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ABSTRACT
A simple yet novel method has been developed which is useful for visualizing pressure distributions in acoustic wave
fields. The method utilizes the power of contemporary computers to store entire waveforms from the numerous points
interrogated in a planar scan. The most useful type of planar scan for the concept is made in the xz plane, as shown in Figure
1. The z-axis typically corresponds to the beam axis of a transducer, and the x-axis is an arbitrary axis normal to it. The
technique to be discussed will yield moving images of instantaneous acoustic pressure in the xz plane. The concept of
looking down at the surface of a body of water, with ripples moving away from a wave generator, is a good analogy.

Figure 1: Schematic of transducer and scan plane showing three rows of sample points.
The large data set acquired by sampling waveforms in the two dimensions of a plane is subsequently processed to form
images of pressure in the scan plane. Such images are very similar to what is seen with schlieren imaging, however there are
several important advantages. The primary advantage is that the images produced correspond to acoustic pressure in a welldefined plane (the scan plane), whereas the schlieren images correspond to line integrals of acoustic pressure along lines
normal to the image plane (i.e. the y-axis). Another advantage is that images can be obtained at low cost relative to the cost of
a schlieren system. The major disadvantage of the technique is the length of time required to obtain all of the necessary data.
A number of concepts related to producing these sorts of images will be discussed, and numerous images will be presented.
Some of the images will document various interesting experimental acoustic behaviors, such as the production of surface
waves from the corners of circular plane piston transducers. The acoustic fields produced by medical imaging array
transducers with slotted and unslotted matching layer will be compared.
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1. INTRODUCTION
Ultrasonic transducers do a lot of strange things which designers are often not prepared for. When debugging designs, it
is often useful to be able to visualize the wave fields produced by the transducer. This has been done for many years with the
use of schlieren imaging systems such as the Optison1 or through the use of hydrophones scanning systems as in Figure 2.

Figure 2. Typical Hydrophone Scanning System
The schlieren images suffer from primarily two drawbacks, namely the cost of the system and the fact that the images
represent line integrals of acoustic pressure typically made through the entire ultrasound beam. The latter limits the resolution
obtainable with such systems considerably. The scanning systems, on the other hand, are relatively low cost and make good,
quantitative measures of features such as beam width and focal lengths. They do not, however, give a good visualization of
the wave (or pressure) fields themselves, as the hydrophone signal would typically be used to generate a single value such as
volts peak to peak , pulse intensity integral, or other scalar quantity, and the rest of the hydrophone signal information was
not stored. Contemporary, Pentium2 class computers running 32 bit operating systems, have no problem storing vast amounts
of information. It is entirely feasible, using standard tools and compilers, to allocate 100-MB size arrays with a single line of
code and use it to store thousands of waveforms as they are acquired by the scanning system. Then, using slightly more
complicated algorithms, it is possible to generate images from these stored waveforms, which can correspond to the
instantaneous pressure over the scan plane. It is, in fact, possible to make moving pictures of the wave fields and thereby
watch the acoustic energy propagate. The images correspond to acoustic pressure in the scan plane, as averaged over the
hydrophone aperture, which is typically less than a mm. We can effectively visualize pressure fields in very thin slices.

2. SOFTWARE IMPLEMENTATION
The software implementation of this concept deserves some discussion. Data acquisition is fairly straightforward, and
typically requires little change in the code normally used to do xz and yz scanning. One simply allocates a memory block of
sufficient size, and then one records the entire hydrophone signal acquired at all the points in a scan plane into it, using the
appropriate offsets. In the author’s implementation, Program Scan3, the hydrophone waveforms are either 1000 or 2500
points long, and each point is stored as a 32-bit floating-point value. The application is written in C++ using the Microsoft
Foundation Classes4 framework for 32-bit Windows4 operating systems. The block of hydrophone waveform data is simply
written in binary, without ASCII formatting, into a disk file by the serializing method of the document object immediately
after the acquisition is complete. Future versions of the data acquisition software may utilize a CMemFile object to enhance
reading and writing speeds.

2.1. Hydrophone Voltage to Image Color Mapping
The image creation work is done in a separate program called WaveView5. This program reads the hydrophone voltage
data set back off the hard disk, converts it into acoustic pressure, and stores it once again into active memory. At this point
the array of waveform data can be visualized as in Figure 3. The x and z-axes are similar to those presented in Figure 1,
however now the y-axis is replaced with time, and the converted hydrophone voltage (pressure) is sketched in parallel with
the z-axis. Images can now made by mapping converted hydrophone voltage into color, and there are two logical ways to do
it. The simplest and most direct method creates the so called “xt” images. In this method one simply takes a single row of
converted hydrophone signals corresponding to a selected depth and uses it to create a single image. The x-axis (or row
position) defines the vertical axis of the image, and time displacement into the waveform defines the horizontal axis in the
image. Pixels in the image are colored according to the converted hydrophone voltages (acoustic pressures), which are
linearly interpolated as appropriate for pixels that fall between any two adjacent waveforms. These images, while relatively
simple to create, can reveal a great deal about the acoustic field produced by a transducer. They correspond almost exactly to
the pressure distributions in the scan plane, provided the wave crests are traveling parallel to the z-axis. The technique may
have shortcomings when the crests are traveling in directions not parallel to z, as will be discussed later.

Figure 3. Array of hydrophone signals sliced through at a particular instant in time

The next level of sophistication comes when “xz” or true pressure field images are made, which is still a work in
progress. It requires the use of small segments of all the converted hydrophone waveforms in the data set, when creating an
image, rather than just one selected row. The best way to visualize it is with the plane shown in Figure 3-labeled “Plane
corresponding to a instant in time”. Note this array of waveforms was collected at n by m points in the scan plane, where the
n rows were spaced along the z-axis, and the m columns were spaced along the x-axis. Picture that the converted hydrophone
signals are arranged in such a manner that indeed a single instant in time corresponds to the point where the plane sketched in
Figure 3 crosses the waveforms. Now imagine that the waveforms are snipped above and below this plane by a time
increment equal to ∆z/vw/2, where ∆z is the sampling distance between rows in the z direction, and vw is the acoustic velocity
in water or the medium in which measurements are being carried out. Now one must further imagine that the little
hydrophone waveform segments are laid out horizontally and then connected (laterally) with their neighbors. One now maps
this set of composite signals into color as was done previously for the xt image, however now the color corresponds to the
true acoustic pressure in the xz plane, at a given instant in time. The accuracy of the mapping will depend upon how tightly
the waveforms are sampled in z, and how parallel to the z-axis the wave fronts are traveling.
2.2. Color Palettes
WaveView also reads, either from the computer’s registry at start up or another disk file, the color palette that is to be
used for mapping the converted hydrophone voltage into a color. The palettes have taken a bit of work to develop, as it is
unusual to need a color-mapping scheme for bipolar data. As can be seen in Figure 4, the palette chosen for the images
shown here depicts large negative pressures as green, with smaller pressures going through lighter shades of green, then dark
blue through to a very light shade of blue. Large positive pressures are mapped to dark red, which vary down through lighter
shades of red to yellow and finally to white. This mapping was found empirically to work quite nicely and yields a pleasant
looking, fairly intuitive image (and does not use a lot of ink). Putting darkness in the center of the palette corresponding to
weak signals was tried initially, however it did not yield pleasant looking images and did use a lot of ink. Program Image6 is
available at no cost on the Internet for anyone wishing to experiment with color palettes, and demonstrates useful Windows4
programming techniques. The palette shown in Figure 4 shows the dB levels and the RGB (Red, Green, Blue) levels
corresponding to each color used in the images displayed here.

Figure 4, 5 and 6: Palette mapping pressure to image color; pressure fields from plane piston radiator

3. EXPERIMENTAL RESULTS
One of the first devices studied with this new technique was a plane piston radiator excited with a pulse. The intent was
to try and understand what was causing some of the “clutter” in the echo signals procured from the device. Next, a vastly
more complex device, a medical imaging array was examined. Here the intent was to visualize the single element response
and compare a device that had a slotted matching layer to a device built with an unslotted matching layer. Both devices
yielded interesting images as well as a few surprises and enigmas to ponder.
3.1. Plane Piston Radiator
The transducer studied consisted of a 1-mm thick by 25.4 mm diameter disk of a modified lead titanate ceramic7 epoxy
bonded to a metallic copper backing 25.4 mm in diameter and 150 mm long. The epoxy bond was less than 0.6 µm thick (as
measured by acoustic microscopy techniques) so as to yield highly damped and broad band behavior. Indeed the acoustic
pulse produced by the device consisted of two “half cycles”, one off the front of the ceramic and one from the back. The
center frequency of the fundamental mode of resonance was approximately 2 MHz, however the higher order harmonics were
very strong. The lead titanate ceramic was chosen to reduce effects from lateral modes, present in most other ceramics.
This acoustic field produced by this device was measured in the xz plane using a needle type hydrophone8 with an active
element diameter of 0.4 mm. The scan plane began 1 mm from the front face of the device, and extended back 100 mm and
was 31.75 mm wide. The hydrophone waveforms were acquired at a total of 5100 points, 51 along each of 100 scan lines
parallel to the face of the transducer and the x-axis. The spacing in x was 0.635 mm, and the spacing in z was 1 mm. Each
waveform consisted of 2500 points, each point consisting of 16 data bits or 2 bytes. These waveform points were
subsequently expanded to 4 byte floating-point numbers once scaling and offsets were accounted for. The total data set
including header information consumed 50.375 MB of data storage. Two xt type images were produced from the data set for
use in Figures 5 and 6. Figure 5 was made using the hundredth row of waveforms, and corresponds to the wave front after it
has propagated 100 mm away from the transducer. Figure 6 was made from the eleventh row of hydrophone signals, and
corresponds to the wave front as it appears much closer to the transducer at 11 mm. These figures are presented as though the
waves are propagating from right to left. This choice of direction was made to match the convention that oscilloscopes trace
increasing time to the right. To demonstrate this point, and perhaps clarify just what the images are showing, the hydrophone
signal collected at the center of the eleventh row of hydrophone signals is shown in Figure 7. The voltages of this scope trace
(inverted and scaled) map to the colors along the horizontal centerline of Figure 6. Note how the initial broad band arrivals
correspond to the plane waves initially launched from the plane surfaces of the ceramic. Note how about 5 µs later a very
strong, relatively low frequency signal arrives. By studying the image in Figure 6, it becomes apparent that the “junk” in
Figure 7 is in fact the confluence of energy contained in a conical wave front, which is being generated by a surface wave
generated at the corner of the ceramic disk and propagating inward. Jia9, Nakamura10, and others have studied these types of
wave fronts. These researchers showed schlieren images of phenomenon that looked very similar to what is shown here,
however the images presented here are more quantitative.
It is of interest to note, in Figure 6, how the conical wave “fronts” are not very coherent, as compared to the longitudinal
plane wave fronts arriving earlier. I believe there are two possible explanations for this, the first being the distortion to the
pressure field image from the use of the more crude “xt” algorithms as opposed to a more accurate “xz” image as discussed
earlier. Figures 5 and 6 are indeed “xt” images, as the relatively complex pointer algorithms which necessary to generate true
“xz” images have not been written yet. Another possibility is the fact that surface waves propagating along liquid solid
interfaces can (and usually does) have a group velocity, which is different from its phase velocity. It seems fairly likely that
this could result in wave fronts with non-constant phase. More work will be required to sort this and is forthcoming.

Figure 7. Signal from hydrophone seen at position corresponding to horizontal centerline of Figure 6.
3.2. Medical Imaging Arrays
Two medical imaging transducer arrays were investigated using this new technique. Both were intended for abdominal
imaging, had center frequencies around 3.2 MHz, and had compound convex curvatures. The aperture in the image plane was
66 mm with a 64 mm radius of curvature. The aperture in the dimension normal to the image plane was about 2 cm with a 57
mm radius of curvature. Both arrays had dark gray rubber faceplates, probably consisting of a low acoustic velocity rubber
useful for its abilities to serve as an acoustic lens. While different companies made the arrays, I have been told that the main
difference between them was that one had a continuous matching layer between elements, and the other was completely
diced. Figures 8a and 8b show xt images produced from scans made on these devices. Figure 8a corresponds to the array with
the fully diced matching layer, and Figure 8b to the device with the unslotted matching layer. Here the scan planes were
12.45 mm wide by 24.5 mm long, extending from 0.5 mm from the array to 25 mm away. One thousand point waveforms
were acquired at 50 points spaced 254 µm apart along each x scan, and the x scans were spaced 500 µm apart in z. The total
data set size in this case was only 9801 kB.
It is clear from the images that both devices put out a basic 5 half cycle impulse response, 3 compressive and 2
rarefractional. There is a second waveform packet appearing around 6 µs into the image is due to a reverberation of the
ultrasound. Specifically this is due to the ultrasound reflecting off the hydrophone, returning to the array, reflecting off the
array and going back to the hydrophone. The software making xz images will not display these sorts of artifacts, as it would
be clear to the programmer that there are no signals available inside the array. In fact, the program should draw an outline of
where the array is, or at least the initial scan line (look for this in release 3.0). The main detail to be noted in these images,
which actually has scientific value, is in the amplitude of the “skirts” to the right and left of the main pulse as one looks in the
direction of propagation. The skirts corresponding to the device with the unslotted matching layer are a good 10 to 20 dB
higher in Figure 8b. It is also noticeable that the low level ringing following the main pulse is slightly higher in Figure 8b as
well. The “skirts” are almost certainly due to surface waves propagating away from the driven element along the face of the
array. Hence, it is not surprising that the undiced matching layer would present larger amplitudes. The low level ringing may
be due to reflections of this energy off of adjacent elements, or other possible differences in design details.

Figure 8a (top) and 8b (bottom): Pressure fields from medical imaging arrays.

4. CONCLUSIONS AND FUTURE DIRECTIONS
This work has demonstrated a new and useful method of visualizing the pressure fields produced by acoustic devices. It
has a great potential for serving as an experimental verification tool for many of the finite element models currently in service
to predict acoustic behavior. It also has great potential uses in visualizing and aiding in research on non-diffracting wave
pulses. The technique is not limited to ultrasonic devices and may prove useful in the analysis and understanding of a wide
range of devices including loud speakers. The next development efforts will be used to enhance existing computer codes to
generate xz images, examine the output of a loud speaker, create moving pictures of pressure fields on computer monitors,
and examine pressure field distributions at the focus of some broad band PVDF source transducers used for hydrophone
calibrations.
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