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Reduction of the Grating Lobes of Annular Arrays
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Abstract— An annular array with variable focus, used in
focused ultrasound surgery, generates grating lobes responsible
for undesirable lesions. It is known that the amplitude and the
location of the lobes depend on both the geometry and the
frequency of the transducer. A new procedure based on the use
of a wide-band CW signal, i.e., a signal phase modulated by a
pseudorandom code, is proposed to reduce the amplitude of these
lobes. The theoretical study enables us to determine the location
and the amplitude of these lobes and to simulate the effect of the
transmitted signal bandwidth. In particular, a simple analytical
relation gives the intensity ratio between the grating lobes and
the main lobe. This equation shows that this ratio is inversely
proportional to the number of rings and to the bandwidth of
the transmitted signal. A system was developed and tested with
two transducer arrays of 35- and 150-mm diameter, respectively.
The simulations and experiments demonstrate the validity of the
theoretical study and the efficacy of the proposed procedure.
In conclusion, it is possible to reduce the grating lobes without
geometric modification of the array by increasing the bandwidth
of the transmitted signal.

I. INTRODUCTION

THE USE OF high-intensity focused ultrasound (HIFU)
for noninvasive local ablation of precisely defined target

volume within tissue seems originally to have been formulated
by Fry [1]. It is only recently, however, that new clinical
applications, including some in cancer therapy, have been
developed [2]–[4]. This technique of therapy using HIFU is
also known as focused ultrasound surgery. The ultrasound
intensity generated by a highly focused transducer increases
from the source to the focus where it reaches a very high level.
The absorption of the ultrasonic energy at the focus induces a
sudden temperature rise which causes the irreversible ablation
of the targeted cells without damaging the intermediate tissues.
The destroyed zone, defined as an elementary lesion, has a
volume of a few cubic millimeters, slightly in front of the
geometric focus.

To treat a large volume, it is necessary to reproduce this
elementary lesion by displacing the focal point of the trans-
ducer. Up to now, this displacement has been performed
mechanically. Recently, studies based on the principle of the
ultrasound scanner have shown the feasibility [5] of using
dynamic focusing in ultrasonic therapy. In this method the
focal point is displaced electronically, offering the advantage
of being less costly and more accurate. The main drawback
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of this procedure is the generation of secondary lobes, called
grating lobes, by a single frequency CW signal. The intensity
of these lobes, which can be greater than that of the main lobe,
may be responsible for undesirable tissue necroses located
outside the target volume. This problem has been solved in
ultrasound hyperthermia by apodizing the energy on each ring
of the array in order to ensure a homogenous ultrasonic field
[6], [7]. Unfortunately, in this case the power applied on the
transducer array is not uniform and local overstepping of the
cavitation threshold may result, which is recognized as a limit
of the technique [8].

It is known that the location and amplitude of these lobes
depend directly on the transducer geometry and the frequency
of the ultrasonic waves. The larger the number of rings,
the lower the amplitude of the grating lobes. However, this
solution increases the complexity and the cost of the electronic
channels. It is therefore advantageous to define the transducer
geometry by keeping the number of rings to a minimum. In this
paper, we propose a method for reducing these lobes by using
a wide-band frequency CW signal such as a pseudorandom
coded signal. The advantages of a wide-band signal have
already been demonstrated in different applications, such as
radar [9] or imaging [10]. Here, the method is proposed for
the first time in ultrasound therapy.

In the first section of this paper, a theoretical approach is
presented in order to explain the effects of a wide-band signal
on the grating lobes. In a parabolic approximation, this study
proposes different expressions permitting the grating lobes to
be characterized and the intensity ratio between the grating
lobes and the main lobe to be defined. The relations obtained
enable us to understand how a wide-band signal acts on the
amplitude and location of the grating lobes. The second section
describes the experimental system. In order to validate this
study, two transducers were developed: the first one is a six-
ring annular array transducer focused at 35 mm, used for the
treatment of localized prostate cancer [11] and the second one
is an eight-ring annular array transducer focused at 15 cm
used for deeper treatments [12]. In the last section, different
theoretical and experimental results are discussed.

II. THEORY

This section is divided into two parts. The first part shows
how the number of rings influences the acoustic pressure, and
the second part gives a relation between the grating lobe
intensity and the bandwidth of the signal. To simplify the
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theoretical approach, only the pressure on the acoustic axis
of the transducer is considered.

A. Effects of the Number of Transducer Rings

The annular array is composed of rings. The space
between each ring is constant. The rings are of equal area
and so each of them generates the same acoustic power. The
transducers are excited by a single frequency CW signal of
frequency . The objective of this first part is to find an
analytical expression of the pressure field on the acoustic axis
as a function of .

1) Study of the Pressure Given for an Annular Array:
Let us assume the transducer aperture angle to be sufficiently
small . The pressure on the acoustic axis
generated by a spherical shell, in O’Neil’s approximations
[13], is

where (1)

where [kg/m ] and [m/s] are the density of the medium
and the velocity of sound in the medium, [m] and [m],
respectively, are the radius and the curvature radius of the
transducer (geometric focal length), [m] is the position on
the acoustic axis measured from the transducer surface,
[Hz] is the frequency of the transmitted signal, and [m/s]
is the amplitude of the particle velocity that is constant over
the entire surface of the transducer.

The pressure generated by each ring is the difference
between the pressures created by two spherical shells whose
diameters are equal to the inner and outer diameters, respec-
tively, of the given ring. The pressure at the variable focus
generated by an annular array of transducers is the sum of
the pressures delivered by each ring. The delay applied to
the rings is calculated from the distance between the variable
focus and the center of the rings

(2)

where
, with the outer

transducer radius of the th ring. By considering therefore
the interspace between each element small compared with

.
Then, (2) becomes

(3)

By using a complex notation and after some simplification,
an expression of the on-axis pressure produced by an -ring

Fig. 1. Amplitude of both terms A1 and A2 of (4) as a function of the
position on the acoustic axis.

array focused at is

(4)

with

and

Equation (4) highlights the influence of the different parame-
ters. The pressure amplitude is composed of two terms:

which is only a characteristic of
the transducer geometry and
which shows the effect of the dynamic focusing and of the
rings, namely the grating lobes. Both coefficients and
are plotted in Fig. 1. It shows that the lobes (main lobe and
grating lobes) are represented by . Each lobe has the same
amplitude . This result is obtained from the transducer
described in Table I.

2) Study of the Grating Lobes of an Annular Array:
is maximum at the given dynamic focus and at the positions

of the grating lobes, i.e., for

The solution of this equation is then

with
if
if

(5)

The amplitude of the pressure at this point is given by

(6)

Relations (5) and (6) confirm that the location and the
amplitude of the grating lobes depend on the geometry of
the transducer and on the frequency of the transmitted signal.
Equation (5) quickly gives the position of the grating lobes
on the acoustic axis.
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TABLE I
CHARACTERISTICS OF TRANSDUCERS T1 AND T2

B. Effect of the Use of a Wide-Band Signal

The objective here is to give a relation between the acoustic
intensity of the grating lobes and the signal bandwidth. For
this purpose, we base our analysis on the spatial peak time
average intensity because it is characteristic of the
energy necessary to induce an elementary lesion.

The will be determined at , the position of the first
grating lobes, which is the most important and at

the position of the main lobe . To compare the amplitude
of these lobes, we express the ratio between the intensities
( ) at and .

Using (3), an expression of the pressure may be obtained in
a general case of any transmitted signal . Following this
consideration, (3) can be rewritten as

(7)
The correlation function of the pressure is
thus written as

(8)

where is the correlation function of the signal .
By using Fourier’s transform of the correlation function

, we obtain the spectral density of the
pressure on the acoustic axis

(9)

with the spectral density of and

The ratio is written

(10)

When the transmitted signal is a sine wave of frequency
, its spectral density is a Dirac function, and in this case

. The ratio , noted in this
case as , then becomes

(11)

For a transmitted signal of a bandwidth , (10) becomes very
complex. To obtain an analytical expression of the ratio , a
number of approximations are necessary.

1) The spectral density of is approximated
by a Gaussian function of bandwidth , i.e.,

. This approximation may be justified in
most cases considering that the shape of is given
by the impulse response of the transducer.

2) The locations of the grating lobes versus the frequency
being small: where

is given by (5) and
Therefore can be approximated by

with

3) at is replaced by being the
position of the maximum of the grating lobes for a wide-
band signal. This maximum is obtained for the highest
frequency of the transmitted signal which is considered
to be . Then .
This assumption has been validated with computer sim-
ulation within the frequency range generally used in
HIFU. Hence, and

.
Using these assumptions, (10) becomes

and

(12)

where is the ratio defined by (11),
.

Although the ratio depends on the bandwidth , Fig. 2
shows that its variation as a function of is negligible in com-

parison with that of the parameter .
Equation (12) confirms a point already known, namely that

the amplitude of the grating lobes decreases as the number of
rings increases. It also helps to understand through which
parameter a wide-band signal reduces the amplitude of these
lobes: the wider the bandwidth of the signal, the smaller the
ratio . It should be noted that for a zero bandwidth, we
obtain the value of the ratio for a single frequency signal,
i.e., .
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Fig. 2. Comparison between R�

o
and denominator of (12) as a function of

the signal bandwidth (calculated with parameters of transducer T1).

III. MATERIALS AND METHODS

A. Choice of the Wide-Band Signal

A CW wide-band signal is characterized by a correlation
function which displays a maximum at and
quickly tends toward zero when the delay increases. Pseu-
dorandom phased modulated signals belong to this category
and moreover they are easily generated with a mean power
to peak power ratio close to unity. A type of pseudorandom
code is known as a maximum length code (“ code”), based
on an irreducible polynomial of order . It is generated as
a continuous burst of binary pulses each of length , which
gives the appearance of being random, but which in fact has
a period of . The correlation function of such
a code can be shown to have an envelope in and
a bandwidth of . The code modulates a carrier at
the resonance frequency of the transducer in frequency or in
phase in order to match the signal to the transducer bandwidth.

B. Experimental System

Two annular array transducers and (Imasonic,
Besançon, France), whose characteristics are given in Table
I, were used successively. Both transducers were made from
a high-power piezocomposite material of class 1–3 with a

matching layer of 3.4 MRayl on the front face and an
air-backed construction. It is well known that piezocomposite
materials can be easily shaped and do not need to be physically
cut out in elementary spherical transducers. Furthermore, they
allow the construction of wide-band transducers with a simple
design. All rings were electrically matched to 50 with a
transformer network.

The experimental verifications of the theoretical results
were performed using the system shown in Fig. 3. The setup
comprised a generator coupled to an eight-track power ampli-
fier (INSERM U281, Lyon, France) supplying the transducer
arrays. The generator provided either a single frequency signal
at 2.25 MHz for and 1.1 MHz for or a modulated signal.
The modulation involved either inverting or not inverting the
phase of the single frequency signal at each period according to

Fig. 3. Block diagram of the experimental system.

the state of the pseudorandom code. In this way, the bandwidth
of the modulated signal was 50% of the signal frequency. Each
channel of the amplifier could deliver a power of up to 40 W,
but was set to 10 W in the experiments. The delays were
calculated by a PC for each variable focus according to the
geometry of these arrays. To obtain a resolution equivalent to
one tenth of the signal period, each delay was coded on six
bits.

In a tank filled with degassed and deionized water, a PVDF
bilaminar shielded membrane hydrophone (Marconi Research,
U.K.), with an active element of 0.5 mm, was displaced
mechanically along the acoustic axis of the arrays or

, using an positioner (Microcontrole, Evry, France)
with a resolution of 10 m. The pressure signal received
by the hydrophone was sampled using a digital oscilloscope
(Tektronik 2430A, USA) and then transmitted to the computer
for further processing and display of the results. The
as defined in the theoretical approach had to be calculated
over the whole length of the ultrasonic burst. In practice this
was not possible because, on one hand, the memory of the
oscilloscope was too small to digitize the signal corresponding
to a burst of a few seconds, and on the other hand, the
hydrophone would not have supported the energy. So the
signal was transmitted with a 1% duty cycle compatible with
the hydrophone capabilities. Several pressure readings were
made for each position in order to reconstruct the whole
transmitted signal. The intensity at one point was then obtained
by integrating all the readings.

The theoretical approach was validated by comparing the
obtained results of a known simulation method, i.e., the
impulse response method [14] with different experimental
results.

IV. RESULTS AND DISCUSSION

Equations (4), (9), (10), and (12) were used for the com-
putation of the theoretical and the theoretical ratio

.
Fig. 4 gives the as a function of the axial distance.

For a single frequency signal, the measured data and sim-
ulated values using (4) are shown by dotted and solid lines,
respectively. Fig. 4(a) and (b) corresponds, respectively, to the
transducers and with variable foci positioned at 48
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(a)

(b)

Fig. 4. On-axis ISPTA obtained with a single frequency CW signal for both
transducers described in Table I: (a) T1 with variable focus set at 48 mm, (b)
T2 with variable focus set at 190 mm.

and 190 mm. As can be seen, there is a good correspondence
between the measured and calculated curves.

According to (6), the positions of the grating lobes are
calculated to be 21.29 mm for and 109.38 mm for

. Experimentally obtained, these two positions are 21.88
mm for and 109.27 mm for . Fig. 5 presents the

as a function of the axial distance for transducer
focused at 120 mm. The solid and dashed curves represent
the intensity computed with (4) and with the impulse
response method, respectively. The dotted curve gives the

obtained experimentally. There is discrepancy between
the experimental results and the theory when the aperture
angles are larger than 30 . A focus at 120 mm for
corresponds to an aperture angle of 37 . This limitation exists
whatever the size of the transducer. It is interesting to note that
the impulse response method presents the same conditions of
validity as the analysis presented in this work. One of the
most useful advantages of (4) and (5) is the ability to obtain
the undesirable focal zones very quickly and very accurately.
From an experimental point of view, it is shown that the device
developed for the generation of variable foci with an annular
array works well with single frequency signals.

Fig. 5. On-axis ISPTA of T2 with variable focus set at 120 mm obtained
with a single frequency CW signal. Solid line represents intensity calculation
from (9), dashed line is result of the impulse response method, and dotted
line corresponds to experimental data.

Fig. 6. On-axis ISPTA of T1 with variable focus set at 48 mm, calculated
from (9) for different values of the bandwidth B.

Fig. 6 shows the influence of the bandwidth of the phase
modulated signal on the grating lobes, for the transducer
with a field focused at 48 mm. It gives the calculated
from (9) as a function of the axial distance for different values
of the bandwidth of the coded signal. The dashed line
(curve 1) represents the case of a single frequency CW signal

, the solid line (curve 2) corresponds to a bandwidth
of 0.5 MHz, and the dotted line (curve 3) to a bandwidth of
1 MHz. As shown in the first part of the paper, the intensity
of the grating lobes decreases significantly as the bandwidth
of the signal widens. From the different results presented in
this figure, it appears that the location of the grating lobes
depends greatly on parameter . This is easily observed by
comparing curves 1 and 3. On curves 1 and 2, however, the
location of the grating lobes is approximately the same. Based
on the latest results, the location of the grating lobes can be
considered as constant and equal to for .
This condition is also valid for the transducer . In this case,
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Fig. 7. Comparison of the ratio R of T2 given by (12) with the ratio R

calculated by impulse response method versus the variable focus distance
normalized to the geometric focus distance.

(12) is rewritten as

Fig. 7 gives the ratio as a function of the variable focus
normalized to the geometric focal distance of the transducer

. These results are given by simulating with a
bandwidth of 0.55 MHz. The open circle curves are obtained
with the impulse response method using the same simula-
tion parameters as for the developed theory with identical
conditions. As can be observed, the two curves coincide,
demonstrating once again the validity of the developed theory
and the defined limitations are approximately well confirmed.

In practice, for a maximum reduction of the grating lobe
amplitude, the bandwidth of the signal must be as large as
possible, and so equals the bandwidth of the transducer.

Fig. 8 presents the experimental results of the measure-
ments of the as a function of the axial distance for
the transducers and and for a pseudorandom phase
modulated signal with a bandwidth of 1.125 MHz and 0.55
MHz, respectively. As previously in Fig. 4, the transducers

and have their variable foci at 48 and 190 mm,
respectively. We observe that theory and experimentation are
in good agreement. The comparison between Figs. 4 and 8
shows that the use of a wide-band signal enables us to reduce
the grating lobes significantly. The results also show an axial
widening of the grating lobes which is a direct consequence
of the reduction of diffraction effects in transversal planes.
Although the energy passing through the tissue is the same for
both signals, the thermal effects should be lower with a wide-
band signal, since it is known that for short exposure ( 5
s), the temperature distribution follows the ultrasound beam
pattern.

Ratio for the transducer is represented in Fig. 9, for
different variable foci between 110 and 200 mm and in the
case of a pseudorandom phase modulated signal (dotted line)
and of a single frequency CW signal (solid line). The open

(a)

(b)

Fig. 8. Measured and calculated on-axis ISPTA for a bandwidth B equal to
the measured transducer bandwidth: (a) T1 with variable focus set at 48 mm,
(b) T2 with variable focus set at 190 mm.

Fig. 9. Experimental and theoretical ratio R obtained with the transducer
T2.

circle curves give the theoretical results for comparison. We
should again note that the theory and the measurements differ
as the variable focus moves closer to the transducer.

By comparing the experimental curves obtained, we observe
that a wide-band CW signal permits a clear increase of the
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Fig. 10. Comparison of a six-ring annular array fed with a wide-band CW
signal (dotted line) with an 11-ring annular array fed with a single frequency
CW signal (solid line).

effective variable focus range in comparison with a single
frequency CW signal. This zone rises for from 18 to 27
mm, and for from 60 to 82.5 mm. The use of a wide-band
signal therefore enables us to increase the dynamic focusing
range by nearly 50% for and 30% for .

Fig. 10 presents two curves simulated for . One curve is
obtained with a wide-band CW signal and six rings, the other
curve is obtained with a single frequency signal and 11 rings.
The use of a wide-band signal reduces the number of rings in
the array by almost half.

In an annular array transducer, the interelement space must
be large enough both to decrease electroacoustic couplings and
to avoid the risk of an electrical breakdown when using high
power ratings. So the number of rings cannot be increased
indefinitely. A wide-band signal reduces the complexity of the
electronic circuits and is therefore cheaper, but also helps to
push back the boundaries of technology.

These experiments were performed in a nonattenuating
medium. To keep the efficacy of the method in focused ul-
trasound surgery, it will be necessary to compensate the tissue
attenuation which is a function of the frequency. However, this
function is known at each depth of tissue, in particular at the
location of the grating lobe. To compensate for this effect then,
the solution is to prefilter the signal by the inverse function
of the attenuation.

V. CONCLUSION

Considering ultrasound therapy as an application of the
variable focus probe, a good alternative for minimizing the
number of rings is to use a wide-band CW signal as, for
example, a signal phase modulated by a pseudorandom code.
Using an analytical expression, it has been shown that the
intensity ratio between grating lobes and the main lobe was
inversely proportional to the number of rings of the transducer
and to the bandwidth of the transmitted signal. Using two
different transducers, a series of experiments validated the
use of a wide-band CW signal with the aim of increasing the
dynamic focusing range, and so pushing back the technological
boundaries usually encountered.

Moreover, it was observed during the experiments per-
formed in this study that the use of a wide-band CW signal
increases the cavitation threshold significantly. This discovery
has been presented in a new paper [15].

The use of a wide-band CW signal should also enable the
operator to optimize the adaptation of the focus range, to
improve the control of the burst parameters, and to improve
the control of the lesion for future applications of HIFU in
ultrasound surgery.
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