during the on timelamp Thus, by settingVamp = A Wexc we
can get Thus, the noise target was set to achieve 12 bits of output dy-

CKU2(k? — 1) namic range foet1.2 V output swing. The bandwidth is suffi-
027. (5) cient to handle a signal from a 4 MHz transducer. The current
Vsuplamp consumption target is set based on the discussion in Sexfion

This gives an indication of the supply current that can be usefn-chip bias generation was included in the design to achieve
for the amplifier in a given system as compared to an increas@utonomous operation of the complete system. The closed loop
in the excitation voltage. gain was set to 20dB, which was deemed a reasonable target

As an example consider a 10 mm diameter Pz27 disc with ased on the desired bandwidth and previously published am-
center frequency of 4 MHz. This has a free capacitance of abodilifier performance in a similar procefa7].

2.6 nF. Thus, the energy cost to increase the transmitted pulse

energy a factor of 100k(= 10) is AWexc = 1.7, assuming 2. 4. Simulation and design environment

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  An ultrasound sensor system incorporates mechanical as well
atime of 10Qus. Thus, in this specific case, the amplifier is moreas electrical components. The behavior of the transducer and the
energy efficient if it can achieve a voltage amplification higherultrasound propagation is one factor that sets the requirements
than 10 times on this supply current. on the electronics and decides the overall system performance,

One important factor must be taken into account when cone.g. power consumption. In the design of electronics for the sys-
sidering whether to increase the excitation energy or the amem it is thus advantageous if the behavior of these parts can be
plification: the signal-to-noise ratio (SNR) of the received andincluded in the simulations. To achieve this system level simu-
amplified echo signal. An increase in the transmitted pulse enation, SPICE models of the ultrasound system have been used
ergy will increase the SNR in the receiving end of the systemwithin the design tool for integrated circuits. The model uses
An increase in amplification factor will only achieve this if itis an electrical equivalent circuit to model the piezoelectric trans-
accompanied by a similar decrease in amplifier equivalent inpiucer{28-31]} A schematic of the model is shownfiig. 2 The

Tamp=

noise level. voltages at the mechanical ports represent the acoustic pressure,
and the currents represent the particle velocity at the transducer
2.3. Amplifier requirements surfaces.

The electrical port is equivalent to the connections to the

In many cases of the design of amplifiers for piezoelectricelectrodes at the transducer surfaces. The piezoelectric effect is
sensors, the target is not only to amplify the received signal bunodelled by current controlled current sources, while the static
also to achieve an impedance matching to the connected cabkapacitance of the transducer is modelled by capacigoif a
As the intention with the presented design is future integratiofPropagation mediumisto be added to the circuit, itis modelled as
of all electronics onto one chip, the cable matching is irrelevanta second transmission line connected to either of the mechanical
Instead the amplified signal shall be presented to an A/D corports. A medium against which only a reflection is of interest,
verter or other signal processing electronics. The amplifier mustuch as backing, can be modelled by a single resistor instead of
then be designed for a dynamic range higher than the subsequéntransmission line.
signal processing electronics if it is not to limit the performance  Analog and mixed signal design and simulation has been
of the system. Apart from noise and bandwidth requirementsperformed within the Cadence 1C4.46 framework, using the
the amplifier should be optimized and designed for rapid starbpectre and SpectreVerilog simulators. The digital control
up as it will only be used intermittently as discussed in Sectiorblock was written in Verilog and synthesized with Synop-
2.2above. sis, whereafter Silicon Ensamble was used for place and

Amplifier design for ultrasound systems is well covered inroute.
the literature[4,5,26] The included amplifier is optimized as
a building block for use in the current system. A summary of3. Circuit design
the amplifier design goals are found Table 1 Applications
under development within the department concern density and The design has been performed in a @8, 50V CMOS
flow measurement, which require a dynamic range of 10-12 bit¢echnology provided by austriamicrosystems (AM®)]. 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 Charge. The transducer is charged to high voltage with the

resistive poly options. A wide variety of various high voltage

boost converter. The charging is done with sevBrahp cy-

transistors are available. To avoid the necessity to generate gatecles.
voltages that are higher than the battery voltage, the use of thim Hold. The transducer is held at the high voltage level to let

gate oxide high voltage NMOS transistors has been preferred
in the design. This limits the maximum drain—source voltage to
30V (40 Vfor short time operation), but also provides transistors
with shorter minimum gate length than for the mid- and thicke
oxide variants. .
The design is based on four main blocks as showfign 3:
[ ]
e Control Block. Controls the full functionality of the chip. Pa-
rameters are set via digital input pads.
e Boost converter. Used to generate high voltage on the piezo-
electric transducer prior to excitation.
e Discharge unit. The excitation of an ultrasound pulse is gen-
erated by a rapid discharge of the transducer.
e Amplifier. Used to amplify the received echo in a pulse—echg
system.

3.

The operation of the chip is exemplified by the behavior of the
voltage on the transducer as showrFig. 4. The main phases

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.

are: a finite state machine (FSM). The FSM relates all switching

1. Control block
The control of the functionality of the chip is handled by
Inductor
Boost
converter

Discharge
unit

(x 28) s Control
° block
Ring
Osc.

Amplifier . .
Piezoelectric

transducer

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

Table 2 The FSM was synthesized using standard cell libraries avail-
Times controlled by the FSM able in the used process. To save power a dedicated low power
Parameter Range«(Tci) No. of steps  library with weaker drive capacity in the gates was used. This
Tpump 1-8 4 presents no problem as the clock frequency of the FSM is rela-
Teharge 1-513 8 tively low.

Thold 1-4097 4

Tait 1-513 8 .

Tarmpity 9-1025 4 3.2. Inductive boost converter

Toft 17-16385 4

A simplified schematic of the inductive converter together
with possible off-chip connections are showrig. 5. Pumping
activity to its input clock signal with a frequengyk = 1/ Teik. is performed with the high voltage transistor M9. During the
The core of the FSM is a 20-bit counter. The output sighals opumping sequence transistor M7 is on and transistor M8 is off.
the FSM controls the complete operation cycle of the chip. AWhen the pumping cycle is completéarge_n is pulled high so
wide range of settings was desired to be able to test the chip witthat M8 grounds the supply side of the inductor. This is necessary
a variety of load and operating conditions. The times controlleds a current would otherwise be built up in the inductor during
by the FSM are indicated iRig. 4, with the range of settings the discharge of the piezoelectric transducer connected to the
shown inTable 2 output of the pump. M7 and M8 are driven with unbalanced

The settings of the parameters are made through parallel digaverter chains to ensure that they are never carrying a short
ital input pads. The layout of the chip is performed to allow thecircuit current during switching.
settings to be made with on-chip bond wires to power supply or The pump is intended to be used together with an external
ground provided as bond pads. Pads with internal pull up an&MD inductor. With the target capacitané% in the range of
pull down have been used to achieve a default state of operatidh2—10 nF a design target for the inductor was set to90
for the FSM without the need for bonding, to facilitate ease ofThis gives a resonance frequency lqgumpCOK ranging from
testing. The chip can also be set in manual mode whereafter ttfe16 MHz to 1.1 MHz. The transfer of energy from the inductor
control signals are set externally. The parallel digital input padso the capacitive load is performed during a quarter of a period,
will be omitted for future generations of the chip, and replaced.e. within times ranging from 0.23 to 1i6. This corresponds
with a serial programming interface. well to the available settings fdf,ump discussed in the previ-

The input clock signal to the FSM is delivered by the on-ous section. The chosen inductor has a series resisfnoé
chip ring oscillator, which uses a selectable number of three 0t02. The self resonance frequency is 10 MHz, corresponding
nine slow inverters to generate the clock signal. The nominato a parallel capacitanag_of 2.5 pF.
frequency for the oscillator igzx = 1.19 MHz in the high fre- A large part of the energy loss in the pump is due to the
quency setting. The clock signal can also be provided from aon-resistances in transistors M7 and M9. Wider transistors
external generator through a digital input pad for test purposeglive lower on-resistance and lower loss. At the same time, the

On chip Off chip

i -

(x 6)

I
charge_ne———— D I: M8

(x6)

Inductor

D

M9 :
D

;
i
H Piezoelectric
: transducer

pump o

Fig. 5. Simplified schematic of the inductive boost converter. External connections to inductor and transducer are indicated in the figure.
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consumed chip area and capacitive loss during switching in- The discharge unit is divided into five equivalent blocks, one
creases. Both transistors are here scaled to have an on-resistan€eavhich is shown inFig. 6. The division into blocks makes it
in the order of X2, to keep the total transistor on-resistance bejossible to adjust the used discharge transistor size to the con-
low the value of the series resistance in the inductor. nected load. The main componentin the block is the 1200613
One diode is needed to achieve the desired functionality. Aldischarge transistor M1. The used type is the NMOSTH, which
though not available as standard components in the librariegs a high voltage thin oxide n-channel transistor. At a gate volt-
two on-chip diodes were implemented in an effort to mini-age of 3.6V, the transistor achieves a peak current of about
mize the number of external components. One uses the para-A. The gate capacitance presented by M1 is large, and care
sitic diode formed between drain and substrate in a high volthas been taken to use appropriate transistor scaling to drive
age NMOS transistor, while the other is custom made using the gate. Care has also been taken during the layout process
and p-doped areas (DNTUP, PTUB). Connections to the diode® ensure that the maximum allowed current densities in all lay-
are done off-chip to enable the use of an external diode iérs of the chip are not exceeded during the discharge of the

necessary. transducer.
A discharge is initiated by a high level on thelse input,
3.3. Discharge unit which propagates through the AND gate Al to the buffers and

to the discharge transistor M1 which starts to discharge the

The fall time of the discharging of the crystal is important to nodeouz. The task of the discharge control is to turn the dis-
get maximum amplitude from the ultrasound pulse. The choiceharge transistor M1 off immediately when ther node has
of a large discharge transistor can decrease the time and giveébaen discharged, to avoid holding the transducer clamped to
higher output amplitude. On the other hand, this consumes chiground level. A key component to achieve this is the control-
area and increases the load on the preceding transistor stagelasle level shifter M2/M3 which transforms the high voltage on
well as on the crystgB]. Simulations of a piezoelectric trans- the out node to a level appropriate for the low voltage CMOS
ducer driven by a pulse source showed that a fall tigeof  logic. The gate node of the inverter M4/M5 will hold a value
1/10 of the crystal resonance frequency period tifpg gives  of Vpp — Vesmz as long as theur node remains over approxi-
maximum pulse amplitude from the crystal while avoiding to matelyVpp — Vesmz + Vbs satmaz To avoid discharge of theur
use faster transitions than necessary. The relation: 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
can be used get a first estimate of resulting fall time or requiredpp — Vesma, the gate node of M4/M5 starts to drop as it is
transistor width for a given crystal. Her®yjs is the discharge pulled down by M2 when M3 turns off. The inverter M4/M5
voltage, Isay,m the saturation current pgem of the discharge switches and pulls the clock input of the D flip-flop high. This
transistor andW is its width in um. The use of the clamped turns off the discharge transistor through the AND gate Al, as
capacitance of the transducer is motivated by the fact that theell as the sense circuit through AND gate A2. Before a new
frequency content of the discharge pulse has a high content discharge cycle can be performed the D flip-flop has to be reset
harmonics above the resonance frequency of the crystal. Athroughreser.
ter the discharge, the discharge transistor has to be turned off The control block as well as the buffer inverters for M1 has
immediately to let the crystal oscillate freely at its resonancéeen designed with low voltage transistors and logic, except
frequency. for the transistor M3. This is subject to a high voltage at the

C(?Udis = Wilsaypmtdis (6)

..................................................................................

i Discharge control
1
\

: i
pulse l—i— EI M3 I‘IE\M -I_— D Q i
E C QN p— \

4 out
Voo -J MI
Ves 12000/3

Fig. 6. Simplified schematic 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 voltag€&he reference current generated iquZ) which is scaled in the

transistor has been used.
3.4. Amplifier
This section gives a block level description of the amplifier.e

Detailed circuit solutions can be found[83]. The amplifier is
based onthree blocks as showfig. 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 desigfB4] with transisitor/capacitor

target blocks.

The switching sequence for the amplifier is indicated by the

diagram inFig. 7. Main phases are the following:

t < Ops: Off. Used while the piezoelectric transducer is ex-
cited and the echo is travelling in the media. Both amplifier
inputs are grounded through switch®4&. At the same time
the high voltage switclb2 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.

pole-zero compensation between the stages. Switch transistors0 < ¢ < 1 ws: Bias. The bias generation block is activated and
are inserted in series with the current sources in the structure switch ®2 is closed to connect the input capacirto the

to allow the OTA to be turned on and off as desired. The OTA
will always be used in a fixed feedback configuration within thee
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 noisee
level.

As the amplifier is used intermittently and built around ca-

pacitive feedback, all operating points need to be set at each start

negative input of the OTA, which remains grounded.

1 < t < 5ps: Startup. Switchesd1 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 < Tampus: Active. Switches®3 are opened and the
precharge phase discontinued. The amplifier is operational.
t > Tampus: Off. Switch®2 is opened and switcheis3 are
closed to ground the inputs of the OTA. Bias generation, OTA
and comparator are turned off.

up. This is achieved by the precharge block, which is based oAll parts in the amplifier except switctb2 and the input and

a comparator that is connected in the feedback loop during thieedback capacitors have been designed with low voltage tran-
start up phase of the amplifier. The precharge block also contairsistors. The input capacitor and switdi?2 have to be able to

two voltage bias pointsip; sets the reference of the compara- withstand the high voltage generated on the transducer. The feed-
tor to approximately half the supply voltage, yielding an outputback capacitolCg is not subject to high voltage and could be
voltage of the amplifier at the same value after complete stadesigned with standard components, but it was elected to use the
up cycle. The comparator feedback also compensates eventisme type of capacitor as f6r to achieve reasonable matching.

input related offset in the OTA/2 is used to set the positive in-

put of the OTA to a suitable bias point during the start up phaset.

Bias current for the OTA and the startup block is provided by the
bias generation block. This is also a standard dg§igh which

Results and discussion

A chip photograph outlining the main blocks is shown in

has been extended with a switch transistor to enable power offig. 8 The chip area is 3.3 mm 3.6 mm, with a major part



J. Johansson et al. / Sensors and Actuators A 125 (2006) 317-328 325

ducer together with electrical connections was covered with one

Pump Discharge Amp. Ctrl. layer of PC-52 protective lacquer to allow immersion in water.
, e The voltage at the transducer and the amplified received echo
/ [l e were measured with a Tektronix TDS7254 oscilloscope, using
| [ : a low load active probedp < 2 pF, Ry = 1 M) for the mea-
| & = = B surement at the amplifier output. The power consumption of the

‘ i pump cycle and the amplifier were measured differentially with
i i active probes over a 1 resistor in series with the power sup-

o ) Cd00g e ‘ ply, while the mean power consumption was measured directly
i | - bt with the Sourcemeter.
) — ] m} The Keithley 2400 Sourcemeter measures currentand voltage

o al 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@%) for 10 mea-
z : =N 3 surements at 70 Hz repetition rate. The power consumption for
ﬂ & D : the pump and amplifier as measured over the reference resistor
include larger uncertainties. The resistor value has an accuracy
Aux. Amp. FSM ) of 1%. With offset errors calibrated, a gain error of 2% and the
uncertainty due to limited resolution (8 bits) remain in the oscil-
Fig. 8. Photograph of the manufactured chip. The main blocks are outlined irIIOSCOpe' T.he measured voltage amplitudes are low Iev?' (mV),
the figure. 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.
occupied by the transducer discharge transistors. The follow- Measurements were performed using capacitors of 1.0 and
ing subsections describe the measurement setup and the variolé nF, and with 4 MHz piezoelectric transducers with diameters

measurements performed on the chip. 6.5, 10 and 12 mm. Although, several parameters are possible
to vary in the system, most of them have been kept constant in
4.1. Measurement setup these measurements. The amplifier on tifggp which is one

of the decisive factors for the power consumption has been set

The following measurements were performed to verify theto 120us throughout the measurements. The loads and setting
functionality of the chip: used for the measurements presented below are but a few of
the many possible in the system. It should thus be expected

e Functional verification. Recording of a complete operation to see efficiencies and power consumption for various parts of
cycle including pumping, discharging and amplification.  the system vary when different settings are used. The complete

o Amplifier performance. The performance of the amplifier was interdependence between settings of the FSM, load values, and
measured and set in relation to design target. efficiency is subject for further investigation.

e Pump efficiency. The efficiency of the charge pump was mea-
sured. A capacitor was used as a load for these measurements. A complete cycle
to get a value of the pump efficiency without the electrome-
chanical coupling in a piezoelectric transducer. A complete transmit and receive cycle is showrFig. 9,

e System power consumption and efficiency. The total system where the voltage at the transducer and the amplifier output are
power consumption was measured for both capacitive anglotted to the same scale. The amplifier is active to amplify the
piezoelectric loads. second incoming echo in a pulse—echo system. Expanded views

of the excitation and the amplified echo are showirigs. 10
Measurements were performed with the chip bonded directhand 11 respectively. Even though the transducer was covered
to a test circuit board. Power was supplied by a Keithley 240Qvith protective lacquer, leakage was observed for high voltages
series Sourcemeter set at 3.6 V. Tests were made using bothwden it was immersed in water. This will not be present for
capacitor and piezoelectric transducers as the target for the syg-complete sensor where the transducer is cast in surrounding
tem. The capacitor was used as it allows a more precise judgesaterial.

ment of the system power consumption related to the capacitive In Fig. 10it is seen that the transducer is properly released as

load than the piezoelectric transducer does. When a piezoeletie voltage approaches zero, whereafter it oscillates at its reso-

tric transducer was used this was connected to the board usimgnce frequency of about 4 MHz. It is also seen that the trans-

20 cm long micro coaxial cabling. This allowed the transducerucer produces oscillations at a frequency more than 1 decade

to be mounted on a plexiglas (PMMA) backing and immersed irlower than 4 MHz. These are caused by radial and flexural modes

water to achieve a pulse—echo system. The front side of the tran the transducer that are excited simultaneously as the wanted
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Fig. 9. Measured transducer and amplifier output voltages for a complete trans-Fig. 11. Close up of the measured received echo signal after amplification.
mit and receive cycle.

longitudinal modg12]. With the transducer integrated in a com- relation:

plete sensor with correct backing and matching layers thes® = ¢5E + eS. (7)
modes would be reduced. Another source for non-wanted os- H S_ . KkSis th ittivity for the free transd
cillations in the received signal are the acoustic output produced ' c'¢:€~ = ot 7 1S the permitiivity Tor the Iree transducer,

during pumping. To reduce this, the wait time before excitationande is the piezoelectric coupling constant. Further, as the piezo-

need to be increased in an application electric material does not contain free charges, the displacement
Another phenomenon s the reminiscent voltage of about 14\# directly linked to the surface charge densityi.e..

at the transducer when the ringing has settled. This is equivap = ¢, (8)

lent to a remaining electrical energy of about 14% compared ) . )

to the initial energy at a voltage of 38V. A possible cause of As the discharge is initiated, charge is removed from the sur-

this behavior can be found in the coupling between mechanif@ce of the piezoelectric transducer, thus lowering the electrical

cal and electrical properties for the piezoelectric matdgi). field. Simultaneously, both mechanical stress and strain are de-

Although a complete solution would require the solution of thevelopedinthe transducer. When the electrical field reaches zero,

differential equations that describe the momentary behavior dfis is a combined effec_t of redu_cﬂhnd mechanical influence.

the system, a phenomenological explanation can be given. Thus, when the crystal is electrically released, there may well be
The electrical displacement in the material is coupled to & 'émainingD field in the material, even though = 0. Thus,

both the applied electrical field and to the straiss through the ~ t€re is charge “trapped” on the surfaces of the transducer, and
when the mechanical ringing has settled this manifests itself as

a reminiscenk field.

40 - . ' .
. e 4.3. Amplifier performance
e T S Measured performance of the amplifier are presented in
S ' Table 1ltogether with the design targets. The amplifier meets
3 25f the design targets except for the input equivalent noise, as dis-
3 : cussed in SectioB.4.
2 4.4. Pump efficiency
§ 157
= X
ol Initial measurements of the pump efficiency gave very disap-
: pointing results in the order of 10%. The cause was traced to the
5¢ use of the on-chip parasitic diodes. When conducting in forward
: : : direction, these form parasitic bipolar transistors to the substrate
OSC')" = T T e e T of the circuit, which shunt the charge current away from the

Time (us) load capacitance. Thus, for the remainder of the measurements
an external 1N4148 switch diode was used to overcome this
Fig. 10. Close up of the measured transducer voltage during excitation. problem.
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Table 3 power consumption. Intermittent operation of the included am-
Power consumption of the system for various repetition rates and load (:onditior‘§|iﬁer further decreases the power consumption.

ggansducel(mm) 6.5 10 12 Measurements have been performed on the individual parts
go (”(\F/)) 4(1)65: ;533 ;ff as well as on the complete system. The efficiency of the boost

exc . . . 0, H H H H

Fron (H2) 70, 1385, 3430 60 13353130 69, 1335, 3130 PUMP reaches 80% vyhep a dl_screte ;w@ch dlode_ is u§ed. The
Pmeas(MW) 021,248,606 027, 356844 029 367, 84st0tal power consumption |.nclud|ng excitation, ampl|f|cgt|on and
Prin (MW) 0.063,1.25,3.10 0.12,2.23,5.23  0.13, 2.47, 5.800peration of the digital logic has been measured for various pulse

repetition frequencies.
With the external diode, the pump efficiency was measured The results show that it is possible to reach a power consump-
to 80% for a 1 nF load capacitor charged to 36 V, and to 75% fotion within a factor of 2 from the minimum power required to

a 4.6 nF load capacitor charged to 33 V. charge the transducer alone from a fixed voltage source. This
clearly shows that the presented design strategy can be applied
4.5. System power consumption to reach extremely low power consumption in a battery operated

pulse—echo ultrasound sensor. The power consumption at a rep-
The power consumption for the system excluding digital in-etition frequency of 70 Hz reaches 21WV, which enables an
put pads was measured for three repetition rates and three difperating time of several years from one single lithium battery.
ferent piezoelectric transducers, as showhahle 3 The trans- This work is part of an ongoing research towards a complete
ducers all have a center frequency of 4 MHz. thumb size ultrasound measurement system with wireless com-
The power consumption of a clamped piezoelectric transmunication. The next generation of the chip will include a wider
ducer that is excited at a repetition frequernfy, with single  range of signal conditioning, such as A/D converter, time-of
shot excitation pulses from a fixed voltage source can be calcdlight measurement, and pulse energy estimation.
lated as

Prin = frepC(S)ngc, (9)

where Ugyc is the excitation voltage. The use of the clamped The authors want to acknowledge the excellent support given
capacitance valu€g shows that the calculation only takes into by austriamicrosystems during the design process of the chip,
consideration the pure electrical capacitance of the transduces well as the knowledge and samples provided by Ferroperm
[13]. As soon as the transducer is free to move, electrical enA/S regarding piezoelectric ceramics. We are also grateful for

ergy will be converted to mechanical and the effective capacithe help given by many people within Fraunhofer 11S-A.

tance value as well as the power consumption will increase. The

value of Pnin can thus be used as a benchmark for the miniReferences

mum achievable power consumption of an ultrasound system

using single pulse excitation. Calculated value®gf, are in- [1] R.N. Thurnston, A.D. Pierce E.P. Papadakis (Eds.), Physical Acoustics:

. . — Ultrasonic Instruments and Devices, vols. 23-24, Academic Press, 1999.
cluded in the table for the different transducers and eXCItatlon[Z] J. Delsing, P. Lindgren, Mobile internet enabled sensors using mobile

Acknowledgements

frequencies. phones as access network, Proceedings of the ISPE International Con-
The measured power consumptiBfieasincludes the system ference on Concurrent Engineering, 2003, p. 754 ff.

with digital logic and clock generator, boost pump, excitation, [3] I.F. Akyildiz, W. Su, Y. Sankarasubramaniam, E. Cayirci, Wireless sensor

and amplifier operation. It can be seen tRatascomes within networks: a survey, Comput. Netw. 38 (4) (2002) 393-422.

afactor of 2 from the minimum achievable for the transducers in [4] M. Sawan, R. Chebli, A. Kassem, Integrated front-end receiver for a
portable ultrasonic system, Analog Int. Circ. Signal Proc. 36 (1-2) (2003)

all cases at the high repetition frequencies. A reduction in repe- 57_g7.
tition frequency increases the impact of the power consumption[s] J. Morizio, S. Guhados, J. Castellucci, O. von Ramm, 64-Channel ultra-
of the digital logic and clock generator, which was measured to  sound transducer amplifier, Proceedings of the Southwest Symposium on
Puigital = 90uW. Future generations of the chip will use pro- __ Med-Signal Design, 2003, pp. 228-232.
cesses with smaller feature sizes, making it possible to furtherIG] K. El-Sankary, A Kassem, R. Chebli, M. Sawan, Low power, low volt-

. ’ gip . age 10 bit-50MSPS pipeline ADC dedicated for front-end ultrasonic re-
reduce this number and further reduce the power consumption  cejvers, Proceedings of the 14th International Conference on Microelec-

for low repetition rates. tronics, 2002, pp. 219-222.

[7] A. Kassem, M. Sawan, M. Boukadoum, A scan conversion CMOS imple-
mentation for a portable ultrasonic system, Proceedings of the Canadian
Conference on Electronics and Computer Engineering, vol. 3, 2003 pp.

. . 1461-1464.

This paper has presented the design of a complete aurg) ;.. Hatfield, K.S. Chai, A beam-forming transmit ASIC for driving ultra-

tonomous transmit and receive ASIC for pulse—echo piezoelec-  sonic arrays, Sens. Actuators A 92 (1-3) (2001) 273-279.

tric sensors. The on-chip boost converter together with the on-9] J. Johansson, Optimization of a piezoelectric crystal driver stage using sys-

Chip amplifier provides the possibility to achieve a high dynamic tem‘ simulations, Proceedings of the IEEE International Ultrasonic Sym-

. . . L. posium, vol. 2, 2000, pp. 1049-1054.

range, e.g. increased penetration depth, ina battery operated 5] 1.0, Wygant, X. Zhuang, D.T. Yeh, A. Nikoozadeh, O. Oralkan, A.S. Er-

trasound measurement system. The excitation voltage can be” gyn M. Karaman, B.T. Khuri-Yakub, Integrated ultrasonic imaging sys-

adjusted to the requirements in the system, i.e. in a low l0SS tems based on CMUT arrays: recent progress, in: Proceedings of the IEEE

system a lower excitation voltage can be used to decrease the International Ultrasonics Symposium, vol. 1, 2004, pp. 391-394.

5. Conclusions and further work



328 J. Johansson et al. / Sensors and Actuators A 125 (2006) 317-328

[11] R. Chebli, M. Sawan, A CMOS high voltage dc—dc up converter dedi- ings of the 2003 Symposium on Low Power Electronics and Design, 2003
cated for ultrasonic applications, Proceedings of the IEEE International 353-358.

Workshop for Systems-on-Chip, 2004, pp. 119-122. [28] W.M. Leach, Controlled-source analogous circuits and SPICE models for

[12] M.G. Silk, Ultrasonic Transducers for Nondestructive Testing, Hilger, Bris- piezoelectric transducers, IEEE Trans. Ultrason. Ferroelect. Freq. Contr.
tol, 1984. 41 (1) (1994) 60-66.

[13] J.Johansson, J. Delsing, Microelectronics mounted on a piezoelectrictranf29] A. Plttmer, P. Hauptmann, R. Lucklum, O. Krause, B. Henning, SPICE
ducer: method, simulations, and measurements, Under revision for publi- ~ model for lossy piezoceramic transducers, IEEE Trans. Ultrason. Ferro-
cation in Elsevier Ultrasonics. elect. Freq. Contr. 44 (1) (1997) 60—66.

[14] J. Johansson, M. 8lker, J. Eliasson, AOstmark, P. Lindgren, J. Dels- [30] J. van Deventer, T. &fqvist, J. Delsing, PSpice simulation of ultrasonic
ing, MULLE: a minimal sensor networking device—implementation and systems, IEEE Trans. Ultrason. Ferroelec. Freq. Contr. 47 (4) (2000) 1014—
manufacturing challenges, Proceedings of the IMAPS Nordic Conference,  1024.

2004. [31] J. Johansson, P.-E. Martinsson, Incorporation of diffraction effects in sim-

[15] G. Hayward, M.N. Jackson, A study of electronic switching de- ulations of ultrasonic systems using PSpice models, Proceedings of the

vices for the characterisation of ultrasonic probe assemblies, Proceed- IEEE International Ultrasonic Symposium, vol. 1, 2001, pp. 405-410.
ings of the IEEE International Ultrasonic Symposium, 1983, pp. 752—[32] Austriamicrosystems AG, Austria, (Oct. 2004, http://www. austriami-

756. crosystems. com.
[16] H.W. Persson, Electric excitation of ultra-sound transducers for short puls¢33] M. Gustafsson, J. Johansson, J. Delsing, A CMOS amplifier for piezo-
generation, Ultras. Med. Biol. 7 (1981) 285-291. electric crystal interfaces, Proceedings of the International Conference on

[17] R.Y. Liu, The design of electric excitations for the formation of desired Mixed Design of Integrated Circuits and Systems, (2004) 125-129.
temporal responses of highly efficient transducers, Acous. Imag. 12 (1982B4] R. Laker, W. Sansen, Design of Analog Integrated Circuits and Systems,
293-305. McGraw Hill, Singapore, 1994.

[18] L.J. Svensson, J.G. Koller, Driving a capacitive load without dissipating[35] B. Razavi, Design of Analog CMOS Integrated Circuits, McGraw-Hill,
fCV2, Proceedings of the 1994 IEEE Symposium on Low Power Electron- Boston, MA, 2001.
ics, (1994) 100-101. [36] G.S.Kino, Acoustic Waves: Devices, Imaging and Analog Signal Process-

[19] J.F. Dickson, On-chip high voltage generation in MNOS integrated circuits ing, Prentice-Hall, Englewoods Cliffs, NJ, 1988.
using an improved voltage multiplier technique, IEEE J. Solid-State Circ.

11 (3) (1976) 374-378. Jonny Johansson received the MSc in electrical engineering from Chalmers

[20] G. Palumbo, D. Pappalardo, M. Gaibotti, Charge-pump circuits: power-University of Technology in 1992. He thereafter joined Asea Brown Boveri in
consumption optimization, IEEE Trans. Circ. Systems-1 49 (11) (2002)Ludvika, Sweden, where he worked with development of high voltage measure-
1535-1541. ment systems. In 1999, he joined EISLAB at Lalgniversity of Technology

[21] A. Richelli, L. Colalongo, M. Quarantelli, M. Carmina, Z.M. Kovacs- where he was awarded his PhD degree in 2004. He is currently working as re-
Vajna, A fully integrated inductor-based 1.8-6-v step-up converter, IEEEsearcher at EISLAB with his major research interest beeing low power mixed
J. Solid-State Circ. 39 (1) (2004) 242—-245. mode design for sensor systems.

[22] M. Dongsheng, K. Wing-Hung, T.C.-Y. Tsui, P.K.T. Mok, Single-inductor 1, tatcson received the MSc degree in electrical engineering from

e o ety 3 Chlmrs Unkrsiy of Techlogy 203 e s curenty el a3 P
100. studgnt at Lula L_Jnlv_ersny of Technology. His research interest is in the field
[23] R. Pelliconi, D. lezzi, A. Baroni, M. Pasotti, P.L. Rolandi, Power efficient of mixed mode circuits for sensor front-ends.
charge pump in deep submicron standard cmos technology, IEEE J. Solidderker Delsing received the MSc in engineering physics at Lund Institute of
State Circ. 38 (6) (2003) 1068-1071. Technology, Sweden in 1982. In 1985, he received the degree of Licentiate in
[24] B. Jaffe, W.R. Cook, H. Jaffe, Piezoelectric Ceramics, Academic PressTechnology and in 1988 the PhD degree, both in electrical measurement at the
1971. Lund Institute of Technology. During 1985-1988, he also worked half time at
[25] Ferroperm A/S, Denmark, (February 2004), http://www. ferroperm-piezo.Alfa-Laval, SattControl with development of sensors and measurement technol-
com/. ogy. Over the years 1989-1995, he was at the Department of Heat and Power
[26] E. Brunner, An ultra-low noise linear-in-dB variable gain amplifier for Engineering at the Lund Institute of Technology where he got the docent degree
medical ultrasound applications, Proceedings of the WESCON'95, IEEEjn 1994. In 1995, he was appointed professor in Industrial Electronics aLule
(1995) 650-655. University of Technology where he currently is working as head of EISLAB di-
[27] M. Ahmadi, R. Lotfi, M. Sharif-Bakhtiar, A new architecture for rail-to-rail vision and dean of engineering faculty. Major research interest is measurement
input constant, cmos operational transconductance amplifiers, Proceedtechnology, electronics and EMC targeting embedded internet sensors



	Ultra-low power transmit/receive ASIC for battery operated ultrasound measurement systems
	Introduction
	System level considerations
	Pulse generation strategy
	Transducer capacitance

	Power saving strategies
	Amplifier requirements
	Simulation and design environment

	Circuit design
	Control block
	Inductive boost converter
	Discharge unit
	Amplifier

	Results and discussion
	Measurement setup
	A complete cycle
	Amplifier performance
	Pump efficiency
	System power consumption

	Conclusions and further work
	Acknowledgements
	References


