1596

ieee transactions on ultrasonics, ferroelectrics, and frequency control, vol. 49, no. 11, november 2002

Capacitive Micromachined Ultrasonic
Transducers: Next-Generation Arrays for
Acoustic Imaging?
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Abstract—Piezoelectric materials have dominated the ultrasonic transducer technology. Recently, capacitive micromachined ultrasonic transducers (CMUTs) have emerged as
an alternative technology oﬀering advantages such as wide
bandwidth, ease of fabricating large arrays, and potential
for integration with electronics. The aim of this paper is to
demonstrate the viability of CMUTs for ultrasound imaging. We present the ﬁrst pulse-echo phased array B-scan
sector images using a 128-element, one-dimensional (1-D)
linear CMUT array. We fabricated 64- and 128-element 1-D
CMUT arrays with 100% yield and uniform element response across the arrays. These arrays have been operated
in immersion with no failure or degradation in performance
over the time. For imaging experiments, we built a resolution test phantom roughly mimicking the attenuation
properties of soft tissue. We used a PC-based experimental system, including custom-designed electronic circuits to
acquire the complete set of 128 128 RF A-scans from all
transmit-receive element combinations. We obtained the
pulse-echo frequency response by analyzing the echo signals from wire targets. These echo signals presented an 80%
fractional bandwidth around 3 MHz, including the eﬀect of
attenuation in the propagating medium. We reconstructed
the B-scan images with a sector angle of 90 degrees and an
image depth of 210 mm through oﬄine processing by using
RF beamforming and synthetic phased array approaches.
The measured 6-dB lateral and axial resolutions at 135 mm
depth were 0.0144 radians and 0.3 mm, respectively. The
electronic noise ﬂoor of the image was more than 50 dB below the maximum mainlobe magnitude. We also performed
preliminary investigations on the eﬀects of crosstalk among
array elements on the image quality. In the near ﬁeld, some
artifacts were observable extending out from the array to a
depth of 2 cm. A tail also was observed in the point spread
function (PSF) in the axial direction, indicating the existence of crosstalk. The relative amplitude of this tail with
respect to the mainlobe was less than 20 dB.

;

Manuscript received January 21, 2002; accepted July 24, 2002. This
work was supported by the United States Oﬃce of Naval Research
and CBYON, Inc.
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I. Introduction
coustical devices have been used for practical underwater imaging applications since World War I. Use
of ultrasound in medicine started in the 1930s. Piezoelectric crystals (e.g., Rochelle salt and quartz) and magnetostrictive materials (e.g., nickel) were the transduction
material of choice until the 1940s. The intense materials research during World War II gave birth to the second generation of transduction materials, the piezoelectric ceramics (e.g., barium titanate and lead zirconate titanate). Electronic sector scanning for ultrasonic diagnosis
was introduced in the late 1960s. The tensile piezoelectricity in stretched and poled ﬁlms of polyvinylidene ﬂuoride
(PVDF), a polymer, was demonstrated in 1969. Linear arrays with electronic scanning started replacing ﬁxed-focus
mechanical sector scanners in the 1970s, providing greatly
improved resolution and faster image formation. The details of the history of ultrasound imaging and transducer
technologies outlined can be found in several books [1], [2]
and papers [3]–[5].

A

In recent years, advances in microelectronics and digital signal processing technology have enabled processing
large amounts of data from transducer arrays with large
element counts. The ﬂexibility of digital data processing
systems has sparked signiﬁcant research eﬀorts to develop
new algorithms to reconstruct, enhance, and analyze ultrasound images. However, the ability and usefulness of these
algorithms depend on the quality (e.g., SNR, bandwidth,
and dynamic range) of the original echo signal, making the
transducer and associated front-end electronics the most
critical components of ultrasound imaging systems.
Throughout the history of ultrasound imaging, piezoelectric crystals, ceramics, polymers, and recently piezocomposite materials [6] have been used to generate and
detect ultrasound. Although the idea of capacitive ultrasound transducers is as old as the early piezoelectric transducers, piezoelectric materials have dominated ultrasonic
transducer technology. The reason why capacitive transducers have not been popular is that electric ﬁeld strengths
on the order of a million volts per centimeter (106 V/cm)
are required, so that electrostatic forces as large as a kilo-
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gram per square centimeter (kg/cm2 ) would be achieved,
as the eminent French physicist Paul Langevin stated in
1915 [2]. However, recent advances in microfabrication
technology have made it possible to build capacitive ultrasound transducers competing with piezoelectric transducers. Moreover, CMUTs oﬀer advantages of improved bandwidth, ease of fabrication of large arrays with individual
electrical connections, and integration with electronics [7].
CMUT technology is not simply a low-cost replacement of piezoelectric transducer technology. Many features
inherent in CMUT technology enable revolutionary advances in ultrasound imaging. Currently, real-time volumetric imaging is the focus of extensive research in ultrasound [8]–[10]. The realization of such systems depends
on design and fabrication of 2-D transducer arrays. There
are diﬃculties in fabricating these arrays due to limitations in the existing transducer array and interconnect
technologies. CMUTs are fabricated using standard silicon
integrated circuit (IC) fabrication technology. This technology makes it possible to fabricate large arrays using
simple photolithography. Individual electrical connections
to transducer elements are provided by through-wafer interconnects. Two-dimensional CMUT arrays with as many
as 128×128 elements already have been successfully fabricated and characterized [11]. These 2-D arrays can be
integrated with electronics in the form of a 3-D multichip
module by ﬂip-chip bonding [12].
Another enabling feature inherent to CMUT technology
is wide bandwidth. A wideband transducer does not simply increase the resolution, but it also enables the design
of new image modalities and analysis tools. A prominent
area of research in medical ultrasound is tissue harmonic
imaging, in which energy is transmitted at a fundamental
frequency and an image is formed from the energy at the
second harmonic [13]. In current harmonic imaging systems, the transmit frequency is set to 2/3 of the center
frequency and the receive frequency is set to 4/3 of the
center frequency of the transducer, resulting in suboptimal operation both in transmit and receive [14]. CMUTs
provide a ﬂat response over a wide frequency range, enabling optimal tissue harmonic imaging.
CMUTs also are promising for high-frequency applications such as intravascular ultrasound imaging (IVUS), in
which high-frequency operation using miniature probes is
vital. CMUTs operating at frequencies as high as 60 MHz
have been fabricated and tested successfully [15]. Experimental front-looking and side-looking IVUS arrays also
have been designed and fabricated. Another area of extensive research is ultrasonic tissue characterization, often
based on spectral analysis [16] and subband processing [17]
of backscattered signals, in which wide bandwidth is crucial.
CMUTs have many promising applications other than
medical and underwater imaging as well. Air-coupled, nondestructive evaluation [18], microphones with RF [19] and
optical [20] detection schemes, surface and bulk acoustic
wave devices [21], and smart microﬂuidic channels [15] are
among these applications.
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Since the ﬁrst demonstration of CMUTs in the early
1990s, extensive research has been conducted on fabrication and modelling of this new transducer technology [22]–
[24]. The fabrication process for CMUTs was reported earlier [25], [26]. A transducer equivalent circuit based on Mason’s model [27] has been developed [28], and the validity
of the model has been conﬁrmed by experimental results
[29]. One-dimensional linear CMUT arrays have been characterized, including the acoustical crosstalk in these arrays
[30]. Finite element analysis also is an important part of
research used to understand the transducer characteristics
(especially crosstalk issues) and to optimize the transducer
response [31]–[34]. The 2-D receive PSF of a 64-element
1-D linear CMUT array has been measured experimentally and is reported in [35]. The ﬁrst pulse-echo phased
array images using a 16-element, 1-D linear CMUT array
were presented in [36].
The aim of this paper is to present the ﬁrst pulse-echo
phased array B-scan sector images using a 128-element,
1-D linear CMUT array to demonstrate the viability of
CMUTs for ultrasound imaging, especially for medical and
underwater applications. The organization of this paper is
as follows. Section II brieﬂy explains the operation and
fabrication of CMUTs. The experimental methods used
in this study are explained in Section III. Section IV describes the image reconstruction procedure. In Section V,
the resulting images are presented and a quantitative analysis is carried out, in which the experimental results are
compared with theoretical expectations. Section VI discusses the eﬀects of crosstalk on the reconstructed images.
Section VII gives conclusions.

II. CMUT Arrays
A. Principles of Operation
The basic building block of a CMUT is a capacitor
cell consisting of a metalized membrane (top electrode)
suspended above a heavily doped silicon substrate (bottom electrode) as shown in Fig. 1(a). A single element
in the array consists of many small capacitor cells connected in parallel as shown in Fig. 1(b). A top view of
four elements of a 1-D CMUT linear array is shown in
Fig. 1(c). During CMUT operation, a direct current voltage is applied between the metalized membrane and the
substrate. The membrane is attracted toward the bulk by
the electrostatic force, and induced stress within the membrane resists the attraction. Driving the membrane with
an alternating voltage generates ultrasound. If the biased
membrane is subjected to ultrasound, a current output is
generated due to the capacitance change under constant
bias voltage. The amplitude of this current output is a
function of the frequency of the incident wave, the bias
voltage, and the capacitance of the device. The eﬃciency
of CMUTs is determined by the electromechanical transformer ratio, which can be expressed as the product of the
device capacitance and the electric ﬁeld strength across
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Fig. 1. 1-D CMUT array. (a) Schematic cross section of a CMUT
cell. (b) Magniﬁed view of a single 5-cell wide, 1-D array element.
(c) A portion of four elements of the 1-D CMUT array.

TABLE I
Physical Parameters of the CMUT Array.
Number of elements in the array (N )
Length of an element, µm
Width of an element, µm
Element pitch (d), µm
Number of cells per element
Cell diameter (dcell ), µm
Membrane thickness (tm ), µm
Gap thickness (tg ), µm
Insulating layer thickness (ti ), µm
Silicon substrate thickness, µm

128
6000
200
250
750
36
0.9
0.11
0.2
500

the gap beneath the membrane. Planar fabrication enables
building a thin membrane above a submicron sealed cavity,
which is crucial to obtain high electric ﬁelds for improved
transducer performance. The physical dimensions of the
1-D CMUT array used in this work are listed in Table I.
B. Fabrication
The CMUTs are fabricated using standard silicon IC
fabrication technology. The details of the CMUT fabrication process can be found in earlier reports [25], [26]. Here,
the fabrication process will be summarized brieﬂy to give
an outline for the reader. First, the silicon wafer is doped
heavily through diﬀusion and drive-in for formation of the
bottom electrode of the capacitor. Then, a layer of silicon
nitride is deposited as a protective insulator for the bottom electrode and as an etch stop. An amorphous silicon
layer is deposited over the wafer. This layer of amorphous

Fig. 2. Basic process steps in CMUT fabrication.

silicon is patterned by photolithography and dry etching,
so that the amorphous silicon remains where the vacuum
gaps would be formed as shown in Fig. 2(a). A second
silicon nitride layer is deposited over the patterned amorphous silicon in order to form the membrane as shown
in Fig. 2(b). Small through-holes are deﬁned at the edges
of the membrane to allow the etchant to come in contact with amorphous silicon as shown in Fig. 2(c). Potassium hydroxide (KOH) provides the high etch selectivity
needed to remove the sacriﬁcial amorphous silicon and release the membrane. Silicon nitride is deposited once again
to seal the etch holes. This step is performed at low pressure so that the gap beneath the membrane is evacuated
prior to sealing. The top electrode is formed by aluminum
metallization. The size and location of the top electrode
aﬀect the device performance signiﬁcantly [33]. A layer
of low-temperature-oxide (LTO) is deposited to passivate
the device as shown in Fig. 2(d). A total of 6 masks are
used in fabrication. The total number of masks for fabrication of 2-D arrays with through-wafer interconnects is 11.
The ability to seal the gaps enables immersive operation
of CMUTs by preventing the hydrolysis of water in the
cavity under high electric ﬁelds and loading at the back of
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the membrane. Sealing also improves the performance of
air transducers by decreasing the loss due to squeeze-ﬁlm
eﬀects [37].
C. Reliability and Yield
Recent improvements in our fabrication process provide better control of the gap height and membrane thickness. These improvements also enable isolation of individual cells in an array element by the separation of etch
channels and active areas [38]. As a result, 64- and 128element 1-D CMUT arrays were fabricated on the same
wafer with 100% yield, and no device failure was observed
during immersion operation. In this paper, we present the
experimental results from the 128-element array. We have
performed impedance measurements on the individual array elements in air to demonstrate the yield and uniformity of element response. For impedance measurements,
the 128-element 1-D CMUT array was biased at 28 V, a
low voltage level to avoid collapsing the membranes. The
impedance of each individual element was measured in air
using a vector network analyzer (model 8751A, HewlettPackard Co., Palo Alto, CA). The device capacitance values and the resonant frequency in air were extracted for
each element from the impedance measurements. The results of these measurements are presented in Fig. 3. The
mean value of the device capacitance is 27 pF with a standard deviation of 1.75 pF. The mean value of the resonance
frequency in air is 12.1 MHz with a standard deviation of
120 kHz. These measurements show that the 128-element
1-D CMUT array has a 100% yield in the number of functional elements, and the uniformity across the array is remarkable. One should note that the resonant frequency
in air is given only to demonstrate the uniformity of the
array elements. In immersion applications, the mechanical impedance of the medium dominates the impedance
of the membrane, resulting in a broadband, nonresonant
transducer response.

III. Experimental Work
A. Data Acquisition System
The PC-based data acquisition system included customdesigned circuits and a software interface. The experimental setup and the corresponding block diagram are shown
in Figs. 4 and 5, respectively. A 128-element, 1-D linear CMUT array was attached and wire bonded onto a
printed circuit board (PCB) to provide individual electrical connections to each transducer element. The second
PCB along the signal path provided the DC bias to the
transducer elements, and alternating current (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 ampliﬁcation of
the incoming echo signals. Typically the system is used for

Fig. 3. Measured array statistics. (a) Device capacitance measured
across the 128-element array. (b) Resonant frequency in air measured
across the 128-element array.

collecting A-scans from all transmit-receive channel combinations, in which case only one transmit channel and
eight receive channels are selected at a time. For the imaging results presented in this paper, the DC bias voltage
on the CMUT array was set to 40 V for maximum sensitivity and a 15-V, 100-ns rectangular pulse was applied to
generate ultrasound signals. The echo signals were ampliﬁed by a ﬁxed gain of 60 dB. The ampliﬁed signals were
sampled at a rate of 50 MHz and digitized with a resolution of 8 bits. The RF A-scans from all 128×128 transmitreceive element combinations were automatically acquired
and stored for oﬀ-line digital processing.
In conventional phased array (CPA) ultrasound imaging, all array elements are ﬁred simultaneously to form a
beam with a ﬁxed focus beyond the minimum f# depth,
whereas dynamic focusing is employed as all elements simultaneously receive the echo signal [39]. Having the full
set of data consisting of all transmit-receive combinations
allows emulation of any beamforming scheme through oﬀline processing. However, using only one element in transmit limits the total acoustic output power and hence degrades the SNR of the received echo signal from a single
channel. In this experiment, signal averaging over 100 successive acquisitions was used to avoid low SNR in A-scans
caused by the limited output power of a single transducer
element. The averaged A-scans were stored with a 12-bit
sample resolution. One should note that signal averaging
over 100 acquisitions corresponds to a 20 dB SNR improvement whereas in phased array operation ﬁring from 128 elements provides a 42 dB (20log10 128) SNR improvement.
B. Resolution Test Phantom
The resolution test phantom consisted of seven stainless steel wires, each having a diameter of 0.38 mm. The
locations of wires were arranged in a diagonal fashion, so
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Fig. 4. Experimental data acquisition system.

measured the attenuation in oil as a function of frequency
using the broadband, through-transmission technique and
spectral analysis. For a wide variety of materials, attenuation increases with frequency according to a power-law
relation: α = α0 f b , where α0 and b are material dependent
constants, and f is the frequency [40]. The result of our attenuation measurements in oil and the ﬁtted least-squares
line (R2 = 0.9768) are shown in Fig. 6. According to these
results, the attenuation function in oil can be written as
α = 0.08f 1.85,

(1)

where α is in units of decibels per centimeter and f is
in units of megahertz. This result agrees with previously
reported values [41]. For human tissues, α0 varies between
0.4 dB/cm and 2 dB/cm, and often a linear frequency
dependence is assumed [40]. Attenuation in oil is compared
to fatty tissue (α = 0.40f 1.00 ) [42], and homogenized liver
(α = 0.56f 1.12) [43] in Fig. 6.
Fig. 5. Block diagram of the data acquisition system.

C. Analysis of A-Scan Data

that the PSFs at diﬀerent spatial locations could be tested.
The wire phantom and the CMUT array were immersed
in vegetable oil. The low electrical conductivity of vegetable oil provides a natural isolation between the unisolated bond wires on the CMUT array. Additionally, vegetable oil roughly mimics the attenuation of soft tissue. We

Fig. 7 shows a sample A-scan, the echo signal received
by the 90th element when the 121st element was transmitting. The echo signals coming from seven diﬀerent wires
in the phantom are clearly identiﬁed in the ﬁgure. This
A-scan shows echo signals corresponding to a depth of
210 mm. The amplitude of the echo signals reﬂected from
the ﬁrst and second wires were smaller than the echo from
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Fig. 6. Attenuation coeﬃcient.

Fig. 8. Pulse-echo impulse response (echo signal from the third wire).

Fig. 7. A sample echo signal received by the 90th element when the
121st is transmitting.

Fig. 9. Pulse-echo frequency response (Fourier transform of the echo
signal from the third wire).

the third wire because the ﬁrst two wires in the phantom
were located at a larger angle oﬀ of the array normal. The
lower echo amplitude for these echo signals was a result
of the radiation pattern of a single transducer element.
The theoretical 3-dB acceptance angle of a 200-µm wide
ideal transducer element is 38 degrees when operating at
3 MHz. The lower amplitude of echo signals for wires beyond the third wire was due to the medium attenuation
as discussed above. In this particular case, the diﬀerence
between echo signal amplitudes from diﬀerent depths was
more than 20 dB.
We have chosen the echo signal coming from the third
wire to represent the pulse-echo impulse response of the
CMUT, as shown in Fig. 8. The third wire was chosen because of its proximity to the array normal and its midrange
position resulting in the largest echo amplitude. The fol-

lowing secondary pulse was more than 20 dB lower than
the main echo and is an indication of crosstalk between
array elements [44], [45]. It has been reported [30] that
Stoneley-type waves propagating at the ﬂuid-silicon wafer
interface and Lamb waves propagating in the silicon wafer
are the major reasons for the crosstalk between array elements. The excitation mechanisms of these spurious modes
have been investigated through radiation pattern and optical probe measurements. The details of the crosstalk characterization of 1-D CMUT arrays and several methods to
reduce the crosstalk can be found in [30]. The eﬀects of
crosstalk on the reconstructed images are discussed in Section VI in this paper.
The pulse-echo frequency response was found by calculating the Fourier transform of the RF A-scan associated
with the 3rd wire and is shown in Fig. 9. This response
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was centered at 3 MHz and has a fractional bandwidth
of 80%. Our previous measurements show that CMUTs
have a fractional bandwidth of more than 100% [29]. In
this case, the frequency-dependent attenuation in oil performs frequency shaping, eﬀectively suppressing the highfrequency components of the signals when the propagation path is long, as in this experiment. The frequency
response in Fig. 9 also includes the eﬀect of a 1–5 MHz digital bandpass ﬁlter applied to eliminate out-of-band noise.
The crosstalk between array elements also causes slight
distortion and ripples at some frequencies in the pulseecho frequency response. Currently, the acoustic coupling
mechanisms and crosstalk reduction techniques are subjects of ongoing research.
We also performed an additional bandwidth measurement by obtaining a pulse-echo sample from a plane reﬂector (7-cm thick metal block) located at a distance of
10 mm. A 100-ns wide rectangular pulse was used to excite the 1-D CMUT array element. While keeping the DC
bias board and the multiplexers, we bypassed the ampliﬁer and the ﬁlter on the receive path to eliminate their
eﬀects on the output frequency spectrum. In order to reduce the total loss due to frequency-dependent attenuation
in the medium, we placed the plane reﬂector close to the
array. The resulting pulse-echo impulse response is shown
in Fig. 10(a). The existence of the tail in this impulse response shows that the tail observed in wire echo signals
was not due to reverberations in the wires and suggests
that this tail was due to the crosstalk between array elements. The corresponding pulse-echo frequency response
is shown in Fig. 10(b). This frequency response was centered at 4.59 MHz with a fractional bandwidth of 96%.
Compensating for diﬀraction and attenuation losses resulted in a frequency response centered at 4.62 MHz with a
105% fractional bandwidth. This result indicates the wide
bandwidth of CMUTs and conﬁrms that the frequency
spectrum of wire echo signals was signiﬁcantly shaped by
the frequency-dependent losses in the medium. One also
should note that the compensated response still includes
the frequency response of biasing and multiplexing circuits.

Fig. 10. (a) Pulse-echo impulse response measured from a plane reﬂector at a distance of 10 mm. (Ampliﬁer and ﬁlter bypassed, no
digital ﬁltering applied, excitation: 100-ns wide unipolar pulse.) (b)
Corresponding pulse-echo frequency response.

IV. Image Reconstruction
Following the acquisition of the complete data set for all
128×128 transmit-receive element combinations, the raw
RF A-scan data were processed digitally to reconstruct the
phased array B-scan sector image (Fig. 11). Prior to image
reconstruction, a digital bandpass ﬁlter with a 1–5 MHz
passband was applied to the raw data to eliminate out-ofband noise. The ﬁltered signals were upsampled by a factor of two to prevent so-called “quantization lobes” caused
by delay quantization errors [46]. At this point, optionally,
the diﬀerences in amplitude of echo signals associated with
diﬀerent depths can be compensated by applying a variable gain ampliﬁcation on A-scans. The image was reconstructed by using RF beamforming and synthetic phased

Fig. 11. Image reconstruction steps.
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TABLE II
Imaging Parameters.
Depth of image, mm
Depth of dead zone, mm
Sector angle, degrees
Number of points along a beamline (P)
Number of beamlines (Q)
fs /f0
Minimum f number (f# )
Pixel size in the sector image, mm2

zero and nonzero values for f# apodization. The rounding
operation in (4) is performed to pick the closest sample
to the calculated exact time point. Because the A-scans
are sampled with a ﬁnite sampling rate, a rounding operation is necessary and causes the delay quantization error
that can be minimized by upsampling the original signal.
The ratio of the rms array/delay quantization errors to the
main lobe amplitude is expressed as:

210
37.5
90
2500
300
33
2
0.25 × 0.25

π
rms quantization errors
≈ √
,
main lobe amplitude
µ 6N

array approaches [47], [48]. In beamforming, the image sector ﬁrst was sampled uniformly in the axial direction and
uniformly in sin(θ) in the lateral direction, where θ is the
beam angle measured from the array normal. The image
reconstruction parameters are given in Table II. The image formed using dynamic focusing both in transmit and
receive beamforming using the complete data set with N 2
A-scans from an N -element array is considered as the highest quality image and, hence, this beamforming scheme is
called the gold standard phased-array (GPA). Delay information for gold standard phased-array beamforming mentioned in Fig. 11 is a look-up table or a focus map with
a complexity of O(N · P · Q), where N is the number of
transducer elements, P is the number of points along a
beamline in the axial direction, and Q is the number of
beamlines. These delays are calculated as follows:
τ [n, p, q] =

1
(R[p] − ρ[n, p, q]),
c

(2)

where τ [n, p, q] is the delay applied to the nth channel for
the pth pixel in the range direction of the qth beamline,
and c is the speed of sound in the medium. This delay is
basically the diﬀerence in time between ﬂights from pixel
to array-phase center (R[p]/c) and from pixel to the element under consideration (ρ[n, p, q]/c).
The beamforming can be expressed as:
U [p, q] =

N

i=1

ai [p, q]

N


bj [p, q]sij [k],

(3)

j=1

where

 

2R[p]
− τ [ni , p, q] − τ [nj , p, q] − t0
.
k = round fs
c
(4)

In the expression above, τ [ni , p, q] and τ [nj , p, q] refer to
delays applied during transmit and receive beamforming,
respectively, R[p] is the distance from the origin of the
phase center to the focal point of interest ([p, q]), fs is the
sampling frequency of A-scans, and t0 is the oﬀset time.
Here, U [p, q] is the value of the image pixel in discrete
R-sin(θ) space represented by sample indices (p, q), and
ai [p, q] and bj [p, q] represent the weighting for the ith element during transmit and the jth element during receive
operations, respectively. These weighting values are set to

(5)

where µ is the ratio of the sampling frequency to the center frequency of the ultrasound (fs /fo ) [46]. According to
this expression, 100 MHz sampling frequency results in
quantization sidelobes 50 dB lower than the main lobe
(N = 128, fo = 3 MHz).
A minimum f# of 2 was used by dynamically changing
the aperture size with the depth to produce a smooth focus
in the near ﬁeld. This was achieved by using the look-up
tables for ai and bj . The array was not apodized either
in transmit or in receive, but used a rectangular aperture
function (ai [q, p] = 1 and bj [q, p] = 1 beyond the minimum f# range). After coherent image formation was completed, the envelope of the resulting image was detected.
The image scans then were converted from polar to cartesian coordinates by using bilinear interpolation [49]. The
logarithmic compressed ﬁnal images were displayed in grey
scale with display dynamic ranges of 40 dB and 60 dB.
The computational complexity of synthetic phasedarray image reconstruction can be expressed as O(N 2 ·
P · Q). This excludes the standard image processing operations such as scan conversion, envelope detection, and
logarithmic compression, each with a computational complexity of O(P · Q). The total run time is machine dependent; in our case, it took approximately 30 minutes to
reconstruct and display the image on a personal computer
with a 1.8-GHz microprocessor (model Pentium 4, Intel
Co., Santa Clara, CA).

V. Analysis of Results
The ﬁnal reconstructed GPA B-scan sector image with
210 mm image depth and 90 degrees sector angle is
displayed at 40 and 60 dB dynamic display ranges in
Fig. 12(a) and (b), respectively. The image of each wire
target represents the PSF of the overall imaging system at
that particular location on the imaging plane. The six reﬂectors identiﬁed in the B-scan images correspond to wires
2 to 7 in the phantom. Because the ﬁrst wire’s location is
outside the 90-degree sector angle, it does not show up in
the resulting images.
In this section, we primarily analyze the eﬀects of wideband response of CMUTs on the resulting B-scan sector
images. The PSF of the imaging system is the most important measurement to analyze these eﬀects. An important
property to recognize about the 2-D PSF of a wideband
system is that it has a star-like shape, characterized by
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Fig. 13. Lateral point spread function on array normal at 135 mm.

tonic fall-oﬀ in amplitude. For conventional phased-array
imaging, the two-way, quasi-CW unsteered lateral PSF is
expressed as [47]:
h(θ) ∝

Fig. 12. Reconstructed GPA B-scan sector images with display dynamic ranges (a) 40 dB and (b) 60 dB.

diagonal “arms” that extend out from the mainlobe [50].
This star-like PSF is clearly identiﬁed in Fig. 12(b), especially from the second reﬂector shown in the image. The
diagonal arms in the wideband 2-D PSF are a result of
the fact that the lateral and axial responses interact with
each other and are not separable as in the continuous wave
(CW) case. As the signal bandwidth decreases, the diagonal “arms” become less visible. In the other extreme, as the
signal bandwidth increases, a “bow-tie-like” shape aligned
in the lateral direction is observed [50], [51].
The lateral cross section of the 2-D PSF is shown in
Fig. 13. The lateral PSF was measured on the array normal at a distance of 135 mm from the array center. This
measured lateral PSF was compared to the results of a
numerical simulation for the pulsed transducer array. This
simulation accounted for the angular response of an ideal
single transducer element and frequency-dependent attenuation in the medium. There was no additive noise in the
simulation data. The image was reconstructed from the
simulated A-scans using the identical procedure for the
experimental data as described in the previous section. A
good agreement was observed between the experimental
and simulation results. An important observation made
on the lateral PSF is that it exhibited a smooth mono-

d
sin2 ( πN
λ sin θ)
,
2 πd
sin ( λ sin θ)

(6)

where λ = c/fo is the ultrasound wavelength in the
medium. In the case of a wideband imaging system, sidelobe patterns from diﬀerent frequency components in the
signal band shift with frequency, whereas the main lobe
stays at the center. This behavior results in a smooth falloﬀ in the sidelobes. This function can be regarded as the
envelope of the sinc-like lateral PSF in the quasi-CW analysis. The lateral resolution of the imaging system represents the ability of the system to distinguish two neighboring point targets from each other and can be deﬁned
in diﬀerent ways, such as using 6-dB rolloﬀ points or the
Rayleigh or Sparrow two-point deﬁnitions [52], [53]. We
measured the full angular spread between the 6-dB points
(∆θ6−dB ) for the given PSF as 0.0144 radians, corresponding to an arc length of 1.94 mm at 135 mm depth. This result is in agreement with the 6-dB spread of the unsteered
PSF in (6) evaluated at fo . Note that the lateral resolution
is a function of transmit and receive aperture functions.
Thus, in conventional systems, aperture apodization is often used for sidelobe reduction at the expense of a wider
mainlobe.
The axial resolution deﬁnes the ability of the system
to distinguish targets spaced closely together in the axial
direction. The axial resolution is determined by the eﬀective duration of the ultrasonic pulse. The eﬀective pulse
duration is determined by the center frequency and the
bandwidth of the transducer. The measured and simulated
axial PSFs are shown in Fig. 14. The 6-dB resolution was
measured as 0.3 mm at 135-mm depth. The wide bandwidth of CMUTs signiﬁcantly increases the axial resolution. The mainlobe cross section of the PSF in the axial
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TABLE III
Summary of Results.
Pulse-echo center frequency (f0 ), MHz
(including diﬀraction and attenuation losses)
Pulse-echo fractional bandwidth, %
(including diﬀraction and attenuation losses)
Pulse-echo center frequency (f0 ), MHz
(compensated for diﬀraction and attenuation losses)
Pulse-echo fractional bandwidth, %
(compensated for diﬀraction and attenuation losses)
Average A-scan SNR, dB
Average image SNR, dB
Lateral resolution (∆θ6−dB ), radians
(GPA, on array normal, r = 135 mm)
Lateral resolution (∆s6−dB ), mm
(GPA, on array normal, r = 135 mm)
Axial resolution (∆r6−dB ), mm
(GPA, on array normal, r = 135 mm)

3.0
80
4.62
105
22
54
0.0144
1.94
0.3

Fig. 14. Axial point spread function on array normal at 135 mm.

direction was in agreement with the simulation results.
The measured axial PSF had a tail that was observed as
a shadow behind the wire in the reconstructed images.
The amplitude of this tail in the axial PSF was more than
20 dB lower than the mainlobe amplitude. This tail in the
image should have been caused by the crosstalk between
array elements as discussed in Section III. The 20-dB difference between the amplitude of the mainlobe and the tail
was also in agreement with the 20-dB diﬀerence measured
between the main wire echo and the following secondary
pulse in the A-scan shown in Fig. 8.
Another important point to recognize in the reconstructed image is the grating lobe artifact observed at a
90 degree angle oﬀ of the ﬁrst and second reﬂectors. Although the ﬁrst reﬂector was not seen in the image, the
grating lobe artifact associated with it was visible. The
inter-element spacing of the array was 250 µm. This spacing satisﬁes the λ/2 spatial sampling criteria for frequency
components up to 3 MHz. Because the CMUT array element had a broadband response, frequency components
higher than 3 MHz caused the grating lobe artifact mentioned above. These grating lobes were more than 50 dB
lower than the main lobe. The relative peak amplitude of
the grating lobes is reduced by three factors. The ﬁrst of
these is the obliquity factor, the cos2 (θ) term [54]. The
second factor is the unfocused, far-ﬁeld beam pattern of a
single element. The third factor reducing the grating lobes
is the wideband nature of the system. For the ﬁrst grating
lobe, the amplitude is reduced by the ratio of the number
of cycles in the pulse to the number of elements in the
array [50].
The average SNR of the image was calculated by ﬁnding the average signal power in the 3-dB vicinity of six
wire targets and dividing this average signal power to the
average noise power sampled from diﬀerent regions in the
image. This average image SNR was found to be 54 dB,
whereas the maximum SNR was measured for the third
reﬂector as 57 dB. Assuming uncorrelated additive elec-

tronic noise during receive, the SNR improvement for gold
standard phased array beamforming can be expressed in
units of dB as:

SNR
= 20log10 (Nt Nr ),
SNR0

(7)

where SN R0 is the SNR of a single A-scan, Nt is the number of elements in transmit aperture, and Nr is the number
of elements in receive aperture. The relative SNR of synthetic GPA is:

SNR
= 20log10 ( Nt Nr ).
SNR0

(8)

The SNR improvement by synthetic GPA beamforming
was calculated as 42 dB for the 128-element array. The
average SNR of A-scans (SNRo ) was measured as 22 dB,
whereas the maximum SNR was measured for the third reﬂector as 25 dB. Accordingly, a 64-dB average image SNR
was expected. However, any correlation between noise
sources of diﬀerent A-scans would result in a reduction
of the SNR improvement by beamforming. In this case the
diﬀerence between the expected average SNR of 64 dB and
the measured average SNR of 54 dB was 10 dB, indicating
that the noise sources were not fully uncorrelated.
The image also was constructed using CPA beamforming in which the ﬁxed transmit focus was set at 110 mm. In
this case, the transmit delay term (τ [ni , p, q]) in (4) was replaced with a constant delay calculated for the ﬁxed transmit focus range for each beam. The CPA B-scan sector
image is displayed in Fig. 15. The GPA and CPA images
were identical around the ﬁxed transmit focus for CPA
beamforming. At other points in the CPA reconstructed
image the degradation in spatial resolution was noticeable
compared to the GPA reconstructed image. The results of
the analysis carried out in this section are summarized in
Table III.
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Fig. 15. Reconstructed CPA B-scan sector images with display dynamic ranges (a) 40 dB and (b) 60 dB.

tal image: degradation in the axial resolution and bright
patterns in the near ﬁeld. We discussed the degradation of
the axial resolution in Section V. The artifacts in the near
ﬁeld extended out from the array to a depth of 2 cm. These
artifacts at the apex of the experimental sector image were
20 dB below the maximum brightness of the wire targets.
Previously, it was shown that the direct propagation of the
Stoneley-type waves and their reﬂection and mode conversion at the edge of the silicon substrate contribute to the
crosstalk between elements [30]. The direct and reﬂected
interface waves set any membrane along their path into
motion. These signals constructed the bright patterns in
the near ﬁeld as if there were nearby reﬂectors. The distance between the edges of the artifacts observed in the
near ﬁeld in Fig. 16(a) agreed with the physical size of the
array. This observation indicates that these artifacts were
caused by the reﬂections of the spurious waves from the
edges of the silicon substrate.
We also characterized the electrical crosstalk in the
experimental system. As discussed in Section III-A, the
transmit-receive electronics were built on PCBs, where the
capacitance between long metal traces associated with different channels caused electrical coupling between neighboring channels. The nearest neighbor electrical crosstalk
was measured as −32 dB relative to the excited element.
The electrical crosstalk for the second and third nearest
neighbors was measured as −38 dB and −45 dB, respectively.
Our current studies are focused on the investigation
of crosstalk mechanisms and methods for their reduction
through ﬁnite-element simulations and experimental characterization.

VI. Discussion

VII. Conclusions

The basic physical structure of the 1-D CMUT array
used in this study was a solid silicon plate with ﬂuid on one
side and a solid PCB on the other side. These boundary
conditions provide the environment for the excitation and
propagation of various spurious modes such as Lamb waves
and Stoneley-type waves. We recently performed studies
on the characterization of the crosstalk mechanism in 1-D
CMUT arrays and reported in [30].
To observe the eﬀects of crosstalk on the image quality,
we reconstructed the experimental B-scan images with a
larger sector angle and a lower minimum f# so that any artifacts in the far oﬀ-axis regions and in the near ﬁeld of the
array would be visible. The reconstructed experimental Bscan image scanned a sector from −70 to +70 degrees with
a minimum f# of 1, where the image depth extended from
7 mm to 210 mm. A simulated image of wire targets using
ideal transducer elements also was produced to distinguish
the artifacts due to imperfections in the array from those
caused by the grating lobes, as well as to compare the
resolution and contrast characteristics of measured versus
theoretical. These experimental and simulated images are
shown in Fig. 16(a) and (b), respectively.
Two crosstalk artifacts were observed in the experimen-

We have presented the ﬁrst pulse-echo phased-array Bscan sector images using a 128-element, 1-D linear CMUT
array. Although the experimental setup used in this study
was not necessarily optimal, the image quality achieved
demonstrates the viability of CMUT technology for ultrasound imaging. The results presented in this paper conﬁrm
the wide bandwidth and high sensitivity of CMUTs from
an imaging point of view.
We also performed preliminary analysis of the eﬀects
of crosstalk between array elements on the reconstructed
image. We observed two artifacts due to crosstalk between
array elements: bright patterns in the near ﬁeld and a tail
observed more than 20 dB lower than the mainlobe in the
axial PSF. Understanding the crosstalk mechanism and
devising methods to further reduce the crosstalk are subjects of our current research.
We continue to conduct extensive research in transducer
design, beamforming algorithms, system design, and interface circuit design. Transducer design research includes
analysis of crosstalk reduction by ﬁnite element methods,
maximizing the acoustic output power for small AC voltage amplitudes, and further improvement of receive sensitivity. The system level research is focused on phased-
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Fig. 16. Reconstructed GPA B-scan sector images (display dynamic range = 60 dB, sector angle = ±70 degrees, image depth = 7 mm–
210 mm) (a) Experimental and (b) simulation with no additive noise.

subarray beamforming schemes to reduce hardware complexity for systems with fully populated large 1-D and
2-D arrays [55], [56]. Optimized front-end circuits and
analog-to-digital converters are subjects of circuit level research [57].
We previously showed that silicon micromachining can
be used to fabricate capacitive ultrasonic transducers
which can compete with piezoelectric transducers in terms
of eﬃciency and bandwidth. It also is well-known that
CMUTs oﬀer the promise of easier 1-D and 2-D array
manufacturing and of integration with electronic circuitry.
In this study, we have demonstrated the ﬁrst full scale
phased-array images using a large linear array based on
CMUT technology. Based on this result, we ﬁrmly believe
that CMUTs are a serious contender for the technology of
choice in future ultrasonic imaging systems.
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