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ABSTRACT. —wWe—heve-eonstructed a ::;)Jimenaional acoustic imaging device,
The device is designed to work with &
M piezoelectric elements in a transmitting transducer, which produce a beam
element receiving transducer is used to focus
This makes it possible to obtain MOGON
only M +' N elements, a considerably saving in complexity.
and receiver are supplied by frequency modulated chirp signals sent along acoustic surface wave
One of the novel features of this device is the ability to obtain an arbitrary scan
velocity, even a stationary focus, with the transmitter.

At the present time we are testing a 100 element linkar a
With the latter system, we have demonstrated a stationary focus and a slowly
and are obtaining two dimensional _electronically focused
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and a two dimensional 22 x 29

images.

I. Introduction

At last year's Ultrasonics Symposium, we described
an electronically focused and scanned receiver system
capable of a resolution of approximately 1 mm at a dis-
tance of 20 cm using 5 MHz acoustic waves. The de-
vice used an array of piezoelectric transducers with a
phase reference for each transducer obtained from a
corresponding tap on an acoustic surface wave delay
line, along which was propagated a linear FM chirp sig-
nal. The signals from each tap and the corresponding
piezoelectric transducer are mixed, and the output from
the receiver array taken at the sum frequency of the
acoustic signal and the signal sent along the delay
line. The scan velocity was determined by the acoustic
surface wave velocity and the focal length of the elec-
tronic lens by the chirp rate. By using mechanical
scanning in one direction and electronic scanning and
focusing in the other, we were able to obtain good
images of small objects with a %0O-element array.
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Since that time, we have been developing a 100-
element one-dimensional array. Our aim was to obtain
far better sensitivity with approximately 2 mm resolu-
tion at a distance of 20 cm and a frequency of 2.25
MHz. To this end, we have been constructing a system
with amplifiers on every delay line tap and amplifiers
on every element of the PZT array, with the two outputs
feeding balanced mixers to eliminate spurious signals.
This system appears to be capable of a sensitivity of
approximately 10-11 watt/cm“ At the present time, a
100-element array consisting of elements O.} mm and
0.5 mm square has been constructed and tested It has
an acceptance angle of approximately +§0 in the =x
and y directions as required for our system. The
circuits have all been assembled and the system is
presently being tested. Early results indicate that
the sensitivity is close to that measured for the indi-
vidual elements and that good focusing can be obtained.
It is intended, first, to obtain images by mechanically
scanning a large transmitter and electronically scan-
ning the receiver. Later, this receiver array will be
incorporated with electronically focused and scanned
transmitter. The advantage of this approach is that it
uses only M + N elements to obtain M X N resolvable
spots. This makes it far lower in cost and complexity
than many other systems which can image M X N resolv-
able spots.
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We describe here our experiments on and the theo-
retical principles of the electronically focused and
scanned real-time system which is focused and scanned
in both the x and y directions. The device makes
use of a transmitter constructed in much the same way
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as the receiver which focuses and scans in the y di-
rection, the scan rate being at an arbitrary velocity
which we can choose at will. The system uses a sepa-
rate receiver focused and scanned in the x direction.
Twenty-nine elements are used in the transmitter, and
22 elements in the receiver. The receiver makes use

of an early developmental model of the 100-element
array. With this device, we have obtained images fo-
cused and scanned in the x and y directions in real
time.

II. Principles of the Two-Dimensional Focusing System

The basic components of the two-dimensional focus-
ing system are shown in Fig. 1. The transmitter con-
sists of an array of piezoelectric strip transducers
which are excited from taps on an acoustic surface
wave delay line. The transmitter emits a beam, focused
and scanned in the y direction. So it acts like a
cylindrical lens moving with a velocity v_ 1in the
y direction producing a beam focused to a’line in a
plane a distance 2z from the array
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T--Schematic-pictorial diagram ofhzgﬂsiectronically
scanned, electronically focused acoustic imag-
ing device.

FIG.

The receiver, which is of the type described in
previous publications,"s’ can be used in either a
reflection or transmission mode and is focused on the
same plane, but is scanned at a velocity v_ in the
x direction. So it acts like a cylindrical lens,
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focused in the x direction, and moving with a veloc=-
ity v, in the x direction. The combination of the
receiver and transmitter cylindrical lenses focuses on
a spot which moves along a line and a plane with ve-
locities Vi vy
For the purposes of a demonstration of the princi-
ples of operation, we have worked with two alternative
methods of scanning the system in a transmission mode.
In the first, the scan rate of the transmitter is
approximately the same as that of the receiver, so the
spot scans lines at L45° to the x axis. In the second,
by using a combination of two chirps passing in the
opposite directions in the transmitter, the scan veloc-
ity in the y direction can be made arbitrary, even
zero, so that the y scan rate essentially controls
the frame rate. Under these circumstances where
vy << v, , the raster scanned is then just like that
of a normal TV image, with the scan lines almost in the
x direction, with a line time of approximately 1OOusec
and €0 cps frame rate.

This system is of fundamental importance because
it demonstrates that the scan rate in either direction
can be arbitrary. This means that we can use these
devices as tixed focus lenses, or they could be used
in sonar systems operating at frequencies in the 100
kHz range, with appropriate scan rates far below the
value of 107 cm/sec used in our first devices, a veloc-
ity basically determined by the velocity of an acoustic
surface wave.

A block diagram of the variable scan rate transmit-
ter is shown in Fig. 2. The major change from the sys-
tem described for the receiver and still used, with
improvements, in this device are: (1) to operate the
device with input signals in the delay line and take
the outputs from the piezoelectric transducers, i.e.,
to operate it in a reciprocal fashion from that of the
receiver, (2) to obtain an arbitrary scan velocity,
chirp signals are inserted at each end of the delay
line; the combination of these two chirps gives a
phase variation along the line, which can be stationary
or can be moved along the line with an arbitrary veloc-
ity, thus giving rise to a focused transmitted beam
with a fixed focus or with a focal point which can be
moved in a direction parallel to the array at an arbi-
trary velocity.

TRANSMITTER BLOCK DIAGRAM

MODIFIED RF AMPLIFIER,
MIXER ASSEMBLY
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FIG. 2--Block diagram of the variable scan rate
transmitter.
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In physical terms, each chirp can be regarded as
behaving like a lens, just as in the receiver, a: illus-
trated in Fig. 3. One chirp alone would correspond to

a lens of focal length f Two chirps correspond to

a lens of effective focal length f/2 from the array.
Now suppose one lens was moved along a line, as does

the signal transmitted along the delay line, the focal
point would move in the x direction at the lens
velocity. If, on the other hand, the two lenses were
moved in opposite directions at the same velocity, it

is not unreasonable to expect that, by symmetry, the
focal point would not move. Thus we might expect two
chirps moving in opposite directions to give rise to

an acoustic beam with a fixed focus. Finally, if the
center frequency of one chirp were changed slowly with
time, this would be equivalent to moving the two lenses
at slightly different velocities. Now the focal point
would move in the y direction at a velocity determined
by the rate of change of the center frequency of the
chirp.
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FIG. 3--Optical analogy for variable scan rate trans-

mitter.
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Let us consider the system shown in Fig. 2 mathe-
matically. Suppose that two signals with frequencies
+ ut, wpg = 4y - ut , are inserted into the
ends A and B of the surface wave delay line, re-
spectively. At a position y, from the center of the
line, the phases of the signals are:

W =

(v,) ( : L) : ( - L)‘
o,(y. ) = Uit T [ R et B
s dﬁ v 2v = v av
y L y L\°
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(1)

respectively, where L is the length of the delay
line, and v is the surface wave velocity. The parame-~
ter u is the chirp rate. These signals are detected
by the taps, amplified and mixed in the nonlinear ele-
ments. The phase of the signal (at the difference
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The parabolic yﬁ term provides the focusing. How=~
ever, we would like to illuminate the object field with
a signal of constant frequency so that narrow band
transmitting transducers can be used with as little
aberration as possible. A fixed center frequency gives
a fixed focal length and hence small aberrations. We
must, therefore, eliminate the time varying terms in
the above equation. To this end, one tap at point vy,
of the delay line is used as a reference, as shown in
Fig. 2. The signals from this tap are amplified and
mixed with another frequency 4 (w, will turn out to
be the desired 2.25 MHz acoustic frequency). Hence,
the output at point y, in the circuit is identical to
that of Eq. (2) except that the frequency is shifted by
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This signal is then further amplified, filtered to re-
tain only one of the sidebands, and applied across all
the other mixing elements in the device. The differ-
ence frequency is employed to drive the transducers.

1t 0 , the resulting electrical phase at a fre-
quency of @y is given by the relation:
2
( y" - )
O;yn) bt - (nl +ub) =r= . (%)
v v

Thus we obtain an output to dirve the transducers with
a fixed frequency o with a parabolic variation of

phase.

If x, 1is elsewhere on the line, there {s an ad-
ditional constant phase shift term. This has no effect
cn focusing, because the focusing depends only on the
difference in phase shift between taps. In the experi-
ments described later, the reference was not at the
center but at one end of the delay line.

Now consider the phase of the signal reaching a
line a distance 2z away from the array at the point
y 1in the field. The phase at this line is determined
by the different propagation times from the various

elements. Hence, the phase of the signal arriving at
y , z from the element at > is
2 [
z  (y -y) ny_ y
n n ’n
¢ (y,2) = aft ~ — - ¢ = = (w, +,) s
i 0 v 2zv v2 A = v
w w
(5)
where 8 is the sound velocity in water.
The chirp rate  1is chosen to be
n
WV
@ = 2 v (6)
2zv
w

The term in ¢(y,z) which varies quadratically
with Yo 1s cancelled out, and we find that
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Thus the transmitter focuses in a similar way to the
receiver. We see all the signals from the 29 elements
are in phase 1if

Wy W +w
X . 4 2]t=zm, (8)
v v
w
where ¢ 1is the element spacing.
1f we define (m, +a,) , such that this condi-
tion occurs at x = O , then we can write
x = (@ -w) ‘:z . (9)

The frequency corresponds to the actual carrier
frequency of one of the surface waves, ™; to the
carrier frequency required for the focus to occur at
x=0 , and is assumed fixed at T Hence,
scanning is achieved by changing the frequency ay
with time — at a rate which is arbitrary.

We may summarize the operation of this method of
focusing by noting that the focal length of the system
is determined by the chirp rate, but the lateral vy
position of the focal point is determined by the car-
rier frequency . and the device may be scanned at
an arbitrary rate by varying the frequency ay either
manually or by using a sweep generator.

III. The Experimental System

(a) Transmitter and Receiver Circuits

The receiver array used in the two-dimensional
electronically focused device consisted, for simplicity,
of a 22-element prototype transducer array of the type
being developed for the l100-element system. In the
same way, the receiver circuit consisted of a fairly
crude prototype of the 100-element receiver circuit.

It employed transistor amplifiers on every receiver
element and amplifiers on every acoustic delay line
tap. In the 100-element systems balanced integrated
circuit mixers were used. Here, in order to save time
and to demonstrate the principles of the focusing sys-
tem, we made use of diode mixers. Our aim was only to
make a demonstration of the two-dimensional electronic
system, with the viewpoint that in the end we would

use the 100-element receiver system presently being
developed with our 29-element transmitter array. Suf-
fice it to say that the 22-element receiver used was
only large enough to obtain a field-of-view of approxi-
mately 1", but the quality of focusing and the level of
sidelobes was excellent and the results were what would
have been expected theoretically for a system with this
small number of elements.

A block diagram of the transmitter has been shown
in Fig. 2. One tap of the delay line is used to pro-
vide a frequency reference signal for the other ampli-
fier mixer assemblies. This is done so that the out-
puts to the transmitter elements remain at a constant
frequency with only a varying phase term. This fre-
quency reference signal is derived by using one of the
rf amplifier-mixer assemblies with no input at input
"C" (see Fig. ©). This signal is then balance modu-
lated with 2.25 MHz in a crystal diode mixer passed
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through a filter to retain only the upper sideband, and
applied in parallel to all of the other rf amplifier-
mixer assemblies at the "C" input.

The system requires two FM chirp inputs, one to
each end of the delay line, one chirp has a chirp rate
4, the other a chirp rate -u We obtain the re-
quired signals by using a master FM chirp oscillator
with a center frequency of 250 MHz. This is mixed in
two separate mixers with two local oscillators of cen-
ter frequency 203 MHz and 304 MHz, respectively. The
signals obtained are therefore a positive chirp with a
center frequency of L7 MHz and a negative chirp with a
center frequency of 54 MHz. When these signals are
inserted in each end of the delay line and mixed, they
give rise to a chirp signal with a chirp rate 2 and
a center frequency of 7 MHz. The difference in these
frequencies is chosen so that it is not too wide for
the band pass of the delay line and it is not too nar-
row to give rise to difficulties with spurious fre-
quency components.

The reference signal obtained from one tap is
modulated with 2.25 MHz, as already described, and a
signal of frequency 9.25 MHz is obtained. When this
signal, in turn, is mixed with the 7 MHz signal at each
tap, it gives rise to the 2.25 MHz signal required.
This signal has the appropriate phase shift from tap to
tap. When the chirp rate is changed, the square law
variation along the system is varied in the appropriate
manner for focusing. When one of the signals, either
the 203 MHz oscillator or the 30L MHz oscillator is
varied in frequency, an additional linear phase shift
is superimposed on the square law phase shift in the
system and the device can be scanned in this manner.

By changing the oscillator manually, the device can be
scanned manually at will or focused on a fixed point.
By using a voltage controlled oscillator for one of
these reference oscillators, the device can be scanned
slowly electronically. Typically, we use a scan sig-
nal with a period of the order of 16 msec so as to ob-
tain a 60 cps frame rate.

The transmitter circuit is shown in Fig. 4. Two
gate FET's are used as amplifiers, and the mixing is
carried out in a diode following the FET's. The dif-
ference frequency obtained is amplified by the power
amplifier and used to drive the individual PZT ele-
ment. A potentiometer is used to equalize the output
amplitudes of the signals entering the individual
transmitter elements. The receiver transducers were
arranged in a horizontal line, and the point of inter-
section of the vertical line focus with the horizontal
transmitter line focus is defined as the point being
imaged. The oscilloscope intensity was modulated by
the signal generated in the receiver. Hence, the
electron beam intensity was proportional to the acous-
tic amplitude transmitted at the defined point of the
object field. The vertical axis of the oscilloscope
was driven by the ramp generator used to generate the
scan signal for the transmitter. The horizontal
chirps and scanning of the oscilloscope were triggered
from the receiver. Hence, the horizontal axis corre-
sponded to the horizontal position of the defined point
and the vertical axis to its vertical position.

Some acoustic images obtained using this tech-
nique are shown in Fig. 5. A letter "S'" carved into
a piece of rubber is shown in Fig. 5. The top photo-
graph is the acoustic image and the bottom, an optical
image. In Fig. 5(b), the word "Stanford" was imaged
by successively exposing the photographic film as each
letter of the word was positioned in front of the
array. In all cases the letter was approximately 1"
high, formed from 1/8" openings. As far as we are
aware, these results are the first demonstration of
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real-time, two-dimensional electronic focusing. The
quality of these first results is still crude because
of the limited number of elements used and phase errors
present in the transmitter circuit which was altered
several times as we encountered difficulties with it.
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FIG. L--Schematic diagram of amplifier/mixer assembly
in the transmitter.

(b)

FIG. 5--Acoustic images obtained with the electroni-
cally scanned, electronically focused real
time 2-D system. a) Image of the letter "S".
Top figure is the acoustic result, bottom
figure is the optical result. b) Image of
the word "STANFORD".
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Despite these problems the effect of defocusing
is very apparent as can be seen in Fig. . Here we
defocused the transmitter by changing the chirp rate
by 25% thus defocusing the image in the vertical di-
rection. Similarly defocusing in the receiver de-
focuses the system in the x direction.
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FIG. £--Effect of a 257 defocus in the imaging sys-
tem. Central picture is in the "in-focus"
result.

Because the frame time is approximately 1/60
second, the image appears in real time. Hence, it is
easy to observe the motion of the object as it is
moved about the object field. It was also possible to
scan the transmitters to any point designed, by vary-
ing the frequency Wy OF Wy manually.
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