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Abstract

A high-voltage highly-integrated analog front-end (AFE) IC for medical ultrasound imaging applications is implemented

using standard 0.18-um CMOS process. The proposed AFE IC is composed of a high-voltage (HV) pulser utilizing stacked
transistors generating up to 15 Vp-p pulses at 2.6 MHz, a low-voltage low—noise transimpedance preamplifier, and a HV
switch for isolation between the transmit and receive parts. The designed IC consumes less than 0.15 mm? of core area,
making it feasible to be applied for multi-array medical ultrasound imaging systems, including portable handheld

applications.

Keywords : ultrasound, analog front-end, pulser, preamplifier, switch

I. Introduction

The interest in the development of ultrasound

medical imaging systems has grown in the past few
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years due to its low cost, real-time monitoring
capability, and harmless characteristics with decent
performance in comparison to other imaging

W Modern ultrasound imaging systems are

methods
becoming more complex and powerful with large
number of transducer arrays, and at the same time
portable hand-held type devices are being developed
for hospital and home usage. In both cases, the
physical area of each single-channel interface
front-end IC has to be minimized when considering
integration with a

IC

multi-channel realization and

large—array  transducer. Previous interface
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solutions utilize high-voltage (HV) CMOS process
optionsm in order to implement analog front-end
(AFE) IC as ultrasound systems require high-voltage
operation in the transmit path to drive the transducer
for maximum acoustic pressure generation. However,
in comparison to regular CMOS transistors, such HV
transistors consume much amount of die area which
greatly increase the size of overall multi-array

interface IC.
II. System Architecture

The
ultrasound imaging system is shown in Fig. 1. The
with the

multi-channel analog front-end, consisting of HV

block diagram of a typical multi-array

transducer elements interface
pulsers, low-noise preamplifiers, and HV protection
switches to isolate the low-voltage (LV) circuits
in order to prevent breakdown. On the transmitter
side, the HV pulsers are driven by LV trigger
pulses generated by the transmit beamformer with
controlled delays. On the receiver part, receive
beamformer is used to process the returning echo
signals and ultimately construct an image from the
pulse-echo information.

This  work

front-end part, which is designed to interface with

includes the single-channel analog

the capacitive micromachined ultrasound transducer
(CMUT)®. The CMUT is gaining much interest from
superior

the ultrasound community due to its

frequency characteristics, simpler fabrication for
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Fig. 1. Overall block diagram of the ultrasound imaging

system.
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large—arrays, and ease of integration with interface
ICs, to the
piezoelectic transducer.

The designed AFE IC is targeted for ultrasound
medical imaging in a highly integrated needle device
The

required transmit pulse voltage is 15-V, so that

in  comparison dominantly—used

for obstetrics and gynecology applications.

sufficient acoustic pressure is generated from the

CMUT device at 26 MHz center frequency

immersion. In the receiver side, a low—supply voltage

n

of 1.1 V is used for the preamplifier in order to
minimize the power consumption without affecting its
performance. A HV switch is used in between the
Tx and Rx for isolation. To achieve high integration,
all
stacking so that standard CMOS transistors may be

the proposed HV circuits utilize transistor

used to process HV signals above the technology

limits.

. Circuit Design

1. HV Pulser
The architecture of the overall HV pulser is shown
in Fig. 2. The primary requirement of the pulser is
HV
reliability

to generate a pulse signal without

the

in the circuit.

compromising of the operating

transistors The overall pulser
consists of a 18-to-3.3 V level-shifter, which

converts the externally generated 1.8 Vp-p trigger

Trigger pulse |
18V | 3‘3"’::|—L
ov
T
Beamformer

| Shifter1

HV Pulser

|
|
L

switch

RX
Beamformer

Preamplifier

ag 2. Mg H@Me A =E%
Fig. 2. Overall architecture of the HV pulser.
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signal to swing between 0 and 3.3 V at the output.
Then the 3.3 Vp—p signal is divided into two separate
paths. The upper path contains a second level-shifter
to convert the signal to swing between 11.7 V and 15
V in order to drive the gate of PMOS transistor of
the output driver. The lower path, on the other hand,
goes through inverter—-based buffers to drive the gate
of NMOS transistor of the output driver. The output
driver is followed by the CMUT element where the
CMUT is driven with a 15 Vp—p HV pulse so that
an ultrasound signal with sufficient acoustic pressure
1s generated for propagation through the acoustic
medium.

Previous pulsers use double-diffused MOS (DMOS)
transistors’™ 4], illustrated in Fig. 3, in the output
driver and the level-shifter blocks in order to sustain
large voltages without device breakdown. In the
proposed output driver design, shown in Fig. 4, all
the DMOS transistors have been replaced by stacked
standard 3.3-V CMOS transistors in order to
minimize the area and reduce the process cost. Five
stacks of NMOS transistors, MNI1-MNb5, and PMOS
transistors, MP1-MP5, are used to support up to
15-Vp—p output swing. In addition, dynamic biasing
circuitry (inside dotted rectangle) is used to make

sure appropriate voltages are applied to the gates of

Output
Driver
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o
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Level-
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HV DMOS
transistors 1

—
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Fig. 3. Simplified circuit schematic of previous HV
pulser using DMOS transistors [4].

the stacked transistors during ON-OFF transitions so
that 15 V is distributed among the stacks and all the
voltages in the terminals are maintained within the
technology limits. The basic ON-to—OFF and
OFF-to-ON
dynamically-biased stacked output driver is similar to
that presented in [5~6] with additional stacks to

push—pull operation of the

support higher voltage swing. In addition, some
modifications to support the integration with the HV
switch and preamplifier part have been done along
with the inclusion of power down circuitry consisting
of MP6, MP7, and INV1 to power down the bottom
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Fig. 4. Proposed output driver of HV pulser using
CMOS transistors.
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half of the output driver (NMOS parts) during the
receive mode. The power down of the upper half of
the output driver (PMOS parts) is done by powering
down the preceding second level-shifter. The second
level-shifter also follows the similar approach of the
output driver, where DMOS transistors have been
replaced with 3.3-V CMOS transistors using stacking

and dynamic bias circuitry[(ﬂ.

2. Low—Noise Preamplifier and HV switch

Fig. 5 shows the schematic of the proposed
low-noise preamplifier. There are several candidates,
such as continuous or discrete-time capacitive
feedback,
topology,
amplifier (TIA)"™ which can be utilized as the

common-gate or regulated cascode

and resistive-feedback transimpedance

preamplifier in the CMUT interface. Among these,
the TIA topology is chosen for its ease of DC
biasing and its low input-impedance, which is
suitable for current signal sensing with
high-impedance source such as the CMUT. The TIA

consists of a common-source amplifier followed by a

a

source follower and a feedback resistance path using
pseudo-resistors for higher integration. Source-to
—-source-connected NMOS transistors biased in the
triode region 1is utilized to achieve symmetric

resistance which is known to be robust with small

variation of  voltage change across the
VDD VDD
L5, M
—0
out

g
Fig.

5. HMek = TIASl EZE (Hio|ojA 3|2 Az
5. Simplified circuit schematic of proposed TIA
(biasing and power down circuits omitted).
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pseudo-resistor. In order to maximize the input
signal current, the input impedance R,y of the
closed-loop with
R,y =R,/ (14+ A), where R, and A represent the

preamplifier is  minimized,
feedback resistance and open-loop gain of the TIA,
respectively.

The input referred noise current can be expressed

as [7];

1 ;
R7p) + Zi?l__

-2
ZN

total

2
(Y

“Yamp

2 (1
UNW,)( R,y

Namp

(1)

+wCiy+

.92 2 .
where iy and vy are the input referred current
wp o

and voltage noise of the open-loop amplifier,
respectively, iqu is the noise of feedback resistance,
R,y is the input resistance of the open-loop

amplifier, C;, is the total input capacitance including

the CMUT and parasitic capacitance. From [7], it can
be seen that the transconductance of the input
transistor M1 is dominant in deciding the input
referred noise of the core amplifier and thus must be
maximized while considering the bias and power
consumption. In addition, the value the feedback
resistance is critical in deciding the transimpedance
gain, noise, and bandwidth of the TIA. For this
application, the value is set to be 65 kQ to achieve
around 94 dBQ of transimpedance gain within in the
bandwidth of interest at 2.6 MHz, providing 400 mV
of maximum output voltage swing at maximum
current input signal condition.

A self forward-body-biased (FBB) technique [9]
is applied to the common-source transistor to reduce
the threshold voltage of the transistor so that the
supply voltage of the preamplifier can be lowered to
around 1.1 V without affecting its performance. The
designed overall preamplifer consumes a total of 347
A of current at 1.1 V supply, at typical condition,
which includes the constant-gm bias circuit.

Previous HV switch [2] is also designed using HV
DMOS transistor in order to prevent the HV signal
from being applied to the preamplifier input during

the transmit mode. In the proposed work, similar to
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the HV pulser, the DMOS transistor is replaced
using five stacked NMOS transistors with dynamic
bias circuitry to distribute up to 15 V between the
terminals for protection. The sizing of the switches
are carefully done considering the switch-on
resistance, so that the gain loss and noise

degradation is negligible during the receive mode.

IV. Simulation Results

The AFE IC is designed using 0.18-pm CMOS
process. The chip layout is shown in Fig. 6, where
the total area of the core is less than 0.15 mm? The
metal width of the HV supply and ground lines are
made sufficiently wide in order to support large
amount of dynamic current in the output driver. The
path to/from the transducer interface pads are made

short as possible to minimize the added resistive and

||| MV Pulser .

a8l 6. AFE IC9| 2olot=
Fig. 6. Layout of designed AFE IC.
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Fig. 7. Equivalent electrical model of CMUT used in
simulation.

on

capacitive parasitics.

For the simulation of the AFE IC, an equivalent
electrical CMUT model is used as shown in Fig. 7.
To check the operation of the HV pulser, Fig. 8
shows the transient simulation plot in  which
1.8-Vp—p input signal with 192-ns pulse width is
applied to the pulser input and the 15-Vp-p signal
results at the output of the driver with a delay of
20.6 ns. Additional parallel parasitic load capacitance
of 10 pF is added to the equivalent CMUT model for
the transmit path simulation.

For the receiver, Fig. 9 shows the closed-loop gain
response plot of the preamplifier at different process,
voltage, and temperature (PVT) corner conditions. A
transimpedance gain of 94 dB is achieved at all
comers in the bandwidth of interest and the 3-dB

Transient Response
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Fig. 8. Transient simulation plot of the HV pulser.
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Table 1. Performance summary of proposed AFE IC and
comparison with previous works.
Parameter 2] This work
HV HV
Blocks pulser/Preamp/HV pulser/Preamp/HV
switch switch
HV pulser output 30V 15V
voltage
HV pulser trigger
width 150-170 ns 192 ns
Preamp gain 96.6 dBQ 94 dBQ
Preamp input 0.56 mPa/NHz @ 3 | 662 fANHz @ 2.6
referred noise MHz MHz
Preamp bandwidth 5.2 MHz 8.3 MHz
Pégi‘;%l power 143 mW 382 uW
ption
Area 0.33 mm? 0.15 mm?
(1-channel AFE) ’ :
Technology 0.18um HVCMOS 0.18um CMOS
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bandwidth of 8.3 MHz is achieved at typical operation
condition with a capacitive load of 5 pF at the
preamplifier output. The input current noise density
of 662 fA/v/Hz at 26 MHz is achieved as shown in
Fig. 10.

Figure 11 shows the overall transient plot of the
AFE IC, first starting from transmit mode and then
switching to receive mode. The transient simulations
confirm correct operation of the AFE IC, operating as
both the transmit and receive interface for the
Table 1 the
performance of the designed AFE IC and compares it
with recently published AFE IC for ultrasound
medical imaging applications. Our designed IC shows

transducer. presents summarized

favorable performance in the overall area while using
standard CMOS process.

V. Conclusions

A highly-integrated high-voltage AFE IC for
ultrasound medical imaging applications is designed
using 0.18-um standard CMOS technology. The
AFE 1IC, designed

interface with capacitive transducer at 26 MHz,

proposed  single-channel to

consumes less than 0.15 mm? in core area and can be
a viable solution for various large-array medical

ultrasound imaging systems.
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