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TECHNICAL OBJECTIVES

During the past few years, we have developed acoustic flaw detection systems
of unprecedented seﬂsitivity"2 which have considerably increased the range of
application of ultrasonic flaw detection and defect structure analysis. The
principal objective of our current program has been to develop techniques that
will Increase the lateral and axial resolution of ultrasonic flaw detection
systems. These techniques will then be adapted to our ultra-sensitive random
signal flaw detection systeins currently under development.

Our original work in this area concentrated on the development of a new
type of ultrasonic flaw detection system which utilizes random signal correiation
techniques. The use of correlation and time integration techniques in this sys-
tem has allowed us to achieve a sensitivity which is approximately 10,000 times
! greater than conventional ultrasonic pulse-echo detection systems. Thus this
system greatly extends the size of strongly sound absorbing objects that can
be examined using ultrasound.

The enormous sensitivity of this system also enables detection of targets
(flaws) that are much smaller than those which can be detected by conventional
ultrasonic systems. However, like conventional flaw detection systems, the ran-
dom signal system is presently limited in its ability to resolve these small !
defects by both the size of the transmitted ultrasound beam and the limited fre-
quency response of the acoustic transducer. Consequently, one of the goals of

this project has been directed toward overcoming the limitations imposed by the

! acoustic transducer.
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Since we do not wish to limit the depth of focus of our system by using
focusing lenses, our lateral resolution is determined by the width of the un-
focused ultrasound beam. The width of this is determined by the diameter of
the acoustic transducer, which is typically between # and ¥ inch. Thus the
lateral resolution of a 5 MHz. detection system {s approximately 50 times less
than the resolution along the axis of the ultrasonic beam. The low transverse
resolution of the acoustic transducers imposes severe limitations on the useful-
ness of the advances we have made in developing a high sensitivity detection
system. An example of these limitations is seen in the examination of grain
structure in metals. Although our system provides ample sensitivity to detect
single grain boundaries, which can not be seen by conventional systems, the
fact that the width of the ultrasonic beam encompasses many grains precludes
the possibility of examining Individual grains within the metal. Thus the main
objective of this program is to develop techniques to provide a lateral reso-
lution which is of the same order as the present axial resolution of the de-
tection system.

We have also directed our attention to the area of echo processing to im-
prove axial resolution and extract more detailed information about the target
structure. Typically, the resolution of an imaging system is determined by
the half-power bandwidth of the ultrasonic transducer. Although the transducer
can actually pass frequencies over a range much larger than the half-power
bandwidth, these additional frequency components exist only at very low power
levels. By applying a sophisticated signal processing technique, known as
deconvolution, to the echo signal it is possible to recover the information
in these low level frequency components, provided that the signal-to-noise
ratio of the echo signal is sufficliently high. Since the correlation re-

celver system we have developed provides extremely high output signal-to-noise
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ratlos, our system is ideally suited for the application of this additional

-

signal processing step. During the course of this project we have been able to ii
demonstrate that by proper computer processing of the echo signal we can utilize
the full bandwidth of the transmitted signal. This processing has allowed us

A to increase the maximum resolution of standard ultrasonic transducers by a factor L E

of the order of five.

7

TSI
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Our original random signal correlation system used a so-called water delay

o A

: line, made of two acoustic transducers separated by a water path. Since this ;f
structure is awkward for mobile systems our last goal in this project was to
i
*

develop an electronic delay line to replace the water delay line.

E | SECTION |1
: Accomplishments
- In the first year of this project our efforts centered on overcoming funda-

mental performance limitations imposed by the acoustic transducers presently in
wide use in ultrasonic flaw detection systems. |In particular, our work concen-
trated on two specific aspects of transducer performance, beam pattern and fre-
quency response. Though both parts of our program dealt with transducer per-
formance there is, in fact, little overlap between the two topics. As a result,
this work is presented as two separate projects in this report.

Most ultrasonic transducers currently in use for flaw detection consist of
a disk of piezoelectric ceramic material on a block of sound absorbing material.

For this type of transducer, the lateral resolution is limited by the diameter

of the piezoelectric element. Several alternative transducer configurations
have been proposed by other workers, principally in the field of medical ultra-
sound imaging, to deal with this resolution problem. The particular approach

we have been considering Is based on a new concept which we conceived for using

random signals to improve the performance of phased array transducers.
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Our Initial goal was to verify the underlying principles upon which this

technique for enhancing resolution is based. During this contract period

s

we have established that an ultrasonic phased array could simultaneously trans-

mit two different noise signals and that the echoes associated with each of the
transmitted signals could be independently recovered, even though echoes due

to the two signals may arrive simultaneously at the receiving transducer. The
feasibility demonstration of this new principle constitutes a significant step

in the development of the proposed transducer system.

L
-

The next phase of the proposed work was to have been the construction of
a prototype system to demonstrate the use of this technique in controlling the

ultrasonic beam pattern of a transducerarray. In the course of this work we

encountered some unexpected difficulties. We found that the beam pattern of
our ultrasonic transducers could not be adequately characterized for the case

of transmitting broadband signals. Without an accurate characterization of

the existing beam pattern we would be forced to blindly manipulate the beam
shape in hopes of obtaining an improved pattern.
Although mathematical models of highly idealized ultrasonic transducers

transmitting single frequencies exist in the literature, little useful in-

e s . il

formation could be found about broadband transmission. Taking a more direct |

approach, we had the beam patterns of some of our transducers analyzed on

commercially available beam measuring equipment. Typically, these results
lacked sufficient quantitative information to allow us to proceed with this

phase of our program. Consequently, a substantial portion of our energies |

have been directed toward surmounting this obstacle. {
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OQur effort in this area has resulted in the development of two new methods
of measuring the intensity distribution of an ultrasonic beam. One of these
systems, based on our previous work in the field of ultrasonic doppler flow
measurement, (s capable of high resolution beam plots for narrow band signals.
The second method utilizes a modification of the random signal flaw detection
system to examine broadband beam patterns. Preliminary evaluation of these
techniques suggest that they represent a significant advance over the exist-

ing methods of beam pattern measurement. Although the development of these

systems was time consuming and the results important in themselves, these

e
< -

systems are only necessary tools that were required to continue our progress.

F The second portion of our program dealt with the application of signal
processing to flaw echoes. This work, which was begun during the previous
contract period, examined the feasibility of using deconvolution techniques

to compensate the frequency response of the acoustic transducer and obtain

enhanced resolution along the axis of the ultrasound beam.

Two approaches to the problem of deconvolution have been investigated.

Both of these methods apply estimation techniques to the deconvolution pro-

cedure and require the echo signals to possess an extremely high signal-to-noise
ratlo, such as that obtained using the random signal flaw detection system.

The first processing scheme attacked the general problem of deconvolving
the response from an unknown target. Experimental results are presented which
demonstrate thact this procedure could be used to enhance the. resolution of the
detection system by a factor of 3 to 5 and provide more detalled information

about the structure and orlientation of the target.




The second technique dealt with the related problem of identifying and 1
accurately locating known targets. By combining deconvolution processing with

a pattern recognition procedure, it was experimentally demonstrated that an

order of magnitude increase in resolution could be realized.

The final accomplishment reported here is the design of a random signal

correlation system in which the original water delay line is replaced by an

electronic delay line. It is hoped to evaluate this system and compare it to

pseudo-random code versions in future work.
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TECHNICAL ACCOMPLISHMENTS
1. INTRODUCTION

o7y | i =40 manks

Our original efforts In ultrasonic flaw detection concentrated on improv-

Ing the performance of the receiver and culminated in the development of the

random signal flaw detection system. This system has been previously shown

to provide a vast improvement in sensitivity compared to conventional ultra-
?

sonlc pulse-echo systemsI 3. However, as in most existing pulse-echo systems,

the performance of the random signal system is handicapped by the low lateral

resolution of the ultrasonic transducers. Thus the main thrust of our current
| research program has been to develop techniques to increase the lateral resolu-
: tion of the system to a level comparable to the present axial resolution of the
g system. This will allow the full potential of the high sensitivity offered by
the random signal system to be utilized in detecting and identifying small defects
or evaluating grain structure or porosity.

Most ultrasonic flaw detection systems currently use a simple piston type
transducer consisting of a piezoelectric ceramic disk mounted on a block of
sound absorbing material. The width of the acoustic beam produced by this
type of transducer is principally determined by the diameter of the piezoelectric
element, which is typically between % and ¥ inch. Consequently, the lateral
resolution of a 5 MHz. detection system will be approximately 50 to 100 times less
than the resolution along the axis of the sonic beam. The low transverse resolu-
tion of the acoustic transducer generally imposes severe limitations on the per- !

formance of detection systems and in particular on the usefulness of the advances

we have made in developing a high sensitivity system. Hence there exists a

significant need to develop a transducer system with greatly Improved lateral




ey »\——!

%i resolution. This Improvement in lateral resolution must not, however, compromise
the depth of focus, since an effective flaw detection system must produce high
resolution images over a large range of depths. This fact precludes the use of
focusing lenses to narrow the transmitted sound beam.

Several alternative methods of obtaining improved lateral resolution have i
been proposed by other workers. These include the use of snythetic aperture
technlques,h phased array transducers,s and holographic systems.6 Although such
systems provide the desired increase in resolution and depth of focus, they re-

quire complex mechanics and electronics or computer processing of the signals, \

which presently makes them unattractive for many flaw detection applications.
Our investigation of the lateral resoiution problem suggests that of the many
possible solutions, phased arrays offer the greatest promise and the widest
range of applications.

Phased arrays are usually thought of as a means of electronic beam steer~
ing and focusing. However Burckhardth has shown that phased arrays can also
be used to improve lateral resolution by beam forming. In this technique sound
Is transmitted sequentially in two patterns. By storing the echoes from each
transmitted pattern and taking their difference it is possible to effectively
suppress beam side lobes giving improved lateral resolution.

Some time ago we conceived the idea of implementing phased array beam form-

ing with random signals.'s"6

Instead of transmitting successive beam patterns and
storing their echoes, the use of incoherent random signals allows several differ-

ent beam patterns to be transmitted simultaneously, using one noise source for

each beam pattern. The advantage of this procedure is that the echoes can be

processed in real time without being digitized and stored. This results in
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i‘ conslderable simplification of the electronics and an Increase in operating

f; speed. The concept of random signal beam forming should provide a great Improve-
) ment over present beam forming techniques and have a broad range of applications.
;; Random signal beam forming constitutes one of the two major thrusts of the

work reported here. Our work in signal processing of flaw echoes to eliminate

the effects due to the Timited frequency response of the transducer is described

in the next section of this report.




SECTION V

Random Signal Beam Forming

1. BASIC PRINCIPLES

One of the principal factors limiting the performance of ultrasonic flaw
detection systems is the acoustic transducer. The particular aspect of trans-
ducer performance on which we focused the majority of our attention during this
work period was the transducer beam pattern and its effect in determining lateral
resolution. Before discussing the application of our new technique, random sig-
nal beam forming, to the problem of improved lateral resolution, we will examine
some of the transducers currently in use or proposed for ultrasonic flaw detection
and medical imaging systems.

The most widely used type of ultrasonic transducer employs a single disk
of plezoelectric ceramic as the radiating element. |If it is assumed that the
entire surface of the transducer element moves as a plston, it is possible to
analytically derive the transducer beam pattern. |In the far field, the sound
Intensity distribution for this type of transducer can be calculated by simply
taking the Fourier transform of the geometry of the radiating element. Con-
sequently the sound distribution for the disk is given by the directivity

7

function
D, = J, (k*R+r/d)/ (k-R+r/d) (1

where J, Is the first order Bessel's function of the first kind, R is the trans-

1
ducer radius, k is the wave number of the generated sound, r is the off-axis
displacement of the target, and d is the distance to the target. However, in
most practical applications the targets are in the near field of the transaucer

where the beam is confined to a cylindrical region with diameter equal to the

10
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diameter of the piezoelectric element. Within this cylindrical beam however the
Intensity distribution is nonuniform and a strong function of the distance along
the beam as well as the distance off the beam axis. Therefore, this type of
transducer generates a broad beam and yields low lateral resolution.

An alternative type of transducer which has received some attention,
utilizes an annular piezoelectric element in place of the traditional disk
element.8 For this type of transducer, the directivity function in the far

field can be shown to be given by
D, = Jo(k*R-r/d) (2)

where the variables are as defined for Eq. 1. It can be seen from this equation
that the annular transducer produces a pattern with a strong, narrow central
lobe. Unfortunately, this type of transducer also exhibits large side lobes
which limit its lateral resolution.

The principal advantage of the annular transducer is derived from the fact
that the distance to the beginning of the far field region is determined by the
width of the annulus rather than the’radius, as was the case for the disk trans-
ducer. Hence this type of transducer can be constructed with the annulus being
narrow compared to the radius so that the far field sound pattern actually exists
very close to the transducer face. Since the directivity function given in Eq. 2
can be made to apply close to the transducer, this type of transducer provides
greater resolution than can be obtained with a traditional disk transducer.

A composite transducer consisting of a small disk element within an annular

3 By using one element to transmit and the other

element has also been reported.
element to receive, this type of transducer was shown to provide an increase in

lateral resolving power of 5 to 10 times greater than that obtained with a

1R




conventional disk transducer. This transducer also displayed the large depth

of focus which is characteristic of annular transducers and essential In any
practical flaw detection system.
It should be noted that Eq. 2, which gives the directivity function for
the annular transducer, applies only for a single transmitted frequency. When
a wide band signal is transmitted from a transducer, each frequency component
of the signal has its own directivity function. In the case of the annulus,
these directivity patterns will tend to add or reinforce each other within the
central lobe, whereas interference effects in the side lobes may tend to reduce
their significance. This phenomenon may result in the wide band system having
greater lateral resolution than a conventional system using an identical transducer.
An annular phased array transducer has been developed by Burckhardt et al.
for use in acoustic imaging systems'.° The motivation for using an annular phased
array in place of a single annular transmitting element is to reduce the side
lobesof the directivity function, thereby improving the lateral resolution of
the transducer.
The directivity function for a simple annular transducer which is used for

both transmission and reception is seen from Eq. 2 to be

D, = Joz (k*R*r/d) (3)

As has already been pointed out, the relatively large side lobes of this pattern
limit the resolution of the annular transducer. By the use of a segmented annu-
lar element, as shown in Fig. 1, it is possible to obtain a good approximation

to the following directivity function:

b, = Jzz (keRer/d) = I (keRer/d) (%)

12
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The side lobes of this directivity pattern are significantly smaller than the
side lobes of the directivity pattern for the simple annulus given in Eq. 3,
thus ylelding greater lateral resolution.

To achieve this pattern, the annulus is divided into eight segments, as
shown In Fig. |. The segments drawn in black transmit sound whereas the white
segments receive sound. Two pulses must be transmitted to produce the lobe
reduction and between the two pulses the transducer configuration is electronical-
ly rotated by 45 degrees. The partial echo signals from the two pulses are then
added to obtain the final echo signal.

Although this system produces the required increase in lateral resolution,
the system is quite complex. The entire record of echoes from each pulse must
be stored, synchronized, and then processed to produce the final signal. As a
result, this system is also slower than a conventional pulse-echo system using
either an annular or ordinary disk type transducer.

The new concept that we have conceived uses random signals to improve the
performance of phased array systems in general and the annular array system
under discussion in particular. The new principle operates as follows.

Instead of transmitting one pulse and then waiting for its echoes to return
before transmitting the second pulse and collecting its echoes, it is possible
for us to transmit the two pulses simultaneously without confusing their echoes.
This can be done by simply drawing the two transmitted pulses from independent
random signal sources. Since our system already is designed to store a copy of
the transmitted signal and correlate this copy with the received echoes, the

echoes from each of the two transmitted signals will automatically be sorted

out by the correlation process. Thus we can process the returning echoes in
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real time without the need for electronic storage of the echoes used in the
original Burckhardt system. It is important to note that the enormous sensi-
tivity of our present random signal flaw detection system will be preserved

in this new system, since the correlators which are used to distinguish the
echoes of the two random signals that are being transmitted, still incorporate

the time integrators which make this large sensitivity possible.

2. FEASIBILITY DEMONSTRATION

The random signal beam forming technique described in the previous section
relies on two basic assumptions. The first underlying assumption is that two or
more incoherent random signals can be simultaneously transmitted from common ele-
ments of the transducer array. The second assumption is that with several differ-
ent transmitted signals producing echoes, it is still possible to unscramble the
echoes from the various signals even though they may be arriving simultaneously
at the receiving elements of the array.

If all the transducer elements were linear in terms of the relationship
between the amplitude of the generated acoustic signal and the applied electrical
signal and if the noise sources sould be connected to a common array element with-
out producing any interaction, then the first assumption can be justified by
application of the principle of superposition. |If in addition to the re-
quired linearity of the transducer, we require that the noise sources be truly

incoherent and that the receiver amplifiers and correlator be ldeal, the second

assumption is also easily justified.
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In practice, we find that none of the above conditions on the various ele-
ments of the flaw detection system are satisfied. For example, the acoustic
transducers are known to possess some non-linearities, the receiver amplifiers
have only a limited dynamic range, and the correlators integrate for only a
limited amount of time. The deviations from ideality of the various system
components initially raised concern about the validity of the assumptions upon
which the concept of ‘random signal beam forming was based.

The initial goal of this project was therefore to experimentally verify
the underlying principles of this new technique for enhancing resolution. The

following experimental results clearly demonstrate the validity of the basic

principles and the feasibility of random signal beam forming.

The objective of our first experimental effort was to show that the ran-
dom signal correlation receiver could distinguish between incoherent noise sig-
nals received simultaneously. The test setup used in this demonstration was as
shown in Figure 2. Duplicate transmitters were used to supply the two incoherent
random signals A and B. The transducer array was simulated by mounting three
commercial transducers to form a horizontal linear array as shown in the figure.
The center transducer in the array had a one inch diameter and the outer two
transducers had a one-half inch diameter. The target used for this experiment
consisted of two brass roads, one 5/16 inch diameter and the other 7/16 inch

diameter, that were mounted vertically in front of the linear array. The rods

16
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were spaced approximately one inch apart, with the 7/16 rod slightly forward of
the 5/16 rod. The transducer array was aligned so that each of the outer trans-
ducers illuminated only one of the brass rods while the beam pattern of the cen-
ter transducer encompassed both of the targets.

Flgures 3 and 4 show the results of two of the control tests that were made
on this experimental setup. In the first test, transmitter A was used to drive
transducer A in thé linear array while transmitter B and transducer B were not
used. The received signal from the center element of the array was correlated
with a copy of the transmitted signal from source A. The output, presented in
Figure 3, clearly shows that only echoes from the 5/16 brass rod were received.

A similar control test utilized transmitter B to drive transducer B while
transmitter A and transducer A were not in use. In this case, the received
signal from the center transducer was correlated with a delayed version of trans-
mitted signal B. Figure 4 shows that the output contains only echoes from the
front and back surfaces of the 7/16 rod along with some multiple reflections

from within the rod. Thus these results demonstrate that the transmi.ting

array has been properly adjusted so that each of the outer elements of the trans-

ducer array only illuminate one of the two rods which compose the target, whereas

the center element can receive echoes from both.
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Several experimental tests were made on this setup to establish the ability
of the random signal system to recover echoes associated with a particular trans-
mitter even though echoes from several transmitted signals are present simul-
tanequsly. The output displayed in Figure 5 is an excellent example of this
capability. In this test, transducer A was driven by transmitter A and trans-
ducer B was driven by transmitter B. The timing of the transmitted signals was
such that echoes from both rods arrived simultaneously at the receiving element.
The received echoes were correlated with a copy of transmitted signal A which
was stored in the delay line. Ideally, this arrangement should reprcduce the
output trace in Figure 3 which shows only echoes from the 5/16 rod. Thke actual
experimental output, presented in Figure 5, shows the echo from the 5/16 rod
as expected, however, there also appears a small signal from the other reflector.
This additional echo must be attributed to the cross-correlation of echoes due
to transmitted signal B with the copy of signal A which was stored in the delay
line.

The cross-correlation of two incoherent random signals should, ideally, equal
zero. However, this only applies if the integration of the product of the two
signals extends over all time. Since the correlator in the random signal flaw
detection system integrates for approximately 100 msec, a slight echo from the
7/16 rod survived. It should be noted that in Figure 5 the unwanted echo signal
Is approximately 40 dB smaller than the corresponding echo shown in Figure 4.
This is consistent with the previously quoted signal-to-noise ratio enhancement

of 10,000 for the random signal systeml. Hence the presence of echoes resulting

2]
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from other transmitted signals Imposes a limitation on the dynamic range of the

-

system which is inversely proportional to the integration time of the correlator.
Since, as can be seen in Figure 5, the unwanted echo is only slightly larger than

the noise level, this effect is not expected to be a significant factor In the

-

operation of the beam forming system.

A The second phase of the feasibility demonstration consisted of verifying

that it is possiblie to recover the echoes corresponding to a particular trans-
mitted signal even though two incoherent random signals were transmitted simul-
taneously from a single array element. The test setup for this portion of the
experiment Is shown in Figure 6. The transducer array and targets are essentially

the same as described earlier, with the exception of the spacing between the rods

which has been slightly altered. In this case, the transmitted signals are summed
and applied to the center transducer whereas the outside elements of the trans-
ducer array are connected in parallel and used for reception.

The control test for this experiment used transmitter A only, to drive the
center element of the linear array. The echoes received by the outer elements
were correlated with a delayed version of signal A to produce the output pre-
sented in Figure 7. The output trace shows the echoes from both brass rods
since the center element of the array illuminates both targets and each of the
outer elements receives echoes from one of the rods.

Figure 8 displays the output which resulted when the sum of transmitted
signals A and B was applied to the center transducer and the echoes, received ﬂ

by the outer elements of the array, were correlated with only signal A. This

figure shows thnat the output is essentially the same as that shown in the previous
flgure. The apparent change In signal-to-noise ratio seen In Figure 8§ Is due
to the reduced amplitude of the transmitted signal resulting Trom the use of a

resistive adder to combine signals A and B.
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These two experiments clearly demonstrate that the underlying principles
of random signal beam forming are sound. We have explicitly shown by these
tests that one random signal can be extracted from others even though a sum
of Incoherent random signals is transmitted through a single transducer and
more than one signal are simultaneously recelved.

To Implement a beam forming system similar to that previously described
for the annular array, a prototype system containing two transmitters, receivers,
and correlators must be constructed. A new delay line must also be designed to
provide two variable delay paths of equal length. Although the transducer array
in this system will not require switching, multiplexing circuitry will be needed
to Isolate segments that are driven by separate transmitters but which must feed
Into the same receiver. Finally the circuitry must be designed to combine the

correlator outputs and provide the final output signal.

3. EXPERIMENTAL BEAM MEASUREMENTS

Having demonstrated the feasibility o° random signal beam forming, the
next logical step in our program was to construct the prototype system neces-
sary to actually demonstrate this beam forming technique. Therefore the de-
sign and construction of the prototype system was begun. Unfortunately, it
soon became clear that we were unable to adequately characterize the commercial
transducers or linear array that we had secured for the prototype system. The
inability to accurately predict the acoustic beam pattern of these transducers
made the development of a system, whose purpose was to manipulate the details
of the beam pattern, pointless. Consequently, we turned our attention to the
ancillary problem of accurately determining the acoustic beam patterns of our

transducers.

2]




Although mathematical models of highly idealized ultrasonic transducers
exist In the literature, the predicted beam patterns are usually for the case
of a single transmitted frequency and apply only in the far field limit. Little
useful information seems to have been published about practical acoustic trans-
ducers excited by broadband signals.

Taking a more direct approach to the problem, we had the beam patterns of
some of our transducers analyzed on commercially available beam measuring equip-
ment. Typically, these results lacked sufficient quantitative information to
allow us to proceed with the development of the prototype system. Consequently
a substantial portion of our effort during the past year has been directed
toward surmounting this obstacle.

Our efforts to fully characterize the performance of the available ultra-
sonlc transducers have resulted in the development of two new methods of meas-

uring the intensity distribution of an acoustic beam. Une of these systems,

based on our previous work in vltrasonic doppler flow meters, Is capable of
high resolution beam plots for narrow band signals. The second scheme utilizes
a modification of the random signal flaw detection system to examine broad-
band beam patterns. The remainder of this section reviews the basic operating
principles of these two systems and presents results of the preliminary evalu-
ation.

Consider any beam plotting system that is transmitting a signal of the
form cos(mot). The echo expected from a point reflector, due to this trans-

mitted signal, can be described as

A(x,y;2) cos{wot + ¢(x,y;2)] (5)
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where A(x,y;z) is proportional to the square of the amplitude distribution of
the ultrasonic field in the plane perpendicular to the axis (z~direction) of
the acoustic beam and ¢$(x,y;z) is a phase factor dependent on the distance,
In wavelengths, between the transducer and the point of measurement. The

objective of the measurement process is to accurately extract the amplitude

%1 function A(x,y;z) from the above expression.

) The most straightforward approach to the determination of A(x,y;z) is to
simply measure the envelope of the echo signal as a function of target position.
Although straightforward, this method of attack suffers from two serious draw- *
backs. Since it is necessary to pulse the transmitted signal to eliminate

multiple reflections, the transmitted signal is not a single frequency but an

entire spectrum whose bandwidth is inversely proportional to the pulse length.

As a result the envelope of the echo signal actually contains contributions

from many frequency components, making Interpretation of the measurement

difficult. The second problem is that direct measurement of the echo envelope

provides no signal-to-noise ratio enhancement. Therefore, such a system has
very limited sensitivity and dynamic range. This is an extremely important
shortcoming since accurate beam measurements require the use of a target whose
effective reflecting surface is small compared to an acoustic wavelength, caus-

ing little of the transmitted acoustic energy to be returned to the transducer.

29




e

Both limitations of the direct measurement system can be removed by the
use of a heterodyne receiver. |If the received echo is mixed with a reference
signal, it is possible to filter the resulting signal to obtain only the in-
formation contained in a single frequency component of the received echo. |If
the reference signal and the transmitted signal are of the same frequency, the

resulting signal, after filtering, will be
A(x,y;2z) cos[é(x,y;2)] (6)

The use of a heterodyne system allows selection of a single received
frequency component even though the transmitted signal is pulse modulated.
Furthermore, this type of system provides signal-te-noise ratio enhancement
proportional to the band compression of the receiver, the ratio of the output
bandwidth to the received bandwidth. Although this receiving system over-
comes the most serious limitations of direct envelope measurement, it intro-
duces Its own unique problem. As seen in the above expression (6), the desired
amplitude function A(x,y;z) is multiplied by an unknown phase factor which is
extremely sensitive to the path length between the target and transducer. The
presence of this phase factor makes interpretation of the output from this type
of system extremely difficult.

Figure 9 displays the block diagram of cne of the systems we have developed
to measure acoustic heam intensity. The operation of this system is as follows.

A master oscillator produces a signal of the form cos(wot) which is pulse

30
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modulated and applied to the transducer under test. The use of pulse modulation

allows elimination of the problems associated with multiple reflections, but }
it also Introduces many additional frequency components into the transmitted
signal. |If we restrict our attention, for the moment, to the single component

of the transmitted signal at frequency Wy the echo can be represented as shown

in expression (5). In this system the returning echoes due to all the trans-
mitted frequency components are multiplied by the quadrature signals cos(uot)

and s!n(mot). If the output of these multipliers is passed through a sufficiently

narrow band low-pass filter, the only signals that will survive are

A(x,y;z) cos[¢(x,y;2)]
and (7)

A(x,y;2) sin[¢(x,y;2)]

The desired intensity function can now be extracted by simply calculating
the vector magnitude of these two signals. Squaring the two signals and summing,

we obtain

A?cosz¢ + Azsin2¢ = A2 (8)
By taking the square root of the result shown in Eq. 8, we obtain the intensity
function A(x,y;z). Thus we have developed a system which retains the frequency
selectivity and signal-to-noise ratio enhancement of the heterodyne receiver
while removing the phase sensitive term. Using this system the intensity dis-

tribution due to any single frequency can be measured by simply adjusting the

frequency, W of the master oscillator.

S P—

Figure 10 shows a single frequency beam plot produced by this system. The
plot is for a Panametrics V310, % inch dlameter, 5 MHz acoustic transducer.

The range is approximately 6 cm, just beyond the beginning of the far field
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