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Abstract—Recently, capacitive micromachined ultra-
sonic transducers (CMUTs) have emerged as a candidate
to overcome the difficulties in the realization of 2-D arrays
for real-time 3-D imaging. In this paper, we present the
first volumetric images obtained using a 2-D CMUT array.
‘We have fabricated a 128 x 128-element 2-D CMUT array
with through-wafer via interconnects and a 420-gm element
pitch. As an experimental prototype, a 32 X 64-clement
portion of the 128 X 128-element array was diced and flip-
chip bonded onto a glass fanout chip. This chip provides
individual leads from a central 16 X 16-element portion of
the array to surrounding bondpads. An 8 X 16-element por-
tion of the array was used in the experiments along with a
128-channel data acquisition system. For imaging phan-
toms, we used a 2.37-mm diameter steel sphere located
10 mm from the array center and two 12-mm-thick Plexi-
glas plates located 20 mm and 60 mm from the array. A 4x 4
group of elements in the middle of the 8 X 16-element ar-
ray was used in transmit, and the remaining elements were
used to receive the echo signals. The echo signal ebtained
from the spherical target presented a frequency spectrum
centered at 4.37 MHz with a 100% fractional bandwidth,
whereas the frequency spectrum for the echo sighal from
the parallel plate phantom was centered at 3.44 MHz with
a 91% fractional bandwidth. The images were reconstructed
by using RF beamforming and synthetic phased array ap-
proaches and visualized by surface rendering and multipla-
nar slicing techniques. The image of the spherical target
has been used to approximate the point spread function of
the system and is compared with theoretical expectations.
This study experimentally demonstrates that 2-D CMUT
arrays can be fabricated with high yield using silicon IC-
fabrication processes, individual electrical connections can
be provided using through-wafer vias, and flip-chip bond-
ing can be used to integrate these dense 2-D arrays with
electronic circuits for practical 3-D imaging applications.
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I. INTRODUCTION

HE acquisition and display of velumetric information
T using different imaging modalities have long been sub-
jects of extensive research efforts for both medical and un-
derwater applications. Conventionally, 3-D spatial infor-
mation is either compressed into 2-D images in the form
of projection planes from multiple angles or represented as
different cross-sectional planes [1]. In medical applications,
the inability to view the complete 3-D anatomy might re-
sult in misdiagnosis if the imaging angles and cross sec-
tions are not chosen properly [2]. In underwater applica-
tions, the lack of 3-D imaging capability makes it more
difficult to recognize and classify underwater objects [3].
In the medical field, computed tomography (CT) and mag-
netic resonance imaging (MRI} have been widely used for
volume scanning. The data acquisition rates of CT and
MRI scanners are not high enough to generate real-time
images of nonstationary tissue. Compared with CT and
MRI, ultrasound offers real-time interactive visualization
using low-cost, portable equipment with no ionizing radi-
ation.

Most of the existing 3-D ultrasound imaging systems
make use of conventional 1-D transducer arrays. A series
of 2-D images are acquired by physical movement of the
array and rendered into a 3-D image. These systems dif-
fer only in the method used to determine the position and
orientation of the acquired 2-D images. These methods in-
clude mechanical scanning and free-hand techniques based
on position estimation, image correlation, magnetic, opti-
cal, or acoustic sensing [2], [4]. A disadvantage of these
systems is the limitation on the data acquisition rate due
to the fact that the volume is scanned by physical move-
ment. This type of a system is too slow to allow real-time
imaging of dynamic structures, such as a beating heart.
Another disadvantage is the poor spatial resolution of the
1-D arrays in the elevation direction. This poor elevational
resolution results in blurry 3-D images, degrades the spa-
tial resolution on the resliced images, and limits the ac-
curacy of volume measurements {5]. An alternative data
acquisition method for 3-D ultrasound imaging is the use
of a 2-D transducer array, which enables features, such as
electronic focusing and beam steering, in both azimuthal
and elevational directions [6], [7]. The electronic scanning,
using a 2-D array, greatly speeds up the data acquisition
and provides uniform regolution in both azimuthal and el-
evational directions (assuming a symmetric 2-D array).
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Element size has presented major difficulties, which
have limited the feasibility of 3-D ultrasound imaging using
2-D arrays. The spatial sampling criterion specifies that
the maximum element width (equivalently, spacing) must
be less than half the acoustic wavelength at the operating
frequency in order to prevent grating lobes from appearing
in the image. This criterion only applies in the direction
in which beams are to be steered. Since 1-D arrays steer
beams along a single direction, there is no limit on the el-
ement length in the other direction. The 2-D arrays focus
and steer beams in both azimuthal and elevational direc-
tions; thus, the sampling criterion applies to both dimen-
sions of the array. This requirement critically limits the
element area. The small size of the elements causes degra-
dation in output acoustic power and receive sensitivity.

There are also severe difficulties in fabricating these
densely populated 2-D arrays and providing individual
electrical connections to each element. Efforts for fabri-
cating 2-D ultrasonic transducer arrays date back to early
1970s [8]-[10]. Several other research efforts to fabricate
2-D arrays using piezoelectric materials, such as lead zir-
conate titanate (PZT) [6], [11]-[15] and 1-3 piezoelectric
composites [16], have recently been reported. Several in-
terconnection schemes have been proposed for 2-D arrays.
These schemes include muitilayer flexible circuits {17], [18],
pad grid arrays utilizing flexible printed circuits and micro-
miniature coaxial cables [19], and flip-chip bonding [16]. In
addition to difficulties in fabricating and interconnecting
2-D transducer arrays, there are also challenges in acquir-
ing and processing data from a large number of ultrasound
channels. To reduce the system complexity and cost, syn-
thetic aperture [20], sparse array [21], [22], and subaper-
ture processing [23]-[25] techniques have been proposed.
Continuous advancement in microelectronics significantly
improves the data acquisition and processing capability of
systems employing a large number of channels.

In summary, there is a great need for low-cost, portable,
real-time volumetric imaging systems. However, due to
limitations in the existing transducer array and intercon-
nect technologies, full-scaie 3-D imaging systems have not
yet been successfully realized. The CMUT technology is
a strong candidate to overcome the techmical challenges
mentioned above [26]. The CMUTs are fabricated using
standard silicon IC technology: therefore, it is possible to
make large arrays using simple photolithography. Individ-
ual electrical connections to transducer elements in these
arrays are provided by through-wafer interconnects. The
2-D CMUT arrays having as many as 128 x 128 elements
have already been successfully fabricated and character-
ized [27]. In addition to the ease of manufacturing CMUTs,
there are major performance advantages compared with
piezoelectric transducers, such as improved bandwidth and
sensitivity and potential for electronic integration. We
have previously reported the fabrication process for 1-D
and 2-D CMUT arrays [28]-[30]. We have also character-
ized these arrays in terms of the performance of a single
element in transmit and receive modes [31], [32]. We have
recently demonstrated the first full-scale phased-array im-
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ages using a 128-element linear array based on the CMUT
technology [33].

In this paper, we present the first volumetric images
obtained using a 2-D CMUT array. The significance of
this study is that we experimentally demonstrate that 2-D
CMUT arrays can be fabricated with high element yield
using silicon IC-fabrication processes, individual electri-
cal connections can be provided using through-wafer vias,
and flip-chip bonding can be used to integrate these dense
2-D arrays with electronic circuits for practical 3-D imag-
ing applications. The organization of this paper is as fol-
lows. Section II briefly describes the 2-D CMUT arrays
used in this study. The experimental methods used are
explained in Section III. The results are presented in Sec-
tion IV.

II. 2-D CMUT ARRAYS

The basic principles of operation and the fabrication
process of CMUTs have been previously reported [28], [29].
A metalized membrane suspended over a heavily doped sil-
icon substrate forms a single capacitor cell, which is the
basic building block of a CMUT. The cross section of a
single capacitor cell is schematically depicted in Fig. 1(a).
A group of these capacitor cells connected in parallel con-
stitute an element in a 2-D array. Each element in the 2-I>
array is individually addressable using a through-wafer via
interconnect. A 3-D visualization of a single element with a
through-wafer via interconnect is shown in Fig. 1(b). The
through-wafer vias are formed by the use of deep reactive
ion etching from both sides of the wafer. The top view
of a via hole is shown in Fig. 1(¢). The doped polysilicon
in the via provides the electrical connectivity between the
back electrode of the array element in the front and the
electrical connection pad on the back side of the silicon
substrate. A scaning electron microscope (SEM) picture
shows the cross section of a finished through-wafer via in-
terconnect in Fig. 1(d). The top electrode is common to
all the elements in the array, and the back electrodes are
isolated islands of doped polysilicon on the silicon sub-
strate, each electrically accessible from the back side. The
common top electrode can be seen as a meshed structure
in Fig. 1(e) in which the top view of a portion of a 2-D
array is shown. The top view of a single element and a
close-up of individual cells are shown in Fig. 1{f) and (g),
respectively. A detailed description of the fabrication pro-
cess for 2-D arrays with through-wafer via interconnects
can be found in [27], [30]. The physical dimensions of the
2-D CMUT array used in this work are listed in Table I.

The first generation of 2-D CMUT arrays with through-
wafer via interconnects suffered from a large parasitic
capacitance (~2 pF)} in parallel with the device capaci-
tance [34]. This parasitic capacitance has been reduced in
later generations of through-wafer interconnects to a value
of 50 fF* by employing reverse-biased pn junction diodes
[27], [30}. The reduction of parasitics is critical to achieve
good receive sensitivity and preserve wide bandwidth, es-
pecially for 2-D array elements in which the individual
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Fig. 1. 2-D CMUT array. {a) Schematic cross section of a CMUT cell. (b) 3-D model of a CMUT cell with a through-wafer via interconnect.
(c) Top view of a through-wafer via. (d) SEM cross section of a through-wafer via. (e) Top view of multiple 2-D CMUT elements forming
an array. (f) Top view of a single 2-D CMUT array element. (g) Top view of individual CMUT cells constituting 2-D array elements.

TABLE
PHYs1ICAL PARAMETERS OF THE 2-D CMUT ARRAY.

Element pitch {d), gm 420
Size of an element, pm ¥ um 400 x 400
Number of cells per element 76
Cell diameter (deen), pm 36
Membrane thickness (), pm 0.65
Gap thickness (tg), um 01
Insulating layer thickness (¢;), pm 0.2
Silicon substrate thickness, pm 400

device capacitance is very small. To integrate 2-D trans-
ducer arrays with associated transmit/receive electronics,
as briefly discussed in Section I, several different inter-
connection schemes have been proposed in the literature.
Monolithic integration of CMUTs with electronic circuits
has also been proposed {35]-(38]. Monolithic integration of
microelectromechanical systems {MEMS) with electronic
circuits usually results in a compromise of the perfor-
mance of one or both components. It has been demon-
strated that a modified CMOS or BiCMOS process could

be used to fabricate ultrasonic transducers on the same sil-
icon substrate with electronic circuits (35], [36]. Although
this method provides a cost-effective means of integration,
it is not suitable for 2-D arrays because the usable ac-
tive area is compromised either by the electronics, if the
element area is shared with the electronics, or by the inter-
connect lines, if the electronics is placed on the periphery
of the array and connected to the array elements through
routing lines. In this approach, the number of available de-
sign parameters is also reduced due to the use of a standard
process. An alternate method uses postprocessing to fab-
ricate CMUT elements over the electronics chip, which is
built using a standard CMOS process [37], [38]. The wafer
with the electronics goes through passivation and CMP
processes before the CMUT fabrication process. This inte-
gration method, probably being slightly costlier than the
former, is suitable for 2-D array integration because of
its better area utilization. Because the preprocessed elec-
tronics limits the temperature of the postprocesses, a low
temperature process must be used to fabricate CMUTs
over the electronics. Although the low temperature CMUT
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process, which uses plasma enhanced chemical vapor de-
position, has been tailored to achieve good contrel over
the stress in the membrane and reasonable uniformity,
high temperature CMUT process, which uses low-pressure
chemical vapor deposition, still result in better on-wafer
and wafer-to-wafer uniformity and higher yield. The in-
tegration method we describe in this paper proposes to

fabricate the electronics and the transducers on separate-

wafers and to integrate them with flip-chip bonding. In
this way, high temperature processes can be used to fab-
ricate high-density and high-performance CMUT arrays
with high yield and uniformity. The integration of the
CMUT array with the electronics comes at the expense
of additional steps to the CMUT process, which are the
fabrication of the through-wafer interconnects to bring the
electrical connections to the back side of the silicon wafer
and flip-chip bonding. Both of these processes are CMOS
compatible. Because the electronics and the transducer ar-
rays are fabricated on separate wafers, the overall yield
of the manufacturing process is enhanced, and the turn-
around time is reduced. The cost reduction associated with
the higher yield and faster turn-around time compensates
(probably surpasses) the increase in the cost due to the
increase in the number of steps. The integration of ar-
ray elements with electronics on the probe does not only
improve the performance but also reduces the number of
external leads to a manageable level. A similar approach
was also taken previously in which custom designed inte-
grated circuits were wire-bonded at the back side of a 2-D
ultrasonic transducer array {39].

IT1. EXPERIMENTAL WORK

The experimental system used in this study was origi-
nally designed for data acquisition from a 128-element, 1-D
linear CMUT array. This PC-based data acguisition sys-
tem consists of a PC and electronic circuits implemented
on printed circuit boards (PCBs) using off-the-shelf elec-
tronic components.

A custom fanout assembly was built such that the 2-D
CMUT array could be tested without modification to the
existing experimental apparatus. A 128 x 128-element
2-) CMUT array was diced into 32 x 64-element arrays
so that it could be flip-chip bonded onto another chip.
We mounted one of these 32 x 64-element CMUT arrays
employing through-wafer vias [Fig. 2(a)] to a glass sub-
strate that provides individual leads from the elements of
a 16 x 16-element subsection to pads surrounding the ar-
ray [Fig. 2(c)]. This fanout chip was fabricated using a
standard liftoff process following a chromium-gold depo-
sition on a glass substrate. The 3-D multichip assembly
is schematically depicted in Fig. 2(b). The CMUT array-
glass substrate assembly was mounted and wire-bonded
onto a PCB as shown in Fig. 2(d). Individual bond wires
for active elements and ground connections can be seen
in the magnified view of the center portion of the PCB
[Fig. 2(e)]. Half of the 16 x 16-element array was used in
this experiment due to the channel count limitation of the
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existing 128-channel data acquisition system. Although we
would eventually like to bond the 2-D CMUT array onto a
silicon integrated circuit, for initial imaging experiments,
we used a glass fanout chip that allows us to use the
2-D arrays with the existing experimental data acquisition
system.

The experimental setup is schematically shown in Fig. 3
with illustrations of the imaging phantoms. The PCB car-
rying the 2-D CMUT array was connected to a PCB that
provided the dc bias to the transducer elements and ac
coupled the transmit and receive signals to and from the
array, respectively. A second stage of electronic circuits
provided transmit and receive channel selection and am-
plification of the incoming echo signals. Further details of
the experimental data acquisition system can be found in
[33]. Due to the use of board-level discrete electronics, the
parasitic capacitance was more than 20 pF, whereas the
device capacitance was only 1 pF. This excessive parasitic
capacitaince significantly degrades the SNR of the acquired
echo signals. To improve the SNR of the acquired A-scans,
we have synthesized a powerful virtual transmit element
by connecting 4 x 4 elements (at the center of the 8 x 16
array) in parallel without any phasing as shown in Fig. 4.
The remaining elements in the array were used for receive.
The transmitting elements were not used for receive be-
cause the SNR of the received echo signals was low when
the same channel was active both in transmit and receive
simultaneously. This low SNR is due to the use of off-
the-shelf electronic switches and board-level electronics.
A high-voltage dc supply was used to provide the 20-V
bias voltage for the 2-D CMUT array, so that the array
elements are biased close to collapse for maximum sensi-
tivity!. The polarity of the dc bias voltage was chosen so
that the pn junctions formed around the through-wafer
vias would be reverse-biased. A function generator was
used for pulsed excitation of the transducer elements. A
15-V, 100-ns rectangular pulse was applied to transducer
elements to generate the ultrasound signals. The echo sig-
nals were amplified by a fixed gain of 60 dB. The amplified
signals were sampled at a rate of 100 MHz and digitized
with a resolution of 8 bits. In this experiment, 100 succes-
sive A-scan acquisitions were averaged to further improve

1 Although the dimensions of the devices used in this study are al-
most identical to the ones reported in [31], there is a sighificant differ-
ence in the fabrication process. In earlier CMUTs, the etch channels
and the active areas were not defined separately, and the final mem-
brane thickness was adjusted by an etch-back process, As a result, the
posts were thicker than the membrane. To achieve a better control
on gap and membrane thicknesses and to improve the reliability of
the devices, we separated the etch channel and the active are defini-
tions, so that the etch channels can be made thin, consequently easy
to seal {40]. In this process, minimum amount of nitride is deposited
inside the membrane and on the posts. Consequently, the posts are
thinner compared with earlier devices, The residual tensile stress in
the membrane and the atmospheric pressure cause an inward deflec-
tion in the membrane [41]. When the posts are thinner, they bend
inward more easily, resulting more deflection in the membrane and
a lower collapse voltage. In the experiments described in this paper,
to increase the efficiency of the device, we operated the transducers
close to the collapse voltage, which was lower than that of earlier
devices.
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Fig. 2. 2-D array assembly. (a} 32 x 64 2-D CMUT array diced from a 128 x 128-element array. (b} Schematic representation of 3-D multichip
assembly. {¢) Top view of the glass carrier chip layout to fan out a 16 x 16 portion of the 2-D CMUT array. (d) The printed circuit board
(PCB) carrying the flip-chip-bonded 2-Dr array-glass substrate assembly. (¢) Magnified view of the center portion of the PCB showing the

wire bonds from glass substrate to the PCB.

the SNR of A-scans. The averaged A-scans were stored
with a 12-bit sample resolution for offline digital process-
ing.

We used two different custom-built imaging phantoms
in this study. The first phantom consisted of two Plexiglas
plates parallel to the transducer array, each 12 mm thick
and 30 mm apart from each other. The plates were at-
tached to each other using a thin plastic bar at the center.
The second phantom was a spherical target made of steel
with a diameter of 2.37 mm. The steel sphere was attached
to the tip of an acrylic fiber supported by a Plexiglas basa.
Both phantoms and the CMUT array were immersed in
vegetable oil during the experiments. Vegetable oil roughly
mimics the attenuation of soft tissue and provides a natu-
ral isolation between the unisclated bond wires. We have
previously measured and reported the attenuation charac-
teristics of vegetable oil [33].

IV. EXPERIMENTAL RESULTS

2-D CMUT arrays have already been experimentally
characterized in transmit and receive modes, and the re-
sults have been compared with theoretical expectations
(31]. The results that are presented here complement the
results obtained earlier. However, experiments performed
in this study focus on the demonstration of volumetric
imaging using 2-D CMUT arrays rather than their char-

acterization in terms of their receive and transmit perfor-
mance.

A. Analysis of A-scan Data

We have measured the one-way radiation pattern of a
single 2-D array element, compared the measurements to
theory, and demonstrated the CMUT array element ex-
hibits a piston-like behavior {42]. The 6-dB acceptance an-
gle was measured as £50 in agreement with the theoretical
prediction when the transducer was operated at 3 MHz.
The theoretical 6-dB acceptance angle for the 4 x 4 sub-
group of transducers is =14 and %8 degrees for 3- and 5-
MHz operation, respectively. As we have discussed in the
previous section, a 4 x 4 group of transducer elements was
fired simultaneously without any phasing. This approach
increases the total acoustic power transmitted, improving
the SNR. of the received echo signals. However, the use
of multiple transducer elements in parallel with no phas-
ing is equivalent to using a single large transducer element
in transmit and results in a narrow transmit beamwidth.
Consequently, a very small area was insonified by the nar-
row beam formed by the unphased 4 x 4 group of trans-
mitting transducer elements. The positions of the target
and the receiving transducer element significantly affect
the received echo signal due to the narrow transmit beam.
Therefore, the A-scans presented in this section do not
correspond to an accurate pulse-echo impulse response of



1IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENGY CONTROL, VOL. 30, NO. 11, NOVEMBER. 2003

G e SR e aex i

l Fanout board with 2D CMU*l'"armx _!
{

Analog Front-end:Board:

74}
e |
3 .*’j
i
2
2
. ;f
P
o
il i
-~ ;/',
_"”w:: . < T -”J.r"'r
&"\\nw . ) St
Mmmm\xw;awmaw st

‘ " pildank with paraliel-plate 31> imaging phantom

$-channet VGA, Analog Multiplexers
-
< b

Digital 1/O

Steel spherical .8-channel ADC
. tarizét
Acrylic -y .
fiber U i‘” mny

Spherical 3Drimaging
"~ phaotom

PC software interface for conirol and storaiic ]

Fig. 3. Experimental setup with 3-I} imaging phantoms.

1 Azimuth 16
1
A
: |
=3 b
E 2 Ly
3 T
1 !
v
8
D b ® MO

TX aperture
D RX aperiure

Fig. 4. Schematic view of the & x 16 2-D array showing the transmit
and recejve apertures and the coordinate axes.

a 2-D CMUT array element. Representative impulse re-
sponse measurements for 2-D CMUT array elements can
be found in [42].

A sample echo signal received by a single element and
reflected from the top surface of the parallel-plate phan-
tom is shown in Fig. 5(a). A 1- to 5-MHz digital bandpass
filter was applied in addition to a 5-MHz lowpass filter

used during the data acquisition. These filters were used
to eliminate out-of-band noise in the received A-scans. The
corresponding frequency spectrum is shown in Fig. 5{b).
This echo signal presented a 91% fractional bandwidth
centered at 3.44 MHz and includes the effects of frequency
dependent attenuation and diffraction in the propagating
medium. The total round-trip distance was around 50 mm
for this pulse.

A sample echo signal received from the spherical tar-
get is shown in Fig. 6(a). Because the target was only
10 mm from the array, the frequency spectrum was less
severely affected by the attenuation compared with the
spectrum shown in Fig. 5(b). A 10-MHz lowpass filter was
used during data acquisition in this experiment. The re-
ceived A-scan was further filtered using a 1- to 8-MHz
digital bandpass filter to eliminate cut-of-band noise. The
resulting pulse-echo frequency spectrum was centered at
4.37 MHz with a fractional bandwidth of 100% as shown
in Fig. 6(b).

B. Image Reconstruction and Visualization

We digitally processed the raw RF A-scan data to re-
construct the phased array volumetric images. The im-
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Amplitude (mV)

Frequency (MHz)
(b}

Fig. 5. (a) Measured echo signal from the top surface of the plate
phantom. (b) Corresponding frequency spectrum.

ages were reconstructed by employing RF beamforming
and synthetic phased array approaches [20], [33], [43]. The
basic principles of beam steering with 2-D arrays have been
previously explained [6], [44], in which a conical or pyra-
midal volume has been scanned. We chose to scan a cubic
volume in which the individual volume elements (voxels)
were arranged in a cartesian grid in three dimensions. We
have also used the pyramidal scan approach to reconstruct
the volumetric image of the spherical phantom. Due to the
use of a fixed transmit aperture, only dynamic receive fo-
cusing was employed. The coordinate system used is shown
in Fig. 7. The origin of the coordinate system is the cen-
ter of the 8 x 16-element array for both the cartesian and
the pyramidal scan. ¢ is the steering angle in the azimuth
direction, The steering angle in the elevation direction is
¢, and p is the distance in the radial direction. The con-
ventional right-hand cartesian coordinate axes are z, y,
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Fig. 6. (a) Measured echo signal from the spherical phantom. (b) Cor-
responding frequency spectrum.
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and z. Image reconstruction in cartesian coordinates can
be expressed as

M N
U[P, Q:r] = Z Zsmn[k]: (1)

m=1n=1
where
= 'I"O’H.ﬂd{fs(tf - t(])}: (2)
ty = %(ﬂ[p, a,7,0,0] + plp, ¢, v, m, n]). 3

Here, Ulp, q,r] is the value of the image voxel in cartesian
coordinates represented by sample indices (p, ¢, 7). The in-
dices p, ¢, and r correspond to the coordinate axes z, y,
and z, respectively. M and N are the size of the 2-D ar-
ray in azimuth and elevation directions, respectively. The
digitized RF A-scans are represented by s,,,, where the
subscripts m and 7 correspond to the row and column ad-
dresses of the receiving element. The total time of flight,
t¢, is the sum of the times of flights from the transmitter
to a voxel (p[p,q,r,0,0]/c) and from that voxel back to
the receiver (p[p, ¢, 7, m,n)/c). ty is the offset time, f; is
the sampling frequency of A-scans. The rounding opera-
tion in (2) is performed to pick the closest sample to the
calculated exact time point.

The beamforming for the pyramidal scan is similar to
that of the cartesian scan, only with different geometrical
considerations. The relation between the 3-D coordinate
systems for cubic and pyramidal scans is described by the
following set of equations:

Py = VxZ +y? 4 22, (4)

Ty = 2y tan by, (5)
Yo = Zp taN gy, (6)

where 8, and ¢, are the steering angles in azimuth and el-
evation directions, respectively, and p, is the distance be-
tween a voxel V{8,, @y, po) and the origin. The same voxel
is represented as V' (&., ¥y, 2.) 10 cartesian coordinates.
The visualization and analysis of 3-D data is an area
of research by itself (45]. The visualization of 3-D ultra-
sound data is also the focus of significant research efforts
[46]. Multiplanar slicing, surface fitting, and volume ren-
dering are three basic technigues for volume visualization.
This paper focuses on the acquisition of 3-D ultrasound
data rather than its visualization, and hence the simplest
methods have been employed to visualize the resulting vol-
umetric images. In this paper, we present surface-rendered
3-D images, in which planar surface primitives, such as
patches, were fit to constant-value contour surfaces in the
volumetric data set. We also present slices of the volumet-
ric data on a grayscale display. The volumetric data sets
were logarithmically compressed prior to visualization.

C. Reconstructed Images

The reconstructed experimental images of the parallel-
plate phantom are shown in Fig. 8. Fig. 8(a) and (c) show
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the center cross sections in the elevation and azimuth di-
rections, respectively. The display dynamic range of these
grayscale images is 40 dB. A surface-rendered visualiza-
tion of the 16-cm® volume is shown in Fig. 8(b). The sur-
face rendering was performed using the standard isosurface
function in MATLAB (Mathworks Inc., Natick, MA) with
an isovalue of 10 dB. The respective positions of the paral-
lel plate phantom and the 2-I) array are superimposed on
the reconstructed image. The four interfaces corresponding
to two faces of two Plexiglas plates are clearly identified
in the reconstructed images. The shadowing artifact near
the interfaces can be attributed to the crosstalk among
the array elements or the reverberation in the target or
the backing PCB. Further investigation is needed to pin-
point the origin of these artifacts. As explained earlier,
due to the use of a 4 x 4 group of unphased transducers,
a narrow transmit beam is formed and consequently only
a small portion of the phantom is insonified. In addition,
since the surface of the plate acts as a strong specular re-
flecting surface, the reflected wavefronts directed parallel
to array normal can be detected by the array, the other
reflections fall out of the small aperture. Therefore the re-
sulting image is close to a point spread function (PSF)
{one-way diffraction pattern of 2-D rectangular aperture).
Note that the reflecting target is effectively a small portion
of the plate surface around the array normal. The curved
extensions of the image, as expected, correspond to side-
lobes of the beam pattern. The surfaces of the plates can
be viewed as planar structures on a B-scan image recon-
structed using a sufficiently larger aperture. A top view
of the surface-rendered 3-D image is shown in Fig. 9. The
side-lobe patterns are clearly identified in this top view.
As a result of the asymmetric shape of the 8 x 16-element
2-D array, the sinc-like side-lobe patterns are not symmet-
ric in azimuth and elevation directions. The mainlobe is
narrower and the side-lobe pattern is denser in the az-
imuth direction corresponding to the wider aperture. Note
that since the transmit beam is narrow and fixed, it only
insonifies a small porticn in the middle of the plates,

The spherical target images better characterize the 3-D
PSF of the system. The spherical target we used in our
experiments was 2.37 mm in diameter, which is several
wavelengths at 4.5 MHz. Since this spherical target does
not act as a point reflector, the resulting images are only
an approximation to the PSF of the system. A surface-
rendered visualization of the reconstructed 3-D image is
shown in Fig. 10. The mainlobe and sidelobe levels are
difficult to identify in the surface-rendered visualization.
However, the grating lobes in both azimuth and elevation
directions are clearly visible. Center cross sections in the
elevation and azimuth directions of the resulting image are
shown with a 20-dB display dynamic range in Figs. 11(a)
and (c). In these cross-sectional images, the top side of the
steel sphere is clearly identified as a strong reflector. How-
ever, it is still difficult to perform a quantitative analysis of
sidelobe and grating lobe levels on these images. The same
cross-sectional images are presented in Figs. 11(b) and (d)
with a 40-dB display dynamic range. In these images the
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Fig. 12. (a) Simulated echo signal from the spherical phantom. (b} Corresponding frequency spectrum.

artifacts due to the reverberations in the steel sphere and
also the electronic neise floor are observable.

A quantitative analysis can better be performed on the
constant-range images. In order to conduct this analy-
sis, we reconstructed the images of the spherical phantoin
using the pyramidal scan approach. We have also recon-
structed simulated images to compare the experimental
results with theoretical expectations. To have a fair com-
parison between the experimental and the simulated re-
sults, the size of the spherical target should be taken into
account. We have modeled the target as a hemispherical
mesh of specular reflectors located a quarter wavelength
apart from each other. A gaussian-modulated echo signal
was assumed from each specular reflector. To obtain a sin-
gle RF A-scan, the individual echo signals from all spec-

ular reflectors were summed together after applying ap-
propriate delays to each echo. The angular response of the
transducer elements were also taken into account by apply-
ing appropriate weights prior to summation. A simulated
A-scan according to this model is shown in Fig. 12{a} along
with the corresponding frequency response in Fig. 12(b).
This simulation accounted for the angular response of an
ideal single transducer element. The set of simulated RF
A-scan data was used to reconstruct a 3-D image using
the same procedure used for the experimental images. A
constant-range cross-sectional image, which intersects the
brightest voxel, is shown in Fig. 13{a) for the experimental
data. The corresponding simulation result for the hemi-
spherical reflector model is shown in Fig. 13(b). No addi-
tive noise was present in the simulation. Good agreement
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is observed between the simulation and the experimental
result for all mainlobe, sidelobe, and grating lobe patterns.
The 2-D array used in this study was designed with an in-
terelement spacing of 420 um for a system with dual-mode
operation capability at 750 kHz and 3 MHz. The grating
lobes were expected since the frequency of operation was
around 4.5 MHz, which translates into an inter-element
spacing of approximately 1.3 A for the particular array.

We have also performed a simulation for an ideal point
target. The result of this simulation is shown in Fig. 13(c).
It can be seen that the simulation result with the ideal
point reflector is close to the one with the hemispherical
reflector model, suggesting that the obtained experimental
result is a good approximation to the PSF of the system. In
all of the above simulations and the experimental image
reconstruction, we used the A-scans received by the ele-
ments outside the central 4 x 4 portion of the array. In the
experiment, since the 4 x4 group of elements in the middle
of the array were used to transmit, we did not use them
for receive. Using this type of a hallow aperture actually
raises the sidelobe leve! significantly. We have performed
another simulation with the ideal point reflector model in
which the complete 8 x16 aperture was used to receive. The
resulting constant-range image is shown in Fig. 13(d). The
center-line cross sections of the constant-range images are
shown in Fig. 14. A good agreement is observed between
the experimental results and the simulation results based
on the hemispherical reflector model, both in the azimuth
and the elevation directions.

V. CONCLUSION

In this paper, we presented the first volumetric imaging
results using a 2-D CMUT array. In spite of the use of a
nonideal experimental setup and a small aperture due to
the channel count limitation of the existing data acquisi-
tion system, the experimental results provide a proof of
concept for 3-D imaging using 2-D CMUT arrays; hence,
these results are quite encouraging. This study also ex-
perimentally demonstrated that 2-D CMUT arrays can
be fabricated with high yield using silicon micromachin-
ing, individual electrical connections can be provided us-
ing through-wafer vias, and flip-chip bonding can be used
to integrate these dense 2-D arrays with electronic circuits
for practical imaging applications.

Due to limitations in the existing transducer array and
interconnect technologies, more than 20 yr of research in
real-time 3-D ultrasound imaging have not yet translated
into successful practical results. The CMUT technology
makes use of advanced IC-fabrication processes and en-
ables the easy manufacture of large 2-D transducer arrays
with individual electrical connections. CMUT is an ideal
candidate to replace or complement the existing piezoelec-
tric transducers in many applications. Above all else, we
believe that CMUT's will have their greatest impact on the
realization of real-time 3-D ultrasound imaging systems.
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