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Abstract—Forward-viewing ring arrays can enable new
applications in intravascular and intracardiac ultrasound.
This work presents compelling, full-synthetic, phased-array
volumetric images from a forward-viewing capacitive micromachined ultrasonic transducer (CMUT) ring array wire
bonded to a custom integrated circuit front end. The
CMUT ring array has a diameter of 2 mm and 64 elements
each 100 m
100 m in size. In conventional mode, echo
signals received from a plane reﬂector at 5 mm had 70%
fractional bandwidth around a center frequency of 8.3 MHz.
In collapse mode, 69% fractional bandwidth is measured
around 19 MHz. Measured signal-to-noise ratio (SNR) of
the echo averaged 16 times was 29 dB for conventional operation and 35 dB for collapse mode. B-scans were generated
of a target consisting of steel wires 0.3 mm in diameter to
determine resolution performance. The 6 dB axial and lateral resolutions for the B-scan of the wire target are 189 m
and 0.112 radians for 8 MHz, and 78 m and 0.051 radians for 19 MHz. A reduced ﬁring set suitable for real-time,
intravascular applications was generated and shown to produce acceptable images. Rendered three-dimensional (3-D)
images of a Palmaz-Schatz stent also are shown, demonstrating that the imaging quality is suﬃcient for practical
applications.

I. Introduction
orward-viewing intravascular ultrasound (IVUS) enables new procedures in cardiac medicine such as viewing severely occluded blood vessels, guiding stent placement, and monitoring ablation operations in the heart.
A forward-viewing transducer for catheter-based applications requires clearance in the center of the transducer for
the guidewire. This motivates the development of a ring
array. A ring-shaped aperture also is capable of volumetric imaging, which reduces operator dependence in clinical ultrasound and enables new modes of visualization.
A thorough discussion of forward-viewing IVUS, including
a listing of single-element transducers and arrays in the
literature, is found in [1].
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TABLE I
Physical Parameters of CMUT Ring Array.
Number of elements
Ring diameter, mm
Element pitch, µm
Element size, µm2
Cells per element
Cell radius, µm
Membrane thickness, µm
Electrode radius, µm
Metal electrode thickness, µm
Gap distance, µm
Silicon substrate thickness, µm

64
2
102
100 × 100
9
13
0.4
9.0
0.3
0.15
500

Although a ring array provides the geometry required
for IVUS, a straightforward approach at beamforming with
such an aperture results in compromised resolution. To
address this, a weighting scheme that achieves full diskaperture resolution from an inﬁnitesimally thin ring was
reported in [2], [3]. Later work studied weighting methods
for rings with ﬁnite radial extent [4] and a reduced ﬁring
set to achieve a frame rate suitable for IVUS [1].
Previous eﬀorts have found it challenging to design and
fabricate piezoelectric transducers of the dimensions required for forward-looking ring arrays [5]. The image quality was not suﬃcient to be of clinical value because of low
element yield. There have been several eﬀorts to make ring
arrays using capacitive micromachined ultrasonic transducers (CMUTs) for the purpose of volumetric intravascular ultrasound [6]–[11].
This paper presents characterization of a CMUT ring
array coupled to custom integrated circuits and compelling
volumetric, synthetic, phased-array images that demonstrate the utility of such a device.
A. Capacitive Micromachined Ultrasonic Transducers
A CMUT array is composed of elements like any piezoelectric array. Each element, however, is composed of several cells, or membranes (Fig. 1), the design of which determine the operating characteristics of the transducer,
such as frequency, bandwidth, sensitivity, and optimum
bias voltage. The parameters of the CMUT ring array used
in this study are given in Table I.
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Fig. 1. Background, several ring arrays from a single wafer with centers removed. Right, 3 × 3 cell structure of a single CMUT element.

Fig. 2. Simulated angular response: comparison between CMUT and
rectangular element at the same frequency.

CMUTs have several advantages over piezoelectric
transducers for medical imaging [12]. Microlithography is
used to pattern the features that compose a CMUT and
routinely yields the small dimensions required for ring
arrays. Fig. 1 illustrates the batch fabrication capability
of the CMUT manufacturing process and the ability to
remove the centers of the rings. Array elements can be
made very small easily and very close together. The cell
structure of CMUTs naturally decouples operating frequency from transducer-element size, which is crucial because ring-array elements are typically small. The wide
bandwidth of CMUTs in immersion improves the resolution of ultrasound images. In addition, this transducer covers a frequency range from 4 MHz to 25 MHz, including
both conventional and collapse modes. This wide range
allows a variety of imaging schemes.
In contrast to the piezo transducer, the CMUT typically requires a direct current (DC) bias for operation. One
should note, however, that the bias is not a power source
but merely a static charge to deﬂect the CMUT membrane;
therefore, high currents and power are not necessary. Furthermore, the bias would be applied on the side of the
CMUT internal to the catheter, and all surfaces exposed
to the patient would be grounded.
The CMUT features a collapse mode operation that
has particularly good characteristics for imaging, including
higher echo signal levels and higher frequencies [8], [13].
The option of a collapse mode makes it possible during
the imaging procedure to switch between two modes with
diﬀerent characteristics. The operator can choose conventional, lower frequency operation for better penetration to
navigate, or collapse mode, higher frequency operation for
higher resolution to make a diagnosis.

ducer element. Fig. 2 compares the computed angular response of a CMUT in conventional and collapse modes
to that of an ideal, rectangular transducer element. Each
angular response curve was computed by ﬁtting the transducer’s displacement proﬁle to a 2-D grid and numerically
performing the Rayleigh-Sommerfeld integral for a pressure release baﬄe [14].
Each CMUT cell has a circularly symmetric displacement proﬁle. Therefore, the radial variation for conventional operation is approximated by the ﬁrst quarter cycle
of a cosine. Collapse mode operation has ﬁxed displacement in the center; thus, the radial variation is approximated by the ﬁrst half cycle of a sine with double the
radial frequency of the cosine of conventional operation.
Nine cells are laid out in a 3 × 3 square with 31 µm separation between cell centers.
These calculations show that the cell structure has a
minimal eﬀect on the angular response of the transducer.
The diﬀerence between the rectangular element and the
CMUT lies mainly in the size of the element. The rectangular element is 100 µm × 100 µm, whereas a box outlining
the active area of the CMUT is 88 µm × 88 µm.

B. Angular Response
The cell structure of the CMUT may cause one to question whether this aﬀects the angular response of the trans-

II. Experimental Setup
A data acquisition system was developed to collect Ascans from the 64 elements of the ring array. For prototyping purposes, this system used full-synthetic, phasedarray imaging to acquire a complete data set so that various beamforming approaches could be evaluated oﬄine.
Elements were excited one at a time, and A-scans were
acquired from the entire array for each transmit element
using a digitizing oscilloscope (Inﬁnium 54825A, HewlettPackard Co., Palo Alto, CA). Each A-scan was collected
at a sampling rate of 500 MS/s for both conventional and
collapse modes, averaged 16 times.
A custom integrated circuit (IC) [9], developed to interface with high-frequency CMUTs for testing purposes,
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Fig. 3. (a) Ring-array wire bonded to electronics. (b) 16-channel
transmit/receive circuit. (c) 64-element CMUT ring array with hole
in the center.

was used to minimize capacitive parasitics that would otherwise greatly attenuate the signal from the tiny ring array element. Each IC is 5.2 mm × 2.3 mm in size, and
includes 16 independent channels of pulser/receiver circuitry. Four IC chips were wire bonded to the 64 elements
of the CMUT in a 209 pin grid array (PGA) electronics
package, as shown in Fig. 3(a).
Vegetable oil was used as the acoustic medium for imaging experiments because it provides isolation between the
electrical nodes in the package (bond wires, ICs, CMUT).
However, the attenuation of sound in oil increases with frequency more rapidly than it does in water [12], resulting in
a pessimistic estimate of the SNR for the higher frequency
experiments.

Fig. 4. Pulse-echo response. (a) Conventional. (b) Collapse mode.

III. Results
A. A-Scan Results
Pulse-echo data of a plane reﬂector, the oil-air interface,
at 5 mm were averaged 16 times and acquired for all 64×64
transmit-receive combinations using a 25 V unipolar pulse
as the excitation. For the conventional case (30 V DC bias),
the pulse width was 60 ns; for collapse mode (100 V DC
bias), the pulse width was 27 ns. These pulse widths were
found experimentally to maximize the amplitude of the
echo signal. This roughly sets the ﬁrst zero of the pulse in
the frequency domain to be twice the center frequency of
the transducer.
Fig. 4 shows the echo signal from a typical array element
and exhibits the wide bandwidth of the CMUT. The main
pulse lasts 1.5 to 2.5 cycles and is followed by a ringing tail.
The tail is the result of cross talk and is greatly reduced
in collapse mode [15]. The average SNR over all 64 array
elements for this plane reﬂector is 29 dB for conventional
operation and 35 dB for collapse mode. The calculated loss
due to attenuation and diﬀraction for a 100 µm×100 µm
square aperture at the frequencies of conventional and collapse modes is 49 dB and 57 dB, respectively.

Fig. 5. FFT of pulse-echo response. (a) Conventional. (b) Collapse
mode.

Fig. 5 shows the fast Fourier transform (FFT) of the
unﬁltered pulse-echo signal, and Fig. 6 shows the FFT of
this signal after it has been ﬁltered for imaging. The imaging ﬁlter was a 300-tap Gaussian-window bandpass ﬁnite
impulse response (FIR) ﬁlter with α = 2.5. For conventional mode, the ﬁlter had a 6 dB passband from 5.5 to
13 MHz. For collapse mode, the ﬁlter had a 6 dB passband
from 10 to 27.5 MHz.
Using the ﬁltered data, the center frequencies, and fractional bandwidths of all 64 elements were calculated according to the following deﬁnitions: center frequency:
fc = (f+,6dB + f−,6dB )/2,

(1)
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Fig. 7. Uniformity across ring array, conventional mode. (a) Center
frequency. (b) Fractional bandwidth.
Fig. 6. FFT of ﬁltered pulse-echo response. (a) Conventional. (b) Collapse mode.

and fractional bandwidth:
∆f /f = (f+,6dB − f−,6dB )/fc .

(2)

The results are plotted in Figs. 7 and 8. In conventional
mode, the device operates at 8.3 MHz with a 6 dB bandwidth of 5.8 MHz. In collapse mode, it operates at 19 MHz
with a bandwidth of 13 MHz. All 64 elements were functional and exhibit excellent uniformity.
B. Image Reconstruction Procedure
A-scans from the 64 × 64 combinations of transmitreceive channels enable oﬀ-line construction of volume
data using a variety of schemes. B-scan sectors of a plane
and its transverse plane were generated to demonstrate
volumetric imaging.
The method of synthetic phased-array image reconstruction involved radio frequency (RF) beamforming on
the ﬁltered A-scans, using dynamic focusing on transmit
and receive. The delays were calculated based upon the
round trip distance from the transmit element to the point
on the beam, then to the receive element. The sample from
the A-scan corresponding to this delay was weighted and
added to the samples from all the other A-scans that correspond to the same point on the beam. This procedure
can be expressed [16] as:
U (x, y, z) =

N
N 


wij sij [ki + kj ],

(3)

i=1 j=1

for each point (x, y, z) on the beam, where:
 

fs
2
2
2
ki,j = round
(x − xi,j ) + (y − yi,j ) + z ,
c

(4)

Fig. 8. Uniformity across ring array, collapse mode. (a) Center frequency. (b) Fractional bandwidth.

sij is the A-scan of the ith transmitter and the j th receiver,
N is the number of array elements, (xi , yi , 0) are the coordinates of the ith element, fs is the sampling rate, c is the
speed of sound, and wij is the weighting factor:
wij = we (i, j)wn (i, j)wc (i, j).

(5)

The array elements were weighted, we (i, j), to equalize
the signal energy of their pulse-echo responses from the oilair surface using the A-scan data from the previous section.
This compensates for small diﬀerences in sensitivity among
the elements.
Norton’s weightings to obtain full-disk resolution from
a ring aperture [2] were applied:
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TABLE II
Imaging Parameters.
Depth of image, mm
Sector angle, degrees
Number of beamlines (Q)
Number of points along beamline
Pixel size in sector image, µm2

TABLE III
Summary of Results.
9.62
90
101
660
25 × 25

Pulse-echo center frequency (f0 ), MHz
Pulse-echo fractional bandwidth, %
Lateral resolution (∆θ6−dB ), radians
Axial resolution (∆r6−dB ), µm
Wire A-scan SNR, 0 avg (dB)
Image SNR, 0 avg (dB)
Wire A-scan SNR, 16 avg (dB)
Image SNR, 16 avg (dB)

Fig. 9. Imaging phantom and orientation: three steel wires, 0.3 mm
in diameter each.

wn (i, j) = 2| sin(θi − θj )|,

(6)

where θi is the angle in the plane of the transducer to
the transmit element, and θj is the angle to the receive
element.
Cosine apodization [17] of the aperture in the radial
dimension was applied to suppress sidelobes:
wc (i, j) =

πρi,j
2a )

1 + K cos(
1+K

,

(7)

Conventional

Collapse

8.3
69.7
0.112
189
13
38
22
50

19
69.0
0.051
78
9
34
24
48

averaged 16 times and using K = 1. Because of the higher
frequency and reduced acoustic cross talk, collapse mode
produces images with a narrower main lobe and fewer artifacts than conventional mode imaging. The Y-Z plane
clearly shows a cross section of the wires. In the images of
the X-Z plane, only the nearest wire appears as a bright
line because it is the only one that lies in the plane of this
slice.
Image SNR was calculated for the closest wire at 3.5 mm
and compared to the average A-scan SNR of the wire. The
image signal was found by manually taking a small rectangular kernel about the brightest point corresponding to
the wire. The A-scan SNR was found by taking a ﬁxed
window about the peak of the pulse that corresponded to
the wire and averaging over all 4096 A-scans. This was
done for scans taken with 16 and zero averages. Even with
no averaging, there still is roughly 35 dB of SNR, which
allows strong reﬂectors such as stents to be easily seen.
This is a notable result considering that each element of
the ring array is only 100 µm × 100 µm in size.
Table III summarizes the imaging performance of this
system for both modes of operation.
D. Reduced Firing Set

where:
ρi,j


= a 2 + 2 cos(θi − θj ),

(8)

is the radius of the eﬀective aperture, a is the radius of the
ring array, and K is a parameter that can be adjusted to
trade oﬀ between resolution and sidelobe suppression. In
this paper, K = 1 is chosen.
The beams were envelope detected, scan converted, and
logarithmically compressed for display. A 90◦ ﬁeld of view
was uniformly sampled in sin(θ) space with 101 beams.
The beams were sampled axially every 12.3 µm. The imaging parameters are summarized in Table II.
C. B-Scan Results
For imaging experiments, a phantom of three steel wires
each 0.3 mm in diameter, shown in Fig. 9, was used to characterize the line spread function of the system. This phantom was scanned with 16 and zero averages in both conventional and collapse modes. Fig. 10 shows the Y-Z and
X-Z planes of the conical volume, reconstructed from data

Because the hardware and interconnect for a catheter
probe will likely be highly limited, a reduced set of transmit and receive combinations is required to keep the frame
rate high and suppress motion artifacts. Following the
methodology presented in [1], oﬄine beamforming was
performed with reduced ﬁring sets to investigate the viability of such a scheme using experimental data from a
CMUT ring array. A custom reduced-ﬁring set with 276
transmit-receive combinations was generated for the conventional, 8-MHz operation of the CMUT. A reduced ﬁring
set for collapse mode was not made because the frequency
(19 MHz) was not suitable for this array design. In the
cited work, two adjacent elements were tied together during transmit to increase output power. Here, this was simulated by applying to both elements during beamforming
the average delay for these two elements.
The coarray is deﬁned as the convolution of the transmit/receive aperture with itself. The coarray is formed on
a point-by-point basis by the vector sum of the transmit
and receive elements as illustrated in Fig. 11. A particular

yeh et al.: forward looking cmut ring array for intravascular/intracardiac applications

1207

Fig. 10. Slices of 3-D volume, 40 dB range. (a) Y-Z plane, conventional. (b) Y-Z plane, collapse mode. (c) X-Z plane, conventional. (d) X-Z
plane, collapse mode.

Fig. 11. Schematic of coarray formation.

oﬀset between the transmit and receive elements corresponds to a ring on the coarray with a particular radius.
A subset of the coarray can be chosen such that acceptable
imaging performance is achieved. Speciﬁcally, the distance
between coarray elements must be maintained to avoid
grating lobes.
The ﬁring set is given in Table IV for conventional operation. This corresponds to the coarray graphically depicted
in Fig. 12. Rings in the coarray that are needlessly dense
are thinned, and adjacent rings are oﬀset to minimize the
distance between coarray elements. Here, receive element

Fig. 12. Coarray of reduced ﬁring set for conventional mode.

oﬀsets of 13 to 31 are used. Oﬀset 32 is ignored because
it contributes only to spatial DC. Oﬀsets smaller than 12
sample the aperture at an intolerably large interval. Oﬀset
13 corresponds to an outer radius of 1.6 mm. Points on
this ring of the coarray are an arc length of 315 µm apart.
Oﬀset 31 corresponds to an inner radius of 98 µm.
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Fig. 13. Slices of 3-D volume, 40 dB range, reduced ﬁring set, conventional. (a) Y-Z plane. (b) X-Z plane.

Fig. 14. Line spread functions of nearest wire. (a) Axial LSF, conventional. (b) Axial LSF, collapse mode. (c) Lateral LSF, conventional.
(d) Lateral LSF, collapse mode.

TABLE IV
Reduced Firing Set for Conventional Operation.
Oﬀset

# Firings

13, 15, . . . 25
27, 28
29, 30
31

32
16
8
4

and grating lobes can now be seen on the second wire
because the samples of the coarray are not close enough to
keep grating lobes out of the ﬁeld of view. The samples of
the aperture should be one wavelength apart (190 µm at
8 MHz, 79 µm at 19 MHz) to prevent grating lobes. The
samples on the outer ring of the coarray are 315 µm apart
for the reduced ﬁring case versus 196 µm for the full-ﬁring
set.
E. Line Spread Functions

The resulting B-scans are shown in Fig. 13. The images
are not much worse than those from the full ﬁring set and
demonstrate the viability of using reduced ﬁring sets to
implement real-time imaging. The sidelobes are elevated,

The experimental line spread functions (LSF) are compared to those from simulation in Fig. 14. Simulated data
was generated by using Gaussian pulses with the band-
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Fig. 15. Photograph of spring, 3-D rendered ultrasound image, cross
sections with 40 dB dynamic range.

width and center frequency of the CMUT, and with reﬂectors in the same locations as in the experiment. The
axial and lateral LSFs of the system were calculated by
averaging 20 lines of pixels in r-sin(θ) space around the
line that contained the brightest pixel corresponding to
the ﬁrst wire. Data from the B-scan images with 16 averages and K = 1 were used.
In conventional mode, the reduced set provides resolution comparable to that of the full-phased array, although
excessive cross talk pollutes the noise ﬂoor and prevents
an accurate measurement of the lateral LSF. The lateral
LSF in collapse mode shows the beginning of grating lobes
as explained by the sparse sampling on the coarray. The
axial LSF exhibits ringing that is characteristic of cross
talk, which is much suppressed relative to conventional
mode. Both cases show an excellent match to simulation,
especially in terms of main lobe width.
F. Volumetric Imaging
One application of a forward-viewing ring array is to
guide stent placement. To demonstrate this, several stentshaped objects were scanned using 16 averages. The volume was reconstructed directly on a Cartesian grid, using
in-phase and quadrature data from the A-scans. The result was rendered and displayed using the volume viewing
software, Microview (General Electric Co., London, ON,
Canada).
The ﬁrst is a spring (Fig. 15), 4 mm in diameter, that
was taken from a pen. The volume rendered spiral can be
seen in the center. A supplemental animation that rotates
the rendered spring about the Z-axis has been provided
. The three cross sections on the right show the features
of the spiral in greater detail, with 40 dB dynamic range.
A second animation steps through the cross sections and
conveys the structure of the spring
.
Next, an undeployed Palmaz-Schatz stent is shown in
Fig. 16. The strut planes are strong reﬂectors and are
the prominent features in the rendered image. The C-scan
plane shows the bottom opening of the stent. The alternating pattern of the struts and traces of the vertical wall

1209

Fig. 16. Photograph of Palmaz-Schatz stent, undeployed, 3-D rendered ultrasound image, cross sections with 40 dB dynamic range.

Fig. 17. Photograph of Palmaz-Schatz stent, deployed, 3-D rendered
ultrasound image, cross sections with 40 dB dynamic range.

are visible in the cross sections. The rendered volume is
rotated about the Z-axis in the third supplemental animation
.
A deployed Palmaz-Schatz stent is shown in Fig. 17.
This image is more diﬃcult to interpret due to the sparseness of reﬂectors. The struts again show up as bright reﬂectors, which form rungs in the rendered image. The Xshaped patterns that make up the walls of the stent can be
seen in the cross sections. The bottom rung is captured in
the image of the C-scan plane. The rendered volume is rotated about the Z-axis in the supplemental animation .
These last two images demonstrate that the PalmazSchatz stent is clearly visible in both undeployed and deployed states. The extent of the stent can be accurately
determined using the ultrasound image. This transducer
potentially can locate a stent and conﬁrm deployment.

IV. Conclusions
Synthetic phased-array ultrasound imaging using a
forward-viewing CMUT ring array with custom ICs has
been demonstrated. Compelling 3-D images of several wire
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targets and Palmaz-Schatz stents have been presented, indicating the practical promise of imaging with such a device. It is the high yield of the CMUT fabrication process in combination with the eﬃcacy of the CMUT transduction method and the use of custom-integrated circuits
that makes imaging with such small transducer elements
possible. A system fully integrated with electronics either
monolithically or using ﬂip-chip technology can make use
of customized beamforming methods to improve SNR and
increase frame rate. Advanced driving circuitry that implements bipolar pulses and coded excitation can contribute
to additional gains in SNR. These results and the potential
of further improvements point to an auspicious future for
forward-viewing CMUT ring arrays in intravascular imaging.
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