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The lateral resolution of ultrasonographs for the investigation of the
internal structures of the body depends on the diameter of the ultrasonic
beam. A decrease in the diameter of the beam ecan be achieved by the
use of multi-element annular ultrasonic probe controlled by the electronic
system deseribed in the present paper. This paper also presents a method for
the caleulation of the distribution of the radiated acoustic field and two experi-
mental methods which permit the measurement of the field distribution, with
focusing during transmission only. The analytical results were compared with
the experimental results obtained by two measurement methods. This compa-
rison indicates that over the major part of the range there is agreement between
the analytical and experimental results. Some differences between them occur
mainly at the ends of zone 2 (focal point 60 mm) and in zone 4 (focal point
110 mm).

1. Introduction

One of the fundamental methods of investigation in ultrasonic medical
diagnosis is B-mode echography. In this mode the reflected echoes, which corres-
pond to the distribution of anatomical structures of the body, are shown as
bright peints on the screen of the ORT. The brightness and diameter of these
points depend on the amplitude of the echoes and the diameter of the electron
beam of the CRT. In good quality CRT, echoes with mean amplitude are shown
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as points of 0.5 mm diameter [4]. This diameter can be taken as the eriterion
in B-mode ultrasonographs for the investigation of the internal structures,
in order that a good resolution may be achieved.

The resolution of the ultrasonograph is defined by the longitudinal and
lateral resolution of the ultrasonic probe, the accuracy of deflection and focusing
of the electron beam in the CRT, the mechanical stability of the system which
transforms the motion of the probe into the motion of the time base on the
sereen and by variations in the velocity of the ultrasonic beam in investigated
structures. In addition to variations in the veloecity of the ultrasonic beam in
the structures, other parameters result from the design and accomplishment
of the equipment.

In the present state of ultrasonic technology the most negative effect
on the resolution of the ultrasonograph is exerted by the lateral resolution
of the ultrasonic probe. The other parameters permit the achievement of the
resolution which results from the size of a spot on the CRT screen.

The lateral resolution is defined as the minimum distance between two
elements reflecting the ultrasonic beam. The signals reflected from these ele-
ments should be displayed as two independent echoes on the sereen of the CRT.
The lateral resolution of the ultrasonic probe is a function of the observation
depth and depends on the geometry of the radiating surface and the radiated
wave length.

The aim of the present paper is to indicate the possibilities of decreasing
the width of the ultrasonic beam, i.e. to improve the lateral resolution of B-mode
ultrasonic equipment.

2. Methed

The well known method of reducing the diameter of the radiated ultra-
sonic beam is the use of a lens superimposed on the ultrasonic probe or the
use of probes with appropriately profiled concave transducers [1]. This kind
of focusing is efficient only over a short depth range. This is a serious disad-
vantage of this method. '

It is possible to focus over the whole observation range when a multi-
element ultrasonic probe, controlled by an appropriate electronic system,
is used [3, 4, 7]. A multi-element annular ultrasonic probe consists of co-axial
elements: a disc and the surrounding rings. The disc and the rings are excited
to vibrate by transmitters attached to them. The excitation time of a suceessive
element in the probe is related to the curvature of the radiated ultrasonie wave
front, which is focused on the axis of the transducer at a desired distance from
its surface (Fig. 1). When the successive elements of the probe are excited to
work with various delays, the ultrasonic waves generated by these elements
reach at the same time the point P, where summing up they give the effect.
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of the foeusing of the ultrasonie beam. At transmission the wave front ean
be focused only at one depth. When at transmission the ultrasonic beam is.
to have a small diameter over the whole range of investigation, it is necessary
to generate ultrasonic waves of different curvatures of the wave front radiated.

PG > NO

SO =

Fig. 1. Focusing during transmission. PG — pulse generator, ND — transmitter triggering
without' delay, SD — transmitter triggering with small delay, LD — transmitter triggering
grr oty with large delay, T — transmitters

This eorresponds to several foci over the investigated range. Unlike the focusing
at several points during transmission, in the case of detection it is possible
to achieve continuous focusing, by a continuous:change of the delay of the
signals received. The delay changes at a velocity equal to the ultrasonic wave
propagation velocity in the body investigated (Fig. 2). This kind of focusing
is called dynamic focusing and has a substantial effect on the improvement
in the lateral resolution. Focusing using an annular array can be achieved
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oiig. 2. Focusing during reception, LD — circuit with large delay in received signal, SD —
Freuit with small delay in received signal, ND — ecircuit without delay in received signal,
8 — summator
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only along the axis of the transducers and therefore, in order to achieve a eross-
section of the body investigated, the ultrasonic probe has to be moved mecha-
nically.

In view of the expected use of the ultrasonic beam focusing system in
obstetrics and gynaecology, a 2.0 MHz resonance frequency was chosen for
the transdueer with the depth range 0-24 em and the surface of the transducers
in touch with the surface of the body [2].

A very important element of the system is an ultrasonic annular array.
A theoretical analysis of the lateral resolution for such an array excited by
a continuous wave and short pulses, depending on the size, configuration and
the excitation method, was given in paper [6]. On the basis of the theoretical
analysis, an ultrasonic probe was built, which consists of 7 co-axial elements
of piezoelectric ceramics: a dise and six rings. The diameter of the disc is about
10 mm and the external diameter of the outside ring is about 40 mm. Al the
elements have the same surface area.

This permitted the achievement of:

a) the same electric impedance of all elements, i.e. the same electric loading
of all transmitters;

b) practically the same distance from the surface of the probe, of the
transition point between the near and far fields for the disc and all the rings.
This distance is given by formula (1) [7],

&) ailgoiseidl
lao ﬁ]/( ey —Z) — gy (1)

where 1, is the distanoce of the transition point between the near and far fields
for each element of the probe, a,, is the external radius of the element, a,,, is
the internal radius of the element (for the dise a,, = 0), 2 is the wave length
radiated (4 = 0.6 mm for f = 2.5 MHz). For the dise I,, = 50.05 mm; for
successive rings, l,, = 49.71 mm, ly, = 49.15 mm, 1,, = 48.54 mm, [, — 48.27
mm, [, = 47.39 mm, [, = 46.84 mm.

The efficient focusing of the ultrasonic beam radiated by the disc oceurs
in the near field, i.e. in the Fresnel zone of the probe [7]. On the assumption
that the ultrasonic probe consists of only one large disc with the radius 4 =
= 20 mm (this being the external radius of the outside ring of the annular
array), the transition point between the near and far fields is distant by 660 mm
from the surface of the transducer,

- A? 200

Lo A 0.6

= 660 mm, (2)

where L, is the distance of the transition point between the near and far fields
measured from the surface of the transducer and A is the external radius of
the last ring in the probe.
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Relation (2) defines the practical restriction of the range of the system
described, with the size of the ultrasonic transducer given previously.

An additional condition for the focusing of the ultrasonic beam by means
of the annular array is that signals received at the focus from all the indepen-
dently working elements of ;the probe should have the same phase. This con-
dition is satisfied exactly for a ring whose width tends to zero. For a ring with
finite width the condition of the constant phase of ultrasonic signals is satisfied
in the far field of the element. It follows that annular array can focus well in
the far field of each element working independently. From formula (1), the
transition point between the near and far fields for all elements of the probe
is distant by about 50 mm from the radiating surface. It means that no effi-
cient focusing of the ultrasonic beam can be achieved over the range 0-50 mm
and therefore over this range, at transmission, only the internal element of
the probe, i.e. the dise, works. On the basis of previous analyses and measure-
ments [8], the whole range 0-24 em under investigation was divided into five
zones, with the following division of work a,mong the particular elements of the
probe during transmission:

zone 1: from 0 to 50 mm, with only the disc transmitting;

zone 2: from 50 to 70 mm, with the focus at a distance of 60 mm, three
elements: the disc and two internal rings, transmitting;

zone 3: from 70 to 90 mm, with the focus at a distance of 80 mm;

zone 4: from 90 to 140 mm, with the focus at a distance of 110 mm;

zone H: from 140 to 240 mm, with the focus at a distance of 180 mm.

In zones 3, 4 and 5 all the seven elements of the probe transmit.

The annular array works with an electronic system whose schematic dia-
gram is given in Fig. 3. At transmission, signals from the pulse generator PG
are supplied to seven memories PROM 7'D, which depending on the focus,
set_the respective relative time delays of signals exciting transmitters. The
pulses from the memory PROM are supplied to the circuits 7'C’ which control
the transmitters. In these cireuits, burst signals of a duration of 3 periods of
2.5 MHz are formed. The burst pulses eontrol the transmitters 7', in which
fast switeh transistors V-MOS were used. All the seven transmitters excite
to vibration the corresponding elements of the annular probe P. The pulses
received by the seven elements of the probe are supplied to the seven amplifiers
R and subsequently to SAD-100 analog delay lines which delay respectively
the signals received. A change in the delay of signals in the SAD-100 is caused
by a change in the frequency of clock signals supplied to these lines from the
very fast PROM memory RD, which defines the magnitude of the delays of
signals received by particular elements of the probe. This circuitry provides
the possibility of continuous delay changes, with wvelocity which is equal to
the ultrasonic wave propagation velocity in the human body, i.e. the possibility
of dynamic focusing. After a respective delay, all the signals are fed to the
gummator 8, where they are summed up. Since the SAD-100 delay lines work
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using the signal sampling principle, it is necessary to filtrate signals at the
sampling frequency. This is achieved by the filter F following the sum-
mator.

3. Calculation of the distribution of the radiated acoustic field

This problem consists in the caleulation of the space and time distribution
of the acoustic field generated by the radiating surfaces of the multi-element
ultrasonic annular array. These surfaces are excited to vibration by signals
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Fig. 3. A schematic diagram of the electronic system working with an annular array. PG —
pulse generator, 7D — PROM memories of the transmitted pulse delay, T¢' — transmitter
control, ' — transmitters, P — probe, B — receivers, DL — SAD-.100 delay lines, RD —
PROM memory (change in the received signal delay), PC — pulse control of the SAD-100
delay lines, SC — switeh circuitry, § — summator, F — filter, 4 — amplifier

in the form of high-frequency pulses with delays so selected that the beam
focuses at a desired point of the field. In the calculations, a pulse shape closest
to one in practice was assumed. This pulse contains five sinusoidal high-fre-
quency periods with the envelope sin?(=nt/2).

The theoretical method for the calculation of the acoustic field is based
on analysis of transient fields generated by piston surfaces. This analysis con-
sists in the determination of the pulse response of a radiating surface at a given
point in space and subsequently in the convolution of this response with the
exciting pulses.
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The problem of the analytical determination of the distribution of the
acoustic field as a function of time, at any point in a half-space, generated by
the vibrating surface of an annular array, was considered in paper [5]. Accord-
ing to the formulae derived in this paper, analytical expressions for the cal-
culation of the time behaviour of acoustic pressure, focused on the axis at
the distance z from the radiating surface, become

2(85 1) = Po(rs 1) + 3 Py(r, 1), (3)
N

where Py(r, 1) is the time behaviour of the acoustic pressure generated by the
central dise, P, (r,t) = P, (r,t)—P,,(r, ) is the time behaviour of the acoustic
pressure generated by the nth ring with the external radius «,, and the internal
radius a,,;

Prryt) = olho(r, )3 Vo(t)+ 3 U0, )4V, () — by (r, )2V, (01}, (4)
N

where o is the density of the medium, ? is time, » is the vector of the distance
between a point source and the observation point in the half-space, V(1)
= V[H(t)—H (t —7,)]sin®(nt/2)sinwt is the vibration velocity of the central
dlsc, Vault) = VIH(t—A47,) —H (t — Az, —7,) ]8in?[=/2 ({ — Az,) ]sine (t — A7,) is
the vibration velocity of the nth ring, Az, is the time difference (acceleration)
in the excitation of the nth ring with respect to the dise; k(2 t), h,, (v, ) and
h,,(r, 1) are respectively the partial derivatives with respect to time of the
pulse responses for the central disc and rings with the radii a,, and a,,.

The calculations were taken on a VAX computer at Limburg University
(the Netherlands) in Fortran. From these calculations, the width of the ultra-
sonic beam was determined over the whole range for signal level decreases
of respectively 3 dB, 6 dB and 10 dB. The 3 dB and 6 dB and 10 dB beam —
widths determined analytically are shown in Fig. 15 (section 5) in the form
of dotted curves, together with the experimental results.

4. Measurement methods

The measurements were taken on the acoustic pressure of the ultrasonic
field of the annular array at transmission. The measurement conditions were
the following: '

zone 1: pulses transmitted only by the disc;

zone 2: pulses transmitted by three elements; dise and two internal
rings;

zones 3, 4 and 5: pulses transmitted by all the elements of the probe.

All the elements of the probe were excited to vibration by a burst with
a duration of three cycles of the 2.5 MHz signal. A hydrophone of piezoelectric
pvdf (polyvinylidene fluoride) foil (with the diameter of the active part being
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1 mm, the thickness 25 mm), manufactured by Marconi (Fig. 4), with a known
directional response, was used as the measurement element. This hydrophone
is characterized by a flat response of signals received as a funetion of frequency

7
>
o M

Q\\g‘ Fig. 4. The hydrop_hono of pvdf f({il manu-
§ ¥ s Yo factured by Marconi, B — frame, ¥ — pvdf
s i § { foil, Ny — part 'of the upper foil surface
§ E N Ny covered with a gold layer, Ny; — part of
§ Els the lower foil surface covered with a gold la-
] ff B C ver, A — active region where the gold-covered
=G w? _.// parts of the upper and lower surfaces overlap,
: (¢ — concentric cable

over the range 1-10 MHz and by its lack of effect on the distribution of the
ultrasonic field at the measurement point.

As a confirmation of the validity of the parameters assumed for the exciting
pulse in the caleulation of the field distribution, Fig. 5 shows a pulse shape
detected by the pvdf hydrophone at transmission by the dise. The signal detected

Fig. 5. The pulse shape received by the hydrophone at transmission by the dise

contains about five 2.5 MHz cycles modulated by a signal of the approximate
shape sin?(nt/2) of 2 us duration.

The acoustic pressure distribution was measured by the system shown
in Fig. 6. Ultrasonic waves radiated by particular elements of the array P are
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received by the hydrophone H, transformed into electric pulses and fed to
the amplifier A. After amplification the signals are fed to the oscilloscope O.
The hydrophone can be moved in the direction # and y, with high shifting
accuracy. On account of the symmetry of the system, measurements were

J} 0
|
rWI A
P
z P
oH
Ly
5

Fig. 6. The system for the measurement of the acoustic ‘ﬁpéssux'e. T — transmitters, P —
probe, H — hydrophone, 4 — amplifier, O — oseillosecope, ¢ — probe-hydrophone distance,
x,y — directions of the hydrophone shift

taken only for a shift in one direction from the axis of the system. With indi-
vidual work of each element of the probe, signals detected by the hydrophone
were adjusted for the distance z = 110 mm (the focus of zone 4). The measured
results are shown in Fig. 7,

Zone 1 is in the near field of the element and therefore measurements
were taken only for two probe-hydrophone distances, 40 mm and 50 mm. For
zones closer to the probe, 2 and 3, “point focusing”, i.e. good focusing at the
focus and worse at the ends of the zone, can distinetly be seen.

For farther zones, 4 and 5, slightly worse focusing can be seen at points
close to the focus, at the expense of the more uniform focusing over the whole
zone. For comparison, a half beamwidth is shown for respective 3 dB, 6 dB,
10 dB and 20 dB decreases in signal level. The determination of the 3 dB beam-
width does not take into account the effect of the side lobes. The determination
of the 20 dB beamwidth is also inconvenient because of the overlarge effect
of the side lobes on the response, e.g. in ‘the case of the 20 dB beamwidth in
zone 2. With focussing at transmission only, it is best to determine the beam-
width at a level of — 6 dB or — 10 dB. In addition, when focusing at the
same points at reception, the curves for — 6 dB and — 10 dB (Fig. 7) define
the respective beamwidths at signal level decreases to 12 dB and 20 dB with
focusing both at transmission and detection. This is satisfied under the condition
that the directional patterns are the same both at transmission and reception.
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Fig. 7. Half beamwidth for different values of the drop in the signal received, d — half beam-
width, 2 — distance from the probe, Z0O — zone division of the range, .... 3 dB half beam-
width, — — — 6 dB half beamwidth,

10 dB half beamwidth, xxx 20 dB half beam-
width, 000 — measurement points

At reception the described system implements dynamie focusing, for which,
over the whole zone under study, ultrasonic signals reflected from peints on
the axis of the system are focused.

The combination of dynamic focusing at reception with foeusing in several
zones at transmission causes a decrease in the ultrasonic beamwidth, with respect
to focusing in zones both at transmission and detection. The improvement
is particularly distinct at the ends of zones.

Fig. 8 shows the distribution of signal amplitudes over the whole range.

Greater amplitudes occur in zones 3, 4 and 5; it should be mentioned, however,
that all the elements transmit to these zones. At the ends of zones 2 and 3 there
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is a distinet effect of the side lobes. It ean be seen from the plots in the figure
that the amplitude distribution is rather regular over the whole range under
study. :

e
1] 25 50 ifmm}

Fig. 8. The signal amplitude distribution over the whole range. U — measured signal value,
2 — distance from the probe, I — distance from the axis of the system

In the other investigation method, the pressure distribution of the ultra-
sonic field of the annular array was measured using an ultrasonic beam —
scanner. This device was constructed at Limburg University, Maastricht.
Fig. 9 explains the principle of work of this device. In this case the hydrophone

i

{

'8 A

~

Fig. 9. The working principle of the
beam scanner. 7' — transmitters, P —
probe, H — hydrophone, 4 — amplifier,
X—-Y — x—y plotter, # — probe —
hydrophone distance, IP — immovable
point on the surface of the probe,
round which the probe swings
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is immovable and set on the axis of the system. The ultrasonic probe swings
in all directions round the point IP which lies both on the axis of the system
and on the surface of the transducer. Signals from the hydrophone are fed
through an amplifier to a -y plotter, which can plot a two-dimensional acoustic
pressure distribution at a desired depth. The plotter can also plot the changes
in the acoustic pressure as a function of the distance from the axis of the probe.

The results are shown in Figs. 10-14. The upper parts of the figures show
a two-dimensional distribution of the ultrasonic field in a plane parallel to
the surface of the probe. A change in colour of two adjacent areas, from white
to black or conversely, corresponds. to a change in the value of a signal by 1.5
dB. The distribution of the ultrasonic field in the -y plane is distinetly clear
for a distance of 50 mm (with only the disc working). For the other distances,
a change in the value of a signal for the main lobe was so rapid that it was not
registered correctly by the plotter. The lower parts of the figures show a change
in the value of a signal as a funetion of change in the distance from the axis
of the system. These curves show a symmetrical shape of the ultrasonic beam
over the range under study, with a signal drop to about 23 dB with respect
to the maximum signal on the axis. Some nonsymmetry can be seen for the
distance z = 60 mm, but it occurs only in the amplitude of the side lobes. This
is of no significance, because of the large difference in the value of the signals,
where nonsymmetry is with respect to the maximum value from the main
lobe.

In the first measurement method (with an immovable probe), the maximum
probe-hydrophone distance for which measurements were taken was 200 mm.
The lack of the measurement of the field distribution at a distance of 240 mm
from the probe was caused by the absence of a measurement vessel at greater
depth. The field distribution at a distance of 240 mm was measured using
a beam scanner and it showed a slight broadening of the beamwidth with respect
to the measurements at the 200 mm distance between probe and hydrophone.

5. Comparison of theoretical and experimental results

The theoretical and experimental results obtained using the two measu-
rement methods are compared in Fig. 15. It can be seen that in all the cases
there are similar changes in the beamwidth shape. The results of measurements
of the ultrasonic beamwidth with signal decreases of 3 dB and 6 dB are very
close for the two measurement methods. With a signal drop of 10 dB the mea-
sured results only differ largely in zone 1 and at the ends of zones 2 and 3.
These differences result from the greater effect of the side lobes in measurements
by the method shown in Fig. 6 (with the hydrophone being shifted and an
immovable probe) compared with the method using the beam scanner,
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Fig. 13. The ultrasonic field distribution in a plane 110 mm from the probe in zone 4



——-—- 0dB—22V

H-t--— -1
+-4-+4-—— -2008
+-+-4--- -30a8

Vb :

-10 0 0 I[mm]

Fig. 14. The ultrasonic field distribution in a plane 180 mm from the probe in zone 5
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The results calculated for the central parts of the zones are generally in
agreement with the measured ones. The greatest differences between measn-
rements and calculations occur at the ends of zone 2 and in zone 4. When com-
pared with the caleulations, the measured results show a slightly less width
of the ultrasonic beam in alI the three cases, i.e. with signal drops of 3 dB,
6 dB and 10 dB.
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Fig. 15. Comparison of the theoretical and experimental results for signal drops of 3 dB,
6 dB and 10 dB. d — half beamwidth, 2 — distance from the probe, ZO — zone division
of the range, — measurements (shifted hydrophone), — — — measurements (swinging
probe), ... caleulations, —.—.—.— typical system used in the ultrasonograph for investi-
gation of the abdominal structures: f = 2.6 MHz, ¢ = 20 mm; ooo — measurement points

From the measurements taken, it was found that in the two measurement
methods the side lobes are at the same distance from the axis. In measurements
by the beam scanner the amplitude of the side lobe with respect to the main lobe
is less than in the method using a shifted hydrophone. For calculations in zones
2, 3 and 4 the side lobes are slightly closer to the axis than in the experimental
results.
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The results of measurements of the ultrasonic beamwidth with a signal
drop of 10 dB also contain the response of a typical system used in the ultra-
sonograph for examination of the abdominal structures. These data were obtained
from measurements at a frequency of 2.5 MHz and for an ultrasonic beam:
radiated by a transducer of 20 mm diameter in ref. [2]. The ultrasonic beam:
generated by the annular array is narrower and much more regular over the
whole range under study. At the focus there is a double narrowing of the beam-
width; but it should be mentioned that in the two ecases the transducer dia-
meters are different from each other.

6. Conclusions

Analysis of the theoretical and experimental results obtained permits
the following statements:

1. Over the greater part of the range under study there is agreement
between the theoretical and experimental results.

2. When the conditions assumed are satisfied, i.e. with a direct contact
to the surface of the investigated body and with the specific dimensions of
the elements of the probe, it is impossible to focus effectively over the range
0-50 mm, and therefore only the dise can work over this range.

3. Focusing for some chosen foci at transmission indicates a narrowing
of the width of the transmitted ultrasonic beam over the range under study,
under the condition of the selection of an appropriate number of these foci.
In view of a large beamwidth at the ends of the zones, with respect to the beam-
width at the focus, it seems, from the results obtained, to be purposeful to-
increase the number of the zones from five to seven or eight.

4. Focusing for some chosen foci only at transmission can sometimes
be useful in practice, particularly because of the simplicity of the electronic:
systems employed.

5. In addition, when using dynamie focusing at reception, there is an
optimum narrowing of the beam at all distances, i.e. an improvement in the
lateral resolution of the ultrasonograph investigation of the internal structures
of the body.
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