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

√
Hz input noise

and a start-up time of 5µs.

INTRODUCTION

In the process of designing an autonomous battery oper-
ated thumb-size pulse-echo ultrasound system an ASIC
has been designed. This ASIC is a first step towards a
system that incorporates transmit- and receive-circuitry
for ultrasound and a wireless communication channel to
transmit measurement data to a main central. This work
is based on the EIS architecture proposed in [1].
The proposed front-end is the receiver part of an ASIC
that is to be directly attached to a piezo-electric crystal.
A lithium battery that is mounted in the backing of the
crystal powers the system. The battery operation of this
stand-alone system makes every electron of the current
supply precious. This ASIC should be able to run for
long periods of time on a single battery. Piezo-electric
crystals that are to transmit a sufficient amount of acustic
energy into a medium, usually requires large excitation
amplitudes that are beyond the range of a standard CMOS
process. A high-voltage process can to some extent meet
these requirements.
The high-voltage transients from the excitation of the piezo-
electric crystal have sufficient amplitude to cause a gate
breakdown in many CMOS devices, and protection for
these transients has to be found. Given this protection, a
standard CMOS amplifier can be used. Many have been
built in the 0.8-µm process, and different performance are
reported. Some amplifiers have high GBW, and consume
high power [6] and perform excellently over the entire
input DC range. Other amplifiers have even higher band-
width, for even more power, but for smaller loads [7].
There are also amplifiers presented for ultrasonic front
ends [2], [3], [4], made in different processes, where [4]
is a low-power front-end.
This paper presents a complete front-end for piezo-electric
crystals, including a standard amplifier, designed to have
short start-up and stop times to save idle power, bias gen-
eration and an amplifier offset cancellation system that
prevents input offsets from degrading the amplifier per-
formance. The current consumption is to be less than

2 mA in active mode.
These goals are to be met by specific design where low
power and short start-up and stop procedures are one way
to reduce total power. Non-complex building blocks are
to be combined using smart system design to produce a
powerful and customized solution.

FRONT-END DESIGN

To arrive at a specification for a piezo-electric crystal
front-end, the system setup needs to be explained. The
main evaluated structure is the crystal glued directly onto
a Plexiglas (PMMA) material, without matching layers,
with the battery included in the backing layers of the crys-
tal. The ultrasonic pulses are reflected at the end of the
PMMA at the PMMA-air interface. This setup has previ-
ously been modeled for Spice simulations [11] [12]. Us-
ing the results of these simulations a front-end specifica-
tion could be found, and is presented in table 1.

TABLE 1. Front-end specification

Design object Desing goal
Bandwidth 10 MHz
Gain @ 10 MHz 20 dB
Operating voltage 3 - 5.5 V
Startup time 10µs
Max. supply current 5 mA
Input noise < 5.3 nV/

√
Hz

Upon inspection of a typical spectrum of a received signal
in the application described above, using a Piezo-electric
crystal with a center frequency of 4 MHz, a front-end
bandwidth of 10 MHz was found to be sufficient.
When the bandwidth is given, gain also needs to be speci-
fied. The application did not set any specific requirements
to the gain. To make this design feasible, previously im-
plemented amplifiers were taken into consideration to de-



termine the goal. Previously in similar applications, with
a 0.8-µm process [6] [8], a gain much higher than 10 at
10 MHz was not achieved, and it was concluded that this
was a realistic design goal.
The battery voltage can vary between 5.5 V from the be-
ginning of life down to 3 V at the end of life.
To reduce the power consumption of the front-end, it is
necessary to be able to turn the front-end off when it is
not needed. This made it possible to precharge DC volt-
ages to the inputs of the amplifier, as a part of a startup-
sequence. This allows input offset-cancellation to be done,
if the inputs are precharged to different DC voltages. Off-
set cancellation can be done in a few different ways [10],
and the most common is to use unity-gain feedback to sta-
bilize the amplifier input and output DC levels [5]. The
DC level on the in- and outputs are usually placed in the
middle between the power rails [9] to optimize swing. In
this application a short and constant settling time is desir-
able, independent of supply voltage.
In equation 1, 2 and 3 the power consumption of the
front-end is set in relevance to the power consumption
needed to charge and discharge the crystal. The power
consumed to drive the front-end for 100µs, is compared
to increase the excitation amplitude 10 times. Both would
provide an increase of the received amplitude by a fac-
tor of 10. It is found, by inserting numbers into equa-
tion 3 that if the amplifier consume less than 5 mA per nF
of capacitance in the Piezo-electric crystal, less power is
consumed by turning on the front-end, if a 5 V supply is
assumed.

Pamp = Pcrystal@10∗U − Pcystal@U (1)

In equation 1Pamp is the power consumed by the ampli-
fier, Pcyrstal@10∗U is the power consumed to charge and
discharge the crystal at a voltage of 10 U. ThePcrystal@U

is the power needed to charge and discharge the crystal to
a voltage of U.

tonImaxU = Ccrystal (10U)
2 − CcrystalU

2 (2)

Equation 2 is a elaboration of equation 1. In equation 2
ton is the time that the amplifier is turned on,Imax is the
maximum current pulled out of the supplies by the ampli-
fier andU is the supply voltage to the amplifier.Ccrystal

is the capacitance of the crystal. Equation 3 follows from
equation 2

Imax

Ccrystal

=
99U

ton

(3)

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

√
Hz.

The DC level of the pulse echo signal from the crystal
is not controlled, and can settle anywhere between the
power rails. Genuine rail-to-rail amplifiers have previ-
ously been designed [6], but a single differential pair was
preferred to keep the current consumption low.

The system is to be tested using an active oscilloscope
probe, which determined the output load to five pF and
approximately 1 MΩ in parallel.
A summary of all the requirements can be found in ta-
ble 3.

DETAILS OF FRONT-END DESIGN

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

Another front-end related issue is charge injection on the
amplifier inputs as the different blocks are connected and
disconnected. Matching the sizes of the capacitors on the
inputs decreases the effects of charge injection on the out-
put. It also contributes to reduce the drift of the amplifier
output. This drift is due to leakage of the precharged volt-
ages on the inputs of the amplifier, through the reverse-



biased PN junctions in the switches.
The offset compensation system utilizes a comparator,
that compares the output DC voltage to a reference volt-
age, and adjusts the DC level on the negative amplifier
input, as described in the first method in [10].
The high voltage transients from the piezo-electric crys-
tals are taken care of in two ways. The amplifier is turned
off when the transients are present on the chip and there
is an isolating transistor in series with the input node of
the front-end. This isolating transistor is marked with the
number 2 in figure 1.

Amplifier Design

A schematic of the implementation can be found in fig-
ure 3 and a general specification can be found in table 2.
Many of the design criterions for the amplifier were clearly
specified by the front-end requirements, such as supply
voltage, bandwidth and gain. The amplifier is the core of
this design, and in order to achieve high bandwidth the
number of internal nodes that could limit the open-loop
gain had to be small. This is why a traditional structure
using a differential pair and current mirror load, with a
Miller compensated class A output stage was chosen. The
transistor M10 is used as a resistor to move the zero cre-
ated by the Miller capacitance, in the right half-plane to
cancel the non-dominant pole of the amplifier [13]. All
the calculations are omitted, examples can be found in
many books of electronics, such as [5].
Important design goals were low noise, which implies
large input transistors, high gain, wide bandwidth, high
PSRR, high CMRR, short startup-time and good phase
margin at 10 MHz and 10 times gain. The functional-
ity that makes this amplifier deviate from the textbook
schematics are the switches in cascade with the current
mirrors. This switch turns the supply current off.
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Fig. 3. The amplifier schematic.

TABLE 2. Amplifier specification

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

Bias Generation

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

Offset Cancellation Block

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



Precharge Voltage Generation Block

The schematic of the precharge voltage generation block
can be found in figure 6. This block is built up of a diode-
connected transistor denoted M3 that together with a cur-
rent generator denoted M2 creates the reference for the
positive input of the amplifier. This circuit can be dis-
abled if the AMPOFF signal is pulled high.
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Fig. 6. The precharge block schematic.

SIMULATION RESULTS

In table 3 the simulated results of the front-end design
can be found. It is evident that many of the design goals
are met. The goals for gain, current consumption, supply
range and noise are met with some design margin. The
power consumption is low in comparison to the speci-
fication, made for a 1-nF crystal. The achieved current
consumption of the front-end can in some cases motivate
to start the front-end instead of increasing the excitation
voltage by a factor of 10, for as low voltages as 2 V. The
PSRR and CMRR are high, as expected in such a topol-
ogy. The open-loop characteristics of the amplifier can be
found in figure 7. The size of this front-end is 0.9(mm)2.
Simulations indicate that the output deviates less than 1%
from the reference voltage after 5µs. The noise level
exceeded the specification, but it is sufficiently low for
11 bits of resolution.

TABLE 3. Specification and simulation results of the front-end

Design object Desing goal Simulations
Supply current 5 mA 1.7 mA
Startup time < 10µs 5µs
PSRR > 70 dB 100 dB
CMRR > 70 dB 80 dB
Gain 10@10 MHz 10@11 MHz
Output swing 2.4 V 2.4V
Input noise < 5.3 nV/

√
Hz 9.2 nV/

√
Hz

Power supply 3.0 - 5.5 V 3.2 - 5.5 V
Load 5 pF, 10 MΩ 5 pF, 10 MΩ
Slew rate ± 50µV/s ± 100µV/s

CONCLUSION

This paper proposes a front-end for piezo-electric ultra-
sonic crystals. This front-end has customized function-
allity for the pulse-echo application, through low power
consumption, high bandwidth and low noise. A gain of
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Fig. 7. Open loop characteristics of amplifier

10 times at 10 MHz is confirmed through simulations.
The current consumption is 1.7 mA in active mode. The
input noise spectral density is 9.2 nV/

√
Hz and the startup-

time is 5µs. The layout occupied 0.9mm2 and the lay-
out has been sent for fabrication in a 0.8-µm high-voltage
process. Future work will provide experimental results
from measurements.
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