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Abstract—State-of-the-art 3-D medical ultrasound imaging
requires transmitting and receiving ultrasound using a 2-D
array of ultrasound transducers with hundreds or thousands
of elements. A tight combination of the transducer array with
integrated circuitry eliminates bulky cables connecting the el-
ements of the transducer array to a separate system of elec-
tronics. Furthermore, preamplifiers located close to the array
can lead to improved receive sensitivity. A combined IC and
transducer array can lead to a portable, high-performance, and
inexpensive 3-D ultrasound imaging system. This paper pres-
ents an IC flip-chip bonded to a 16 X 16-element capacitive
micromachined ultrasonic transducer (CMUT) array for 3-D
ultrasound imaging. The IC includes a transmit beamformer
that generates 25-V unipolar pulses with programmable focus-
ing delays to 224 of the 256 transducer elements. One-shot
circuits allow adjustment of the pulse widths for different ul-
trasound transducer center frequencies. For receiving reflected
ultrasound signals, the IC uses the 32-elements along the ar-
ray diagonals. The IC provides each receiving element with a
low-noise 25-MHz-bandwidth transimpedance amplifier. Using
a field-programmable gate array (FPGA) clocked at 100 MHz
to operate the IC, the IC generated properly timed transmit
pulses with 5-ns accuracy. With the IC flip-chip bonded to a
CMUT array, we show that the IC can produce steered and
focused ultrasound beams. We present 2-D and 3-D images of
a wire phantom and 2-D orthogonal cross-sectional images (B-
scans) of a latex heart phantom.

I. INTRODUCTION

REAL—TIME 3-D ultrasound imaging is an increasingly
prevalent medical imaging technology in fields such
as obstetrics [1], [2] and cardiology [3], [4]. In contrast to
traditional 2-D ultrasound imaging systems, 3-D imag-
ing systems can form 2-D image planes in any orientation
relative to the ultrasound transducer array and can ac-
quire volumetric images. These capabilities simplify image
acquisition and aid making quantitative measurements
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based on the acquired images [3]. Furthermore, because
3-D images can be acquired quickly and analyzed offline,
examinations with 3-D ultrasound take less time and are
less dependent on the skill of the sonographer [2], [5].

A. Background

Early 3-D ultrasound imaging systems (e.g., [6]) used
sparsely populated 2-D arrays or mechanically scanned
1-D arrays of ultrasound transducer elements to simplify
the transmit and receive electronics. Modern systems, how-
ever, use fully populated 2-D arrays for better image qual-
ity. In general, arrays with more elements result in better
image resolution, contrast, and SNR; commercial systems
use arrays with thousands of elements [7]. The elements
in the arrays are typically about one-half wavelength in
length and width (150 pm at 5 MHz). Connecting to and
processing the signals from the elements of a large 2-D ar-
ray require sophisticated packaging and electronics.

System connection cables are too bulky for connecting
each element of a hand-held transducer array to a sepa-
rate system of electronics. Furthermore, the capacitance
of long cables (commonly 100 pF/m [8]) degrades the re-
ceive sensitivity of 2-D transducer array elements, which
have capacitance on the order of several picofarads.

Incorporating some of the system’s electronics into the
hand-held probe results in fewer cables and better receive
sensitivity. Furthermore, a compact connection between
the array and integrated circuitry can result in a highly
portable and inexpensive 3-D ultrasound imaging system.
Such a system would enable wider use of 3-D ultrasound
imaging, particularly because portability and cost, along
with real-time imaging, are key advantages of ultrasound
imaging compared with other common medical imaging
modalities such as magnetic resonance imaging (MRI) and
computed tomography (CT).

The electronics of a phased array 3-D ultrasound im-
aging system use the transducer array to steer a focused
beam of ultrasound over the volume being imaged, and to
detect the resulting reflected ultrasound. To generate a fo-
cused beam of ultrasound, a transmit beamformer provides
each transmitting array element with a high-voltage pulse,
or a series of coded pulses. The pulses are delayed relative
to each other to create a beam of ultrasound steered in
the direction of a focal point. A transmit beamformer that
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accommodates high-voltage pulses (ideally 100 V or more
[9]) and uses more elements of the transducer array results
in better image SNR, with the limitation that peak ultra-
sound pressures and average ultrasound intensities can-
not surpass government-mandated limits [10]-[12]. The
accuracy of the transmit beamformer’s delays impacts the
sidelobe levels of the transmitted beams [13], [14]. Simu-
lations of a specific imaging system’s image of a point
reflector [15], referred to as the point spread function, give
precise indications of how delay quantization and delay
uncertainty impact image quality.

The receiving electronics of a 3-D imaging system in-
clude preamplifiers, time-gain-compensation (TGC) ampli-
fiers, and a receive beamformer. The preamplifiers should
amplify the transducer signal while adding as little noise
as possible to the input-referred noise of the transducer
[16]. For 2-D array elements, which have a high imped-
ance, the preamplifiers should be closely located to the ar-
ray elements. TGC amplifiers equalize the echoes received
from objects at different distances from the transducer by
providing gain that increases with time for each received
signal. A receive beamformer delays and coherently adds
the received signals from different array elements to cre-
ate a focused beam. To increase the frame rate for 3-D
imaging, the transmitted beams may be defocused to cre-
ate wider beams, in which case the receive beamformer
creates several focused beams per transmitted beam [17],
[18]. Analog-to-digital converters (ADCs) convert the fo-
cused beams to digital signals for further processing and
display. In systems with relatively few receiving elements
(e.g., 2-D imaging systems) the detected echoes can be
converted to digital signals before receive beamforming.
However, for large 2-D arrays, providing ADCs to every
element is not practical.

Because 2-D transducer array elements are tightly
packed together, electronics must connect to the array
elements from the back side. Frequently this connection
requires a specially designed connector to join pads on
the back side of the transducer array with the pads of a
flexible circuit board or an integrated circuit [19]-[25]. Al-
ternatively, micromachined or polymer-based transducer
technologies allow for the direct fabrication of the trans-
ducer array on an integrated circuit [26]-[30]. However,
these methods generally require compromises in transduc-
er fabrication methods. We directly flip-chip bond micro-
machined transducer arrays with through-wafer intercon-
nects to an IC [31].

The literature contains numerous integrated circuit
designs for ultrasound imaging systems. These studies
include transmit beamformers [32], [33], analog receive
beamformers [34]-[38], ADCs [39], and complete imaging
systems [40]. High-voltage switch arrays for multiplexing
have also been studied for multiplexing numerous trans-
ducer array elements over a fixed number of transmit and
receive electronic channels [29], [41], [42].

In [31], we have described an IC flip-chip bonded to a
2-D transducer array for 3-D imaging. With that device,
we demonstrated 100% element yield, good receive sen-
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Fig. 1. Top-level diagram of the IC. The IC is designed to be flip-chip
bonded to a 16 x 16-element ultrasound transducer array. It provides a
25-V pulser circuit to each of the 224 transmitting elements and a low-
noise preamplifier to each of the 32 receiving elements. A control signal
enables 16 receivers at a time for output on 16 signal lines.

sitivity, and a reliable means of flip-chip bonding a 2-D
capacitive micromachined ultrasonic transducer (CMUT)
array with through-wafer interconnects to an IC. The IC
presented in [31] provided a pulser and preamplifier to
every transducer element but only a single element could
be used at a time for transmit and receive. As a result,
we used classic synthetic aperture imaging, which suffers
from lower SNR, higher grating lobes, and motion arti-
facts compared with conventional phased array imaging.

B. Device Overview

In this paper, we present the design and testing of an
IC that uses a 16 x 16-element transducer array for 3-D
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TABLE I. IC DESIGN PROPERTIES.

Parameter Single-Channel [31] 16-Channel
Array size 16 x 16 16 x 16
Transmit elements 256 224
Receive elements 256 32
Pulse voltage 25V 25V
Amplifier transimpedance gain 430 kQ 215 kQ
Amplifier bandwidth 10 MHz 25 MHz
Simultaneous active transmit elements 1 224
Simultaneous active receive elements 1 16
Power per receive channel 9 mW 9 mW

ultrasound imaging. We designed the IC for an intracavi-
tal ultrasound imaging application. However, the design
could be extended to use larger arrays for other ultrasound
imaging applications. The IC comprises a 224-element
transmit beamformer and 32 preamplifiers. The transmit
beamformer provides each of 224 of the 256 transducer el-
ements with a 25-V pulser, a one-shot circuit, and an 8-bit
shift register. A field-programmable gate array (FPGA)
loads new focusing delay values into the shift registers
for each new transmit beam focus. For receiving, the IC
provides a transimpedance preamplifier to each of the 32
elements along the array diagonals. A previous study [43]
showed that using the array diagonals for receiving gives
acceptable imaging performance with a reduced number
of receive channels. Dividing the array into transmit-only
and receive-only elements simplifies the receive circuitry
by eliminating the need for protection circuitry.

With this IC, we demonstrate the integration of the
transmitting electronics, receiving electronics, and trans-
ducer array into a compact device. Compared with previ-
ously reported transmit beamformers [32], [33], the trans-
mit beamformer presented here provides a much larger
number of pulsers; these pulsers have a relatively high
voltage and are compact enough to be used in arrays with
thousands of elements. Fully packaged intracavital or en-
doscopic imaging probes have been demonstrated (e.g.,
[44]); these demonstrations include probes with 2-D trans-
ducer arrays for 3-D imaging [45], [46]. In [44], a custom-
designed IC is closely associated with the transducer array.
Here we show an IC for 3-D imaging that comprises more
of the imaging system’s functionality. Compared with the
IC we describe in [31], the IC described in this paper uses
many more elements in parallel for any single transmit
and receive event, which results in significantly improved
SNR and contrast. Table I compares the key features of
the 2 ICs.

In this paper and in [31] we use CMUT arrays. CMUTs
are ultrasound transducers manufactured using MEMS
technology. They compete with piezolectric transducer
technology for medical imaging [47], [48]. At present,
medical imaging is dominated by piezoelectric trans-
ducer technology; the advantages of piezoelectric trans-
ducers include good transmit sensitivity (Pa/V) and a
well-established manufacturing process. CMUTSs provide
wide bandwidth, which translates to better axial resolu-
tion, and benefit from MEMS fabrication processes that

provide design flexibility, tight control over dimensions,
and batch fabrication. For ring-shaped arrays or high-fre-
quency arrays, the manufacturing advantages of CMUTs
are particularly important [49], [50]. The capability of
incorporating through-wafer interconnects [51], [52] with
the CMUT array allows the array to be directly flip-chip
bonded to the IC.

II. CIRcUIT DESIGN AND IMPLEMENTATION

We designed the IC for a high-voltage process (Nation-
al Semiconductor, Santa Clara, CA) that provides bipolar,
double diffused MOS (DMOS), and low- and high-voltage
CMOS devices. The process provides a single poly layer
and 2 metal layers. We chose this process because it pro-
vides high-voltage CMOS devices for the pulser circuitry.
The process has a relatively large minimum feature size of
1.5 pm, which means that standard implementations of
some circuits occupy large areas. As a result, circuit size
was an important design consideration.

The IC interfaces 224 of the array elements for trans-
mitting; it interfaces with the remaining 32 elements along
the array diagonals for receiving (Fig. 1). It thus provides
each element of the array with either a transmit circuit
or a preamplifier. The transmit pulser circuit uses a 25-V
supply. The remaining circuitry uses a 5-V supply.

The transmit circuit consists of an 8-bit shift register,
a comparator, a one-shot, and a 25-V pulser (Fig. 2). For
each new transmit beam, the FPGA-based imaging sys-
tem that operates the IC loads 8-bit focusing delay values
into every shift register. To transmit the beam, the imag-
ing system increments an 8-bit Gray-code counter from
one to the number of unique firing times. If, for example,
every element has a unique firing time, then the counter
increments from 1 to 224. Each transmit circuit’s pulser
fires when the value stored in its shift register is equal to
the Gray-code counter. With this method of triggering the
pulsers, which is similar to the method described in [32],
the IC can transmit single pulses of arbitrarily steered and
focused ultrasound.

The shift registers [Fig. 3(a)] for each row of 14 trans-
ducer elements connect in series. Sixteen input signals
from the imaging system load the 16 rows of shift registers
in parallel. Because the shift registers are loaded before
each new transmit beam, their load time potentially re-
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Fig. 2. Block diagram of the transmit circuit. Each transmit circuit generates a 25-V pulse when the value stored in its 8-bit shift register is equal to
a global counter. For each new focal point, field-programmable gate array loads new delay values into the shift registers and increments a Gray-code

counter from 0 to the number of unique pulser firing times.
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Fig. 3. Key transmit and receive circuits. Low transistor-count circuitry saves die area. (a) The shift register. A transmission-gate register stores
transmit delay information. (b) The comparator. Dynamic logic saves die area and enables a simple one-shot implementation. (¢) The one-shot

circuit. A reference current determines the transmit pulse width.

TABLE II. EQUIVALENT CIRCUIT COMPONENT VALUES.

Parameter Unit Definition Value

P Pa Impinging ultrasound pressure

A m? Equivalent parallel-plate area 9.1 x 1079
Ryaq Rayl-m? Radiation resistance 5.0 x 1073
Lyad kg Radiation inductance 1.8 x 10~1
L, kg Equivalent mass 1.2 x 10~
1/C,, N/m Equivalent spring constant 7.4 x 10%
n N/V Transformer ratio 8.8 x 107
Co pF Device capacitance 0.3

Cy pF Estimated parasitic capacitance 0.5

duces the imaging frame rate; thus, their load time should
be small compared with the pulse-echo time of the ultra-
sound beam. We assume an imaging depth of more than
3 cm, which corresponds to a pulse-echo time of more than
40 ps. We designed the registers for a load rate greater
than 100 MHz. At 100 MHz, the load time for all 224 shift
registers is 1.1 ps, which is negligible compared with the
pulse-echo time.

In each transmit circuit, when the value stored in the
shift register equals the Gray-code counter provided by
the imaging system, the comparator’s output goes high.
The comparator [Fig. 3(b)] uses dynamic logic that is re-
set before each beam transmission. Dynamic logic helps

make the comparator’s size small. Additionally, because
the output of the comparator stays high until the dynamic
logic is reset, we can use a simple XOR implementation
of the one-shot.

The one-shot drives the pulser and thus dictates the
length of the pulse applied to the transducer element.
The one-shot’s output goes low for a time proportional to
C1/iser- The current iy is an adjustable current referenced
with current mirrors to an off-chip current source. Every
one-shot has the same 4. Adjusting iy allows the pulse
length to be adjusted for a particular transducer’s frequen-
cy response—transducers operating at higher frequencies
require shorter pulses. In simulation, for 4, between 2
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and 1 mA, the one-shot produced pulse widths between
70 ns and 150 ns, which are suitable for frequencies up to
about 7 MHz.

The one-shot triggers the pulser circuit, which is the
same pulser circuit we used in [31] and which we adapted
from the circuit described in [53]. We sized the pulser to
drive a load of 2 pF. In simulation, for a 25-V pulse, the
pulser had a rise time of 20 ns and a fall time of 16 ns. The
corresponding slew rates were 1,000 and 1,300 MV /sec.

For design of the preamplifier, we modeled the CMUT
using its equivalent circuit [Fig 4(a)]. Finite element mod-
eling and analytical expressions for the CMUT’s response
to pressure and voltage are used to obtain circuit param-
eter values for the model [54]-[56].

The equivalent circuit is derived so that circuit ele-
ments on the left side represent mechanical properties; on
this side, voltage represents force and current represents
velocity. Circuit elements on the right side of the trans-
former represent electrical properties of the CMUT. Table
IT defines the components of the equivalent circuit and
gives component values for a 250 x 250 pm CMUT array
element like those used in this study.

For the circuit design, we can simplify the CMUT
equivalent circuit model. Because the circuit is heavily
damped and we are most interested in the CMUT’s prop-
erties close to its center frequency, we can assume the
mechanical impedances and spring softening capacitor are
close to resonance and thus ignore L,,, C,,, and —Cj. With
these assumptions, the equivalent circuit becomes a ca-
pacitive current source [Fig. 4(b)].

This simple model shows that for a given echo pressure,
the current produced by the CMUT element is propor-
tional to the CMUT element’s area and its sensitivity,
quantified by n. Because n and R,,q are both proportional
to area, the CMUT’s short-circuit current is proportional
to its area. If the preamplifier noise dominates the thermal
noise of the transducer, then for a given echo pressure, the
SNR increases with the CMUT’s area because the signal
current increases with area. If the thermal noise of the
radiation resistance dominates, then the SNR increases
with the square root of the area because the signal current
increases with area and the noise current increases with
the square root of the area.

For a fixed area, increasing n, e.g., by increasing the
dc bias voltage, also increases the signal current. For the
preamplifier-noise dominated case, increasing n improves
the SNR. For the thermal-noise dominated case, increas-
ing n does not affect the SNR. However, it increases the
magnitude of the electrical-referred noise resulting in a
lower noise figure for a fixed input-referred preamplifier
noise.

For this study, our model of a CMUT element has an
equivalent parallel resistance of 1 M) and a parallel ca-
pacitance of 0.26 pF. We also included a parallel parasitic
capacitor. In [31], we measured total parasitic capacitance
between 100 and 500 fF associated with a 250 x 250 pm
CMUT element’s through-wafer interconnect, bottom
electrode, and flip-chip bond pad. To accommodate varia-
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Fig. 4. An equivalent circuit model represents the transducer elements
for the preamplifier design. Except for C), Rjaq, and the radiation im-
pedance, the circuit components scale with the transducer element size.
As the element size increases relative to a wavelength, the radiation im-
pedance approaches R,.q - A, where R,,.q equals 1.5 MRayls for water.
(a) The complete circuit model. (b) At the transducer’s center frequency
in immersion, R,,q dominates L4, Rioss, Lim, and C,,. Thus, the equiva-
lent circuit simplifies to a current source in parallel with a resistor and
capacitor.

tions in device capacitance and parasitic capacitance, we
designed the preamplifier and pulser assuming a combined
device and parasitic capacitance of 2 pF.

The IC provides a dedicated transimpedance amplifier
(Fig. 5) to each of the 32 receiving array elements [57].
The amplifier consists of a simple common source am-
plifier, a source follower buffer, and a 215-kQ) feedback
resistor. In simulation, the open-loop common source am-
plifier has a gain of 100 and a gain-bandwidth product of
about 900 MHz. The closed loop transimpedance amplifier
has a transimpedance gain of 215 k) and a bandwidth of
25 MHz.

The 2 amplifiers for each column of elements share a
single p-type source-follower output buffer. We designed
the output buffer to drive capacitive loads as large as
50 pF and to have at least an 800-mV peak-to-peak out-
put swing (determined using the 1-dB compression point)
for frequencies up to 10 MHz. The buffer can drive the
capacitance of a short cable connecting the IC’s output
with supporting electronics. However, driving the several
meters of cable between a hand-held probe and imaging
system would require additional off-chip buffers. However,
off-chip buffers have the benefit they can have high drive-
capability and be located away from the transducer array,
where power consumption and heat dissipation are less
critical.

Power consumption is an important parameter for the
IC because power consumed by the IC heats the trans-
ducer array, the temperature of which must be kept within
safe limits for contact with a person. For a precise predic-
tion of power consumption limits, a thermal model of the
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Fig. 5. Transimpedance amplifiers located directly beneath the receiving
transducer elements amplify the received signals.
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Fig. 6. A photograph of the IC. (a) A 16 x 16-array of flip-chip bond
pads, 224 pulsers, and 32 receivers, (b) Shift register and comparator ar-
ray, (¢) CMUT dc-bias pads, (d) output buffers, (e) wire-bond pads.

probe [58], [59] can be used to estimate heating of the
probe and surrounding tissue. We targeted a power con-
sumption of 150 mW, which we divided equally between
the preamplifier and buffer. Our 150 mW power budget
is greater than the 100 mW upper limit given in [44] for
a 1.83-mm diameter invasive ultrasound imaging probe.
However, the IC presented here is much larger than the
IC described in [44]; thus, it has lower power density and
provides more area for heat dissipation.

For layout of the IC we divided the transmit and re-
ceive circuitry into 2 parts (Fig. 6). An array of 16 X
16 flip-chip bond pads occupies the left side of the IC.
The flip-chip bond pads are 50-pm squares of top-level
aluminum and have a pitch of 250 pm. One-shots and
pulsers surround the flip-chip bond pads for transmitting
elements. Preamplifiers surround the flip-chip bond pads
for receiving elements. The right side of the IC consists of
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Fig. 7. Photograph of the transducer array flip-chip bonded to the IC. All
256 transducer elements are functional in the flip-chip bonded device.

a 16 x 14 array of shift registers and comparators. Two
rows of flip-chip bond pads on the bottom left provide
the dc bias voltage required by the CMUT. The dc bias
circuit is illustrated in [31]. We kept the left and top sides
of the IC free of wire bond pads to provide the possibility
of tiling 4 flip-chip bonded arrays together to form a 32 x
32-element array.

III. TESTING

We tested the IC on its own and flip-chip bonded to
a 2-D CMUT array (Fig. 7). In both cases, we packaged
the device in a 121-pin PGA (pin grid array) package. A
printed circuit board provided reference currents, off-chip
output buffers, and digital level shifters for the IC. Digital
signals for the IC were generated by a PC hosting an FP-
GA-based data acquisition and signal processing system
(VHS-ADC, Lyrtech Signal Processing, Quebec, Canada).
This system can transfer data between the PC and FPGA
(Virtex IT XC2V6000, Xilinx, Inc., San Jose, CA) over the
PC’s cPCI bus at rates of up to about 50 MB/s.

For each new transmit beam, the PC transfers data
to the FPGA. These data include values to load into the
1C’s shift registers and the number of clock cycles to wait
between each increment of the Gray-code counter. The
FPGA then loads the IC’s shift registers and generates
the 8-bit Gray-code counter values that trigger the IC’s
pulsers.

To observe the pulses generated by the IC’s transmit
circuits, we wire bonded the flip-chip bond pads of 14
transmit circuits to pins of the package. We used a low-
capacitance active probe (1156A Active Probe, Agilent
Technologies, Palo Alto, CA) to measure the pulses gener-
ated by the IC for various beam focal points (Fig. 8). To
determine the jitter of the generated pulses, we measured
the delay between the transition of the Gray-code counter
generated by the FPGA and the pulse generated by the
IC. For the 14 wire-bonded pulsers, we measured delays
between 40 and 48 ns; the mean delay was 44 ns with a
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Fig. 8. The least 3 significant bits of the Gray-code counter and 5 mea-
sured pulser outputs. The top panel shows each bit of the counter with
a different shade of gray. A pulser fires when the value stored in its shift
register equals the global counter value. The pulser-circuit generates
voltages as high as 25 V. For this measurement, we limited the pulser
output voltage to 10 V to make the measurement with a low-capacitance
active oscilloscope probe.

standard deviation of 2.5 ns (1.3% of a period at 5 MHz).
For a single pulser, the jitter between consecutive pulses
was 440 ps, which indicates that most of the pulse delay
variation comes from channel-to-channel variations in the
comparator and one-shot circuits. Increasing the speed of
the comparator circuit by using larger NMOS pulldown
transistors would be one way of improving the jitter.

We also measured the pulse length channel-to-channel
variation. For a mean pulse width of 95 ns, the 14 mea-
sured pulse lengths varied between 92.6 and 98.5 ns with a
standard deviation of 2.1 ns. Although pulse-length varia-
tion impacts the image quality less than pulse-delay varia-
tion, it could be improved by increasing the size of the
one-shot capacitor, which occupies about 1% of the total
circuit area for a single element, and the size of the cur-
rent mirrors. To achieve much better pulse uniformity, a
clock signal should dictate the pulse lengths rather than
a one-shot circuit.

For a 100-MHz FPGA clock, the mean error between
the measured pulse delays and the ideal calculated pulse
delays was 5 ns. Most of this error comes from the 10-ns
FPGA clock period. For greater accuracy, we could use
a higher FPGA clock rate; we tested the IC with FPGA
clock rates up to the system’s maximum rate of 125 MHz.
As described in [32], a clock divider implemented on the
IC would also give better timing resolution.

We measured the pulse width as a function of one-shot
bias current (Fig. 9). The IC produced pulses as short
as 100 ns, which is suitable for frequencies up to about
5 MHz. For a given bias current, the IC generated lon-
ger pulses than expected from simulation, which prob-
ably resulted from a larger than expected one-shot charge
capacitor [C] in Fig. 2 or 3(c)] and parasitic capacitance.
To accommodate a wider range of transducer operating
frequencies, the one-shot should be designed to accommo-
date larger bias currents. Properly sized, the pulser circuit
can generate pulses for high-frequency arrays; for the IC
used in [49], we sized the pulser circuit to generate pulses
for transducers with frequencies of up to 50 MHz.
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Fig. 9. One-shot pulse width as a function of an adjustable current pro-
vided off chip. The one-shot generates pulses as short as 100 ns.

Because the bandwidth of the transimpedance ampli-
fier is sensitive to input capacitance and because it re-
quires a high source impedance, it is difficult to measure
its bandwidth electrically. A network analyzer is often
used to characterize the frequency response of high-fre-
quency transimpedance amplifiers. However, because the
input impedance of the amplifier presented here is sev-
eral kilohms, it is difficult to measure the S;; parameter
needed to determine the gain. In [44], the authors included
a test structure on the IC to measure the bandwidth. In
this paper, because the simulated bandwidth significantly
exceeds the frequency content of the transducers used for
imaging, we assume that the amplifier’s response did not
impact the frequency content of the measured ultrasound
echoes.

We tested the IC in combination with a CMUT array
by flip-chip bonding a 16 x 16-element CMUT array to
the IC. To prepare the IC for flip-chip bonding, an electro-
less plating process creates a 5-pm thick Ni/Au layer on
the IC pads; a solder-jetting process then deposits 80-pm
diameter solder balls on the pads (Pac Tech USA, Santa
Clara, CA) [31]. To test the device in immersion, we at-
tached a small plastic tank to the IC’s PGA package and
filled it with vegetable oil. Using vegetable oil in place of
water enables us to test the device in immersion without
having to electrically insulate the CMUT and IC. For test-
ing in water, we have shown that parylene and polydime-
thylsiloxane (PDMS) effectively insulate the CMUT [60].

To test the functionality of each element and its cor-
responding electronics, we fired each element individually
and recorded the echoes from the surface of the oil de-
tected by the 32 receiving elements. We observed an echo
for every transmitting and receiving element, which dem-
onstrates the functionality of the IC and every element of
the array.

To measure the focusing capability of the flip-chip
bonded device, we transmitted beams with various focal
points and measured the pressure at the focal point with
a hydrophone. For a focal point at 4 mm on-axis from the
center of the array, we measured a peak-to-peak pressure
of 850 kPa, which is about 120 times the pressure pro-
duced by a single element in the center of the array (Fig.
10). At 4 mm, the focusing gain is less than 224 (the total
number of transmitting elements) because those elements
at the edge, which are at greater angles relative to the hy-
drophone, contribute less to the pressure at the focal point
than those elements in the center. Moving the hydrophone
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Fig. 10. We measured the pressure at a focal point located 4 mm on-axis
from the array’s center. (a) At the focal point, the transmitted pulses
add together. For a center frequency of 2.2 MHz, the hydrophone output
corresponds to 850 kPa peak-to-peak, which is about 120 times the pres-
sure from a single element. (b) The Fourier transform of the measured
signal at the focal point.

to distances further from the IC shows focusing gains ap-
proaching 224.

To determine the minimum detectable pressure for a
combined CMUT element and preamplifier, we measured
the electrical output noise and divided the result by the
measured receive sensitivity. To determine receive sensi-
tivity, we used a hydrophone to measure the pressure gen-
erated by a single element at a distance of 22.5 mm. We
then measured the pulse-echo signal from the oil-air inter-
face for a 2-way distance of 22.5 mm. The amplitude of
the pulse-echo signal divided by the measured pressure
equals the receive sensitivity assuming the oil-air interface
is a perfect reflector. We measured the electrical noise at
the output of the discrete buffer and amplifier that follow
the IC’s output using a spectrum analyzer (2712 Spec-
trum Analyzer, Tektronix, Beaverton, OR). At 4.4 MHz,
we measured a 414 mV /kPa receive sensitivity and an
output electrical noise of 380 nV /v/Hz, which results in an
input referred noise of 0.9 mPa/v/Hz.

Changing the CMUT bias voltage, and thus the
CMUT’s sensitivity, results in negligible changes in the
measured noise. This invariance indicates that electrical
sources dominate the total noise. The noise of the 215-k()
feedback resistor (280 fA /v/Hz) dominates the noise of the
transimpedance amplifier. Increasing the feedback resistor
value, at the expensive of bandwidth, or using an ampli-
fier topology with capacitive feedback are options for re-
ducing the preamplifier noise.

To assess the imaging capability of the IC, we acquired
images of a wire phantom constructed using 150-pm diam-
eter fishing line. To acquire the images, we programmed
the PC and FPGA system to generate the desired trans-
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Fig. 11. Comparison between images of 5 fishing line segments acquired
with the single-channel IC described in [31] and the IC described in
this work. (a) Image from [31] acquired using 16 averages. (b) Image
acquired using the IC described in this paper without averaging and us-
ing 60 beams spanning 90°. The transmit focus distance is 15 mm. We
increased the spacing between the 2 closest lines from 0.8 to 1.2 mm for
the multichannel-IC image; otherwise, the wire phantoms are identical.
Both images have 50-dB dynamic range and a gamma value of 0.8. (c)
Axial image profile aligned to the center line segment. (d) Lateral im-
age profile aligned to the center line segment. The image acquired with
the multichannel IC demonstrates significantly improved dynamic range
with the capability of acquiring images at a much higher frame rate.
A lower transducer frequency (2.2 MHz compared with 5.1 MHz) and
the different transmit and receive array configuration [43] results in de-
creased resolution in the image acquired with the multichannel IC.

mit beams. An FPGA-implemented real-time beamformer
reconstructed the received data sampled at 100 MHz. The
beamformer uses a standard delay-and-sum algorithm. Fig.
11 compares the acquired images with those obtained with
the single-channel IC presented in [31]; Fig. 12 shows the
volume-rendered image. The images obtained with no av-
eraging have about 23 dB better SNR than those obtained
using the single-channel IC using 16 averages. Based on
the number of transmit and receive elements, we expect
about a 26 dB improvement in SNR [43]. About 6.5 dB of
improvement is offset by increased diffraction and attenu-
ation losses at the CMUT array’s lower center frequency
(2.2 MHz compared with 5.1 MHz in [31]). However, the
higher source pressure of the CMUT array used in this
study compensates for the lost improvement.
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Fig. 12. Scan converted and rendered volume of five 150-um diameter
fishing line segments. The acquired volume spans 60° in the horizontal
direction (32 beams) and 30° (16 beams) in the vertical direction. In
the range direction, the volume extends from 5 to 25 mm. The image is
shown with 40 dB of dynamic range. The first 25 dB of dynamic range
has high transparency to prevent occlusion of the line segments.
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Fig. 13. Image acquired using only transmit beamforming. To assess the
transmit beamforming capability of the IC, we acquired an image using
all 224 transmit elements and a single receive channel. The imaging con-
tains 64 beams that scan a 60° sector angle. (a) Image of a wire phantom
shown with 30-dB dynamic range and a gamma value of 0.8. (b) Profile
of the center wire.

With 16 averages, the single-channel IC requires 4096
transmits to obtain a full 3-D volume, which compares to
about 1000 transmits for the multichannel IC. The multi-
channel IC also offers more ways of achieving high frame
rates; for example, using defocused transmit beams or ac-
quiring 2-D cross sections would increase the frame rate.

To separately evaluate the IC’s transmit beamforming
capability, we acquired an image using a single receive
channel. Fig. 13 demonstrates that the IC transmits a
focused beam of ultrasound. Finally, we acquired orthogo-
nal 2-D cross-section images (B-scans) of a heart phantom
(Fig. 14).

IV. CONCLUSION

The results presented in this paper demonstrate that
the IC can transmit on all 224 elements with programma-

Fig. 14. Two orthogonal 2-D image cross sections of a left atrium heart
phantom and a photograph of the phantom illustrating the imaged loca-
tion. The ultrasound images have 25 dB dynamic range and a gamma
value of 0.8. They span 60° and range from 10 to 25 mm.

ble delays and can be used to generate arbitrarily focused
beams of ultrasound. Flip-chip bonded to a 256-element
2-D CMUT array, every transmit and receive element of
the device is functional and can be used for 3-D imaging.
For real-time imaging, we developed a real-time data ac-
quisition and image reconstruction system. Assuming an
imaging depth of 3 cm for intracavital imaging and the
use of 40 x 40 transmit beams spanning 90° x 90°, up to
12 volumes per second could be acquired. Higher volume
rates can be obtained by transmitting fewer defocused
transmit beams or reducing the size of the image volume.

For improved SNR and for imaging techniques such as
harmonic imaging, ultrasound systems are increasingly us-
ing coded excitation pulses [61]. To generate coded exci-
tations, some of the pulsers would need to be retriggered
while others are still firing, which is not possible with the
dynamic logic comparator and one-shot circuit used for
the IC presented here. Using retriggerable comparators
and one-shots, which could have the drawback of consum-
ing more area, the same general IC architecture could be
used to transmit more complex waveforms.

In summary, the IC presented in this paper provides
significantly better image SNR than the IC we demon-
strated in [31]. In addition, it shows how a large number of
transmit elements can be utilized with a minimal number
of signal lines, which is a step toward a compact and inte-
grated 3-D ultrasound imaging system.
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