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Eliminating the grating lobes is significant in ultrasonics. For example, highly efficient ultrasound focus
and flexible focus steering without off-target heating for medical applications require the total rejection
of grating lobes and side lobes. We investigate analytically, numerically, and experimentally the physi-
cal causes of grating lobes in ultrasound beam engineering. We find that the generation of grating lobes
is attributed to two main factors, namely, the diffraction from the finite-sized source array and the dif-
ferent phase delays of the phased array. Based on these findings, we design and implement an active
acoustic metasurface to completely eliminate the grating lobes. The lab-made metasurface comprises
16 x 16 square-lattice elements of subwavelength thickness, where each element is a supercell with 4 x 4
piezoelectric sheets in a matrix of epoxy resin. By tailoring the ratio of the supercell width over the
lattice constant, the grating lobes due to the structure diffraction can be completely suppressed. With
a programmable multichannel drive, we further impose Gaussian-shaped amplitude modulation on the
metasurface to wipe out the grating lobes induced by inhomogeneous phase delays. Our experimental
results convincingly demonstrate that the active metasurface with programmable phase and amplitude

modulations shows a high performance in grating-lobe-proof and steerable ultrasound focusing.
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L. INTRODUCTION

Ultrasound beam engineering is an upcoming field for
versatile medical applications. For example, high-intensity
focused ultrasound has been used in clinics to instantly
destroy tumor cells due to its minimal invasion, high pre-
cision, and fewer side effects [1-4]. Recently, focused
ultrasound has become a promising tool for noninvasive
neural stimulation in vivo [5—12]. Early proof-of-concept
experiments suggested that ultrasound can modify the
perception of tactile sensations [6—8]. Since then, much
research has shown that focused ultrasound has therapeu-
tic potential for treating a variety of neurological diseases
[9—12]. In ultrasound beam engineering, the commonly
used sparse transducer array offers both electrically con-
trolled beam steering and phase-aberration correction for
minimizing the focus size [13—20]. However, the projected
ultrasound field has many unavoidable grating lobes and
side lobes, which may cause harmful physical heating
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in nontargeted regions. Thus, it is significant to develop
an integrated device to implement highly efficient ultra-
sound focus as well as freewheeling focus steering without
off-target heating, which is useful in medical applications.

In the following, we organize our work into three parts.
In the first part, we investigate the ultrasound field pattern
from a one-dimensional (1D) source. The diffraction field
is found to be closely related to the geometrical parameters
of the source. For example, as the source length increases,
a higher numerical aperture ensures a smaller FWHM of
the main lobe with a greater number of side lobes included.
We reveal that after discretizing the line source into small
identical elements, numerous unwanted grating lobes will
emerge, which can be well suppressed on the condition that
the spacing between adjacent elements equals the element
length. We also show that the Gaussian-shaped amplitude
modulation with a small FWHM at the closely-packed
1D source array perfectly eliminates the grating lobes
and side lobes, which can be further extended into two-
dimensional (2D) arrays. In the second part, we propose
an active acoustic metasurface to verify the theory analy-
sis [21-34]. The integrated metasurface is made of 16 x 16
square-lattice elements of subwavelength thickness, where
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the element is a supercell with 4 x 4 piezoelectric sheets
in a matrix of epoxy resin. For each element, the phase
and amplitude of the radiated ultrasound are programmable
via a powerful electric multichannel drive. The metasur-
face operates underwater in the ultrasound regime, which
is packaged between a matching layer and a backing layer
for practical use. In experiments, we demonstrate high-
quality steerable focusing with the grating lobes and side
lobes completely eliminated by imposing Gaussian-shaped
amplitude modulation on the metasurface. The measured
results are in perfect agreement with numerical simula-
tions, confirming the functionality of the state-of-the-art
device. In the last part, main conclusions are provided.

II. THEORY

The controlling equation of acoustic wave propagation
in free space is [35,36]

1 8%p(r, 1)
Vzp(l‘, 1 — C—ZT =0, (1)

where V2 denotes the Laplace operator, ¢ and p(r,?) are
the speed of sound and the acoustic pressure at position r
and the time ¢, respectively. The acoustic pressure can be
expressed in the form of p(r,?) = Re{p(r)e7“'} , where
p(r) is the complex pressure amplitude at position r and w
is the angular frequency. Substituting this form into Eq.
(1), the wave equation is simplified into the Helmholtz
equation(V? + k%)p (r) = 0, where k is the wave number.
According to Green’s theorem, two spatial wave func-
tions U(r) and G(r) satisfy the Helmholtz equation, which
can lead to the following Kirchhoff diffraction integral
equation [36]

[V 36
Ur) = - /S [G )y 8n]ds, @

where S is an arbitrary closed surface, d/dn is the normal
derivative operator, and U(r;) and U(r,) are the acoustic
pressure fields inside and on the closed surface S, respec-
tively. By setting the wave function G(r) = &* /r with r
the distance from the surface point r, to the inside field
point r;, we will derive the Rayleigh diffraction integral
from the Kirchhoff integral

Ur) = .i / U(r»ld‘k’ds, 3)
A Js r

where ¥ denotes the integral surface. Here, we consider a
simple case of the 1D line source, as shown in Fig. 1(a),
with the line source parallel to the x axis and the acous-
tic wave propagating along the z axis. From Eq. (3), the
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FIG. 1. (a) A schematic of wave diffraction from a 1D line
source. (b), (c) The intensity distributions of diffraction fields
from the line source, where the source lengths are L =10 and
L =50, respectively. In (b) and (c), the parameter § = sin ¢,,
with ¢, ranging from —u/2 to /2.

pressure field at a point (g, ¢;) is given by
1 1 ikr
p(r09 (px) == TN p(x)_e] dx: (4)
Jir r

where ¢, is the angle between 7 and the z axis and » =

\/ 13 + x2 + 2rgx sin ¢,. With the approximation r ~ r in
the denominator and » ~ ry + x sin¢, in the exponential
term, and by setting § = sin ¢y, Eq. (4) is reduced to

1

1 . .
oy (8) = Lt / () . 5)
JAro i

Equation (5) is actually the Fourier transform of the pres-
sure distribution on the line source p(x). For the boundary
conditions of the Kirchhoff diffraction, the pressure is
unchanged after ultrasound passes through the diffraction
aperture, while the pressure equals zero in other regions.
Thus, the pressure waveform p(x) can be expressed by the
product of the excitation function /(x) and the aperture
function #(x), where the aperture function is determined
by the geometry of the source. Therefore, we can sepa-
rately design A(x) and #(x) to implement specific diffraction
fields. Based on the convolution theorem of the Fourier
transform, Eq. (5) can be written into [37]

ikro

) = ¢
Prol®) = i

f h(x) ()™ dx = CoF{h(x)} % F{t(x)},
I

(6)
where Cy = €0 /j Ary, and F{-} and * denote the Fourier

transform function and the convolution operator, respec-
tively.
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Considering the 1D line source with length L, we
set h(x) = po and #(x) = rect(x/L), where rect(-) is the
rectangular function with rect(x/L) = 1 at |x| < L/2 and
rect(x/L) = 0 at |x| > L/2. Substituting 4(x) and #(x) into
Eq. (6), we will obtain the radiation pattern of the 1D line
source from

pfo 8) = CoF {porect (%)} = poCoLsinc (1478) , (D

where sinc(-) denotes the function sinc(x) = sin(wx)/mx.
Figures 1(b) and 1(c) show the intensity distributions of
diffraction fields at L = 10A and L = 50X, respectively, with
A the wavelength. From Figs. 1(b) and 1(c), we find that the
source length is related to the width of the main lobe and
the number of side lobes. As the length increases, the width
of the main lobe decreases with more side lobes included.
Then we consider a generalized case in which the line
source is discretized into periodic source elements. We first
consider a simple case in which the source consists of peri-
odic points spaced by g, as shown in Fig. 2(a). The number
of the points N = L/g. In Fig. 2(a), the aperture function
can be written as #(x) = g~'comb(x/g)rect(x/L), where

with n an integer and §(-) the Dirac function. All point
sources have uniform excitation amplitudes, A(x) = po.
Substituting the expressions /(x) and #(x) into Eq. (6),
we will obtain the radiation pattern of the periodic point
sources from

1 X by
gy _ 2z 2 z
pro(é) = poCoF {gcomb (g) rect (L>}
X 1 X
= poCoF {rect <Z>} * F {gcomb (;)}
LS 8
= poCoLsinc <T) * comb <g7> . ®)

Comparing Eq. (8) with Eq. (7), the radiation pattern
induced by periodic point sources p/ (8) is the convolu-
tion between the radiation pattern induced by a line source
pfo (8) and the comb function comb(g§/1). Based on the
periodic property of the comb function, we derive the

diffraction angle of all the grating lobes
A
¢ = sin"}(8,) = sin”! ("—) : ©)
g

where n denotes the order of the grating lobes, namely,
n==1,4+2.... From Eq. (9), we find that the number of
grating lobes is determined by the ratio of the wavelength
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FIG. 2. (a) The 1D source pattern with the pressure field distribution p (x) = %comb <7> rect (f) (b) The intensity distribution of

X
4

the diffraction field from the source in (a) at L =50A, g=2.5A. (c¢) The intensity distribution of the diffraction field from the source
in (a) at L =501, g=0.91. (d) The source pattern with p(x) = 2}comb (ﬁ) x rect (%) xrect (¥). (e) The intensity distribution of

the diffraction field from the source in (d) at L =501, g=2.5A, b=1.5). (f) The intensity distribution of the diffraction field from
2722

the source in (d) at L =504, g=2.54, b=2.51. (g) The source pattern with p (x) = 2 ' comb jgi) x rect () s rect (3). (h) The

intensity distribution of the diffraction field from the source in (g) at L =501, g=2.54, b =2.5A, t=20A. (1) The intensity distribution

of the diffraction field from the source in (g) at L =501, g=2.5A, b=2.5A, t=13A.
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and the period, that is, A/g. At the operation frequency,
the diffraction angle of the grating lobes will increase
as the period g decreases. Figure 2(b) shows the inten-
sity distribution of the diffraction field at g=2.51 and
L=50A. In addition to the main lobe at 5y = 0, there
exist four grating lobes with diffraction angles of g% =
—53.13°, ¢! = —23.58°, ¢! =23.58°, and ¢? = 53.13°,
which correspond to §_, = —0.8, §_; = —0.4, §; = 0.4,
and &, = 0.8, respectively. In order to eliminate these grat-
ing lobes, one intuitive way is to make the period g smaller
than the wavelength A, as reflected in Eq. (9). For example,
in Fig. 2(c), the intensity distribution of the diffraction field
at g=0.9) and L =50A shows that there exists only the
main lobe in the field of view. However, the solution has
two disadvantages. First, a smaller period will lead to more
source elements, which increases not only the microfabri-
cation difficulty but also the electronic complexity of the
multichannel electric drive. Second, many side lobes are

still included that give rise to nontrivial off-target heating.

A more practical case is that the periodic source ele-
ments have a certain length, as shown in Fig. 2(d).
The aperture function thus takes the form of a convolu-
tion #(x) = (1/g)comb(x/g) x rect(x/L) * rect(x/b), with
b the length of the source elements. As described in Fig.
2(d), all elements have a uniform excitation amplitude
h(x) = po. Substituting /(x) and #(x) into Eq. (6), we will
})btain the radiation pattern of the periodic line sources
rom

prlgl(a) =poCoF { écomb (g) X rect (%) * rect (%)}
= poCoF { écomb <§) } * F {rect (%)} x F {rect (%)}
o) (2] (3] o

Comparing Eq. (10) with Eq. (8), the radiation pattern of

the periodic line sources p,' (8) is a product of the radia-

tion pattern of the periodic point sources p/ (§) and a sinc

function bsinc(b§/1). The sinc-type amplitude modulation
on the radiation pattern can be employed to effectively
reduce the intensity of the grating lobes. For example,
in Fig. 2(e), the solid line represents the intensity distri-
bution of the diffraction field at g=2.51, L =504, and
b=1.51. The dash line is the function |bsinc(bs/1)|?,
which describes the envelope of the intensity curve and
shows obvious suppression on the grating lobes. From
Eq. (9), the diffraction angles of the grating lobes are
@" = sin”'(nr/g). By setting b = g, we obtain the func-
tion sinc(b5/A) = 0 at those diffraction angles, indicating
that all the grating lobes are completely suppressed, as
proved in Fig. 2(f), where g =2.5A, L = 50X, and b =2.5A.
However, in this case, even though the period can be larger
with fewer source elements required, there still exist many
side lobes that produce off-target heating.

In order to further eliminate the side lobes, we propose
to add the Gaussian-shaped modulation in the excitation

function %(x), as shown in Fig. 2(g). In our case, the excita-
tion function can be written into 2(x) = poe’xz/ fz, where t
denotes the strength of amplitude modulation. Substituting
h(x) and #(x) into Eq. (6), we will obtain the radiation pat-
tern of the periodic line sources with Gaussian-modulated
excitation amplitudes from

—’Cz ‘L'2
pY(8) = CoF{poe™ /")

* F {écomb (g) X rect <%) * rect (%)}

= Fle™/" xpil®)

ro

= t/me T TNy pll s), (11)

The solid lines in Figs. 2(h) and 2(i) describe the inten-
sity distributions of the diffraction fields at t =20A and
T =134, respectively, where the element period g =2.54,
the array size L =504, and the element length b =2.5A.
The results clearly show that the Gaussian-shaped modu-
lation can well suppress the side lobes. As the modulation
strength 7 decreases below a threshold (the threshold is
13.2A when L = 501), we only observe the main lobe in the
field of view, with grating lobes and side lobes completely
eliminated, as shown in Fig. 2(i).

III. RESULTS AND DISCUSSIONS

In this section, we extend our approach into the more
useful 2D cases for the experimental demonstration. The
diffraction field from the 2D source plane can be written as

Pr(08) = C [ Flhle)) = Fluw),  (12)

a=xy

where C; is the normalization coefficient. Figures
3(a)—3(c) show the intensity distributions of the diffrac-
tion fields from three different types of 2D planar sources.
Each source consists of square-latticed finite elements. In
Fig. 3(a), where g, = 2.5, L, = 50\, and b, = 1.5A, we
find that besides the main lobe in the center, there are many
grating lobes together with side lobes in the field of view.
In Fig. 3(b), where g, = 2.5A, L, = 504, and b, = 2.5,
the result reveals that all grating lobes are eliminated, but
there still exist obvious side lobes in the x and y direc-
tions. In Fig. 3(c), where g, = 2.5A, L, = 504, b, = 2.5A,
and 7, = 13A, we find that only the main lobe is observed
in the field of view with the grating lobes and side lobes
completely erased, in agreement with the above discussion
in 1D cases.

Based on the theoretical analysis and numerical simu-
lation, we design an active acoustic metasurface for the
experimental demonstration. The metasurface comprises
16 x 16 square-lattice elements with a thickness of about
half the wavelength. Each element is a supercell with 4 x 4
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FIG. 3. (a) The intensity distribution of the diffraction field from the 2D source p(x,y) =C; [] ’g’—gcomb (é)

a=x,y

X rect ( ) * rect ( ) where g, = 2.5%, L, = 50, and b, = 1.5A. (b) The intensity distribution of the diffraction field from the
2D source p(x,y) = C; [] g—gcomb (é%) X rect( ) * rect( ) where g, = 2.5, L, = 50X, and b, = 2.5A. (c) The intensity dis-

o=x,y

tribution of the diffraction field from the 2D source p (x,y) = C; ] 2© C; i comb (é%) X rect ( ) * rect ( ) where g, = 2.54,

=X,y

Ly, = 504, by = 2.5, and 7, = 13A. (d) The schematic of the 2D active acoustic metasurface. (e) The photo of the packaged sample

for medical applications.

piezoelectric sheets in a matrix of epoxy resin, as shown in
Fig. 3(d), where the filling ratio of piezoelectric sheets in
one supercell is about 0.51. The metasurface is sandwiched
between a matching layer and a backing layer not only
for waterproof and protection packaging, but also for the
best coupling of ultrasound into water. The matching layer
and the backing layer are made of aluminum oxide/epoxy
resin and aluminum nitride/epoxy resin, respectively. The
lab-made device sample is shown in Fig. 3(e).

In ultrasound focusing, it is necessary to introduce a
phase distribution on the metasurface plane. Here, the
phase distribution is realized by using programmable elec-
tric signals that control the vibrations of piezoelectric
sheets. For the metasurface, the aperture function is

1 o o o
t(x,y) = — b| — t| — t{— |,
= T gooomd () et (1) et ()

a=xy

where g, = b, = 2.8 mm and L, = 44.8 mm. The opera-
tion frequency is set at 1.04 MHz. The excitation function
takes the form of A(x,y) = A(x,y)e/?“?). Assume the
focal spot locates at (£, n, z). The phase distribution on
the metasurface is

pae) =k E -0+ P+, (13)

where £ denotes the wave number. Substituting 4(x, y)
and #(x, y) into Eq. (12), we will numerically obtain the
radiation pattern of the active metasurface. For exper-
iments, we conduct the measurements in a water tank
(400 x 600 x 1000 mm?). The active acoustic metasurface
is driven by a Verasonics Vantage system with 256 chan-
nels. In order to eliminate the ultrasound echoes, we utilize
a pulse series of 5-cycle square signals. The ultrasound
field is scanned by a 0.5-mm-diameter needle hydrophone.
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(a) The pressure amplitude distribution on the metasurface with 4(x,y) = po. (b) The phase distribution with ¢(x,y) =

ky/x2 + y2 + 402, (c) The amplitude distribution with 4(x,) = ppe~*" /7 and T = 10 mm. (d) The simulated intensity fields on
the x-y plane with the amplitude and phase on the metasurface distributed as those in (a) and (b). (¢) The simulated intensity fields
on the x-y plane with the amplitude and phase on the metasurface distributed as those in (c) and (b). (f) The measured intensity fields
on the x-y plane with the amplitude and phase on the metasurface distributed as those in (a) and (b). (g) The measured intensity fields on
the x-y plane with the amplitude and phase on the metasurface distributed as those in (c) and (b).

All data are recorded with a digital storage oscilloscope
(Agilent Technologies DSO-X-3034A) and processed by
the Precision Acoustics UMS3 system software.

In Figs. 4(a)—4(g), we numerically and experimentally
investigate the focusing functionality of the acoustic meta-
surface with the focal spot at (0, 0, 40) mm. In light of Eq.

(13), the phase distribution is ¢ (x,y) = ky/x2 4+ y2 + 40?,
as shown in Fig. 4(b). The amplitude modulation can
be either homogenous (4 = py) or Gaussian-shaped (4 =

a — =

( )10 Sim._Unmodulated &
Sim._Modulated

20.8} © Exp._Unmodulated Jj

g O Exp._Modulated

=] |
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20.4}
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FIG. 5.

—_

O

~
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poe /™) as shown in Figs. 4(a) and 4(c), with
7 = 10 mm. When the amplitude on the metasurface is
constant, new grating lobes are generated due to inhomo-
geneous phase distribution on the metasurface, as verified
both numerically and experimentally in Figs. 4(d) and
4(f). To eliminate the grating lobes, we need to adopt
Gaussian-shaped amplitude modulation, as also demon-
strated numerically and experimentally in Figs. 4(e) and
4(g). The experimental result is in perfect agreement with

g I
=N 0

<
~

Intensity (arb. unit)

(a) The simulated and measured intensity distribution along the line x =[—30, 30]Jmm, y=0 mm, z=40 mm. (b) The

simulated and measured intensity distribution along the line x =0 mm, y = [—30, 30]Jmm, z =40 mm.
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the numerical simulation. A quantitative analysis is also
given in Figs. 5(a) and 5(b), where we show the simu-
lated and measured intensity distribution along the line

=[-30, 30] mm, y=0 mm, z=40 mm and the line
x =0 mm, y=[—30, 30] mm, z=40 mm, respectively. In
Fig. 5, the red curves and square dots denote the simu-
lated and measured data for the case where the amplitude
and phase on the metasurface are distributed as the ones in
Figs. 4(a) and 4(b). The blue curves and circle dots denote
the simulated and measured data for the case where the
amplitude and phase on the metasurface are distributed as
the ones in Figs. 4(c) and 4(b). The result shows that the
elimination of grating lobes will not affect the location of
the main lobe (the focal spot). However, the lobe size is
slightly wider.

Figures 6(a)-6(g) further demonstrate the focus steer-
ing functionality of the active acoustic metasurface, where
the focal spot is shifted to the point (10, 10, 40)
mm. In this case, the phase distribution is ¢(x,y) =

k\/ (x — 10)> + (v — 10)*> + 40%, as shown in Fig. 6(b).
The amplitude modulation is either homogenous (4 =
po) or Gaussian-shaped (4 = poe [6—107+0-10%)/2%) " 5
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FIG. 6. (a) The pressure amplitude

k\/ (x —10)> 4+ (y — 10)> +40°. (c) The amplitude distribution with A(x,y) =

30 45

distribution with  A(x,y) = po.

shown in Figs. 6(a) and 6(c), respectively, with 7 =
10 mm. For a homogenous amplitude distribution on the
metasurface, in the same way, new grating lobes are
generated in the field of view, as shown numerically in
Fig. 6(d) and experimentally in Fig. 6(f). To eliminate
these grating lobes, we utilize the shifted Gaussian-shaped
amplitude modulation, for which the results are demon-
strated numerically in Fig. 6(e) and experimentally in Fig.
6(g). We also present a quantitative analysis in Figs. 7(a)
and 7(b), where we show the simulated and measured
intensity distribution along the line x=[—30, 30] mm,
y =10 mm, z=40 mm and the line x =10 mm, y =[-30,
30] mm, z =40 mm, respectively. In Fig. 7, the red curves
and square dots denote the simulated and measured data
for the case where the amplitude and phase on the metasur-
face are distributed as those in Figs. 6(a) and 6(b). The blue
curves and circle dots denote the simulated and measured
data for the case where the amplitude and phase on the
metasurface are distributed as those in Figs. 6(c) and 6(b).
Similarly, in the focus steering process, the location of the
main lobe (the focal spot) will not change at all before and
after using the technique of grating-lobe elimination, but
the main lobe will be slightly expanded.
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(b) The phase distribution with ¢@(x,y) =
—poe’[()"10)2”)’*10)2]/72 and 7 = 10 mm. (d) The

simulated intensity fields on the x-y plane with the amplitude and phase on the metasurface distributed as those in (a) and (b). (e)
The simulated intensity fields on the x-y plane with the amplitude and phase on the metasurface distributed as those in (c) and (b).
(f) The measured intensity fields on the x-y plane with the amplitude and phase on the metasurface distributed as those in (a) and
(b). (g) The measured intensity fields on the x-y plane with the amplitude and phase on the metasurface distributed as those in (c) and

(b). The operation frequency /' = 1.04 MHz.
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(a) The simulated and measured intensity distribution along the line x =[—30, 30] mm, y =10 mm, z=40 mm. (b) The
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IV. CONCLUSIONS

In conclusion, we implement an active acoustic meta-
surface for ultrasound beam engineering. We choose an
important application, steerable focusing, and investigate
how to eliminate the grating lobes and side lobes to prevent
off-target heating that is unwanted in medical treatment.
The theoretical analysis shows that the generation of grat-
ing lobes is rooted in the diffraction from the finite-sized
source array and the different phase delays of the phased
array. Therefore, we propose a two-step approach to com-
pletely get rid of these lobes. We first make the active
elements on the metasurface closely packed, where for the
periodically arrayed elements, the lattice constant equals
the element width. Due to the diffraction theory, the grat-
ing lobes in terms of the structure diffraction will be
completely suppressed. Then we impose Gaussian-shaped
amplitude modulation on the metasurface to wipe out the
grating lobes induced by inhomogeneous phase delays as
well as the side lobes (or speckles). Thanks to the power-
ful programmable electric drive, the active metasurface has
tunable amplitude and phase modulations, which ensures
freewheeling ultrasound focusing. In the steering process,
the position of the focal spot will not change after using the
technique of grating-lobe elimination. Our work paves the
way for the active-metasurface-based devices in the ultra-
sonic regime and shows promising potentials in the fields
of medical ultrasonics and underwater acoustics.
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