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Free controls of optic/acoustic waves for bending, focusing or steering the energy of wavefronts
are highly desirable in many practical scenarios. However, the dispersive nature of the existing
metamaterials/metasurfaces for wavefront manipulation necessarily results in limited bandwidth.
Here, we propose the concept of dispersionless wavefront manipulation and report a theoretical,
numerical and experimental work on the design of a reflective surface capable of controlling

the acoustic wavefront arbitrarily without bandwidth limitation. Analytical analysis predicts the
possibility to completely eliminate the frequency dependence with a specific gradient surface
which can be implemented by designing a subwavelength corrugated surface. Experimental and
numerical results, well consistent with the theoretical predictions, have validated the proposed
scheme by demonstrating a distinct phenomenon of extraordinary acoustic reflection within an
ultra-broad band. For acquiring a deeper insight into the underlying physics, a simple physical
model is developed which helps to interpret this extraordinary phenomenon and predict the upper
cutoff frequency precisely. Generations of planar focusing and non-diffractive beam have also been
exemplified. With the dispersionless wave-steering capability and deep discrete resolution, our
designed structure may open new avenue to fully steer classical waves and offer design possibilities
for broadband optical/acoustical devices.

The recent decade has witnessed a rapid development in the field of wavefront manipulation research!~%.
In conventional optical and acoustic components, the wavefront shaping is achieved on the basis of
reflection, refraction or diffraction of waves. The emergence of metasurfaces provides a new way to
manipulate wavefront freely by introducing abrupt changes of optical/acoustical phases, which breaks the
dependence on the propagation effect, and enables molding wavefront into arbitrary shapes with sub-
wavelength resolution®. Optical metasurfaces have exhibited great potentials to achieve novel phenom-
ena such as extraordinary refraction/reflection®, coupling of propagating wave into evanescent waves’,
planar focusing®'°, non-diffracting beams'!, and vortex'%. Acoustic counterparts have also been realized
with similar capability of acoustic wavefront manipulation'*-'°. Despite the tremendous prospect of these
devices with extraordinary wave manipulation flexibilities, they are inevitably frequency dependent and
have limited bandwidth, in which the desired phase response of a subunit is designed only for a specific
frequency and, moreover, the transverse size of a supercell needs to be related to wavelength!"". As a
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result, the change of frequency will unavoidably lead to different phase profiles. So far, the manipulation
of optic/acoustic waves with unlimited bandwidth is still challenging and remains an open question.

Here, we propose the concept of dispersionless wavefront manipulation and develop a general scheme
to design reflective surface with a hitherto inaccessible functionality of going beyond the restriction of
bandwidth. A specific implementation by subwavelength corrugated surface (SCS) has been demon-
strated theoretically and experimentally to mimic the desired gradient profile, both showing the distinct
property of extraordinary reflection in an ultra-broad band. A simple model based on the phased array
theory is presented to interpret this extraordinary phenomenon. By applying the same design method,
more complicated phase profiles can be realized via the gradient surface with subwavelength resolution.
We anticipate our designed structure with distinct mechanism will constitute a significant step towards
practicable wavefront-controlling devices with broadband functionalities and have enlightening signifi-
cance in the field of optical and acoustical wavefront engineering.

Results

Concept of dispersionless phase front. For the purpose of realizing dispersionless wavefront
manipulation, we start from the fundamental difficulty of eliminating the frequency dependence in gen-
eralized law of reflection, which is deduced by Fermat’s principle and generally governs the behavior of
the reflected wave at surface with a spatially-varying phase abrupt change introduced, as follows?

sin 6, — sin 0, = — (1)

where 6, and 0, are the angles of reflection and incidence, respectively. A is wavelength and ¢ =¢(x) is
the phase response at the surface. The reflected angle 6, can be calculated as

sin(6;) + A de

0, = arcsin
27 dx

(2)

It is expected from Eq. (2) that various phase fronts can be yielded by designing the function of d¢/
dx appropriately. For instance, one can realize extraordinary reflection by choosing d¢/dx as a constant
everywhere on the interface, while planar focusing requires a specific d¢/dx that varies with x to con-
trol the convergence of wave. Actually, these are the common ways the wavefront manipulations are
achieved in previous designs. However, the optic/acoustic elements employed for realizing the desired
phase gradient, are usually frequency selective, leading to the wavelength-dependence of the term d¢/
dx. Then the term (M\27m)(d¢/dx) seems to be necessarily a function of the incident wavelength, which
means 0, must differ at different frequencies''®. As a result, the conventional wavefront-manipulation
devices always have dispersion characteristics and limited bandwidth. Although some efforts have been
dedicated to the design of broadband devices, their bandwidth is broadened by simply assuming an d¢/
dx invariant with respect to frequency, making it impossible to realize a constant reflected angle for real
broadband signals®®.

Observation of Eq. (2) suggests, however, that it is quite possible to exploit a frequency-dependent
but appropriately-designed phase profile, i.e., d¢/dx, to compensate the dispersion in the factor (A\/27)
perfectly, rather than leading to a highly dispersive wavefront manipulation as expected conventionally.
For making the term (N27)(d¢/dx) independent of frequency, the phase gradient d¢/dx should have
the following form

d¢ _ 2ma(x)

dx A (3)

where a(x) is a function of x and independent of A.

The above analyses reveal the potential to realize dispersionless wavefront manipulation via design of a
specific gradient surface. Figure 1(a) gives the schematic illustration of dispersionless phase front, which
shows that the desired phase gradient d¢/dx should be proportional to the wave number k, =27/, ie.,
#(x) =kofa(x)dx. Apparently, the presence of the factor of k, is for vanishing the frequency dependence,
while the remaining term (a(x)) that depends on x exclusively, can still be tailored freely to yield arbitrary
wavefront, as will be discussed later.

In the following, we show how the SCS allows arbitrary control over the reflected phase front with
the specific condition given by Eq. (3) being satisfied. Figure 1(b) shows the schematic of SCS. By dec-
orating the surface with grooves that has subwavelength width, the phase of the wave is delayed when
propagating along a round trip in each groove. Compared with a normal flat surface, the decorated one
adds a local phase shift to the reflected wave. The relationship between input and output phases is simply
determined by the wave path, as follows

47h (x)
A (4)

¢(x) = ¢out - ¢in =
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Figure 1. Schematic illustration of dispersionless SCS. (a) Schematic illustration of dispersionless phase
front. A dispersionless phase front should have d¢/dx proportional to k. (b) Schematic illustration of SCS
made of grooves with subwavelength width below the surface. Blue region is filled with acoustically rigid
medium and the background medium is chosen as air. The depth of grooves is a function of x, i.e., y =h(x),
which determines the spatially-varying phase shift between incidence and reflection.

where h(x) is the depth of groove, and ¢(x) represents the spatial phase response at the surface. In
the proposed SCS structure, the dimension of the grooves along x-direction is subwavelength, which
guarantees a subwavelength resolution of phase profile along the surface. On the other hand, the depth
of the grooves along y-direction is comparable to the working wavelengths in order to achieve enough
phase retardation. Thus, by choosing the depths of the grooves at each spatial position differently,
spatially-varying phase shift can be obtained for the reflected wave. It is noteworthy that the phase
response given by Eq. (4) agrees with Eq. (3) in form, indicating that the requirement for eliminating
the frequency-related term is met excellently. The reflected wave direction can be deduced by Eq. (2)

0, = arcsin[ sin(6;) + 2g (x)], (5)

where g(x) =dh(x)/dx is the spatial gradient of the groove array. In such cases, the reflected direction is
independence of wavelength and solely dominated by the choice of g(x). Thus, by designing g(x) appro-
priately, arbitrary phase front can be achieved in broad band, as will be demonstrated later.

Ultra-broadband extraordinary reflection by SCS. The following analyses take a particular
extraordinary reflection SCS (ERSCS) with constant gradient of groove arrays (viz., g(x)) as example.
Figure 2(a) shows the structural parameters of the ERSCS with g =0.3535. For an incident wave with
frequency of f, =c,/2h;3 =2695Hz (c, =343 m/s is sound speed in air), the range of the phase shift pro-
vided by the grooves is 0-27 with step of /9. Therefore, for an incident wave with arbitrary frequency
of Bf,.(8>0), the reflected phase can be also modulated linearly between 0-207 with step of (7/9,
which means the requirement for yielding the extraordinary reflection can always be fulfilled at different
frequencies.

Figures 2(b,c) show the photograph of the sample and the 2-D schematic of the experimental system,
respectively. The measurements were performed in the anechoic chamber. To obtain a plane wave, a
loudspeaker was located 3m away from the sample. The measuring area and the center of loudspeaker
are located in the same x-y plane. The reflected angle deduced from Eq. (5) for normally-incident wave
is 45°. An absorptive plate was placed in between to separate the incident and reflected acoustic fields.
The error caused by diffraction effect near the edge of the plate should be negligible since both the sizes
of ERSCS and the measuring area are much larger than the incident wavelength.

We have performed a series of measurements within a broadband, and the typical results will be
presented as follows. Numerical simulations have also been carried out for comparison. The numerical
and the experimental results are illustrated in Fig. 3 for three particular frequencies: 2.7f;, 4.5f;, and
6.3fy (viz., 7.277kHz, 12.128kHz and 16.979kHz). A parameter of phase number (PN), which repre-
sents the number of discrete phases within 27 range, is defined as PN =n/( to evaluate the resolu-
tion of the phase surface. For the three considered frequencies, the PN values are 6.67, 4, and 2.86,
respectively. Good agreement is observed between the numerical and experimental results, in which the
extraordinary reflection of 45°, exactly the same as the theoretical prediction, can be identified within
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Figure 2. Schematic illustration of ERSCS and experimental setup. (a) Schematic cross-section of ERSCS
made of 18 grooves, with period d =1cm and width dy =0.75cm. The depth h; of each groove increases from
3.535mm to 63.63 mm with step of 3.535mm. The size in x-y plane is 19.5cm x 7cm. (b) A photograph

of the ERSCS sample made of acrylonitrile butadiene styrene (ABS) plastic manufactured by 3D printer.

The size is 19.5cm x 7cm x 18 cm. (c) Schematic illustration of 2-D experimental system. The measuring
area is a 6cm X 6 cm square region centered at (-8 cm, -16cm). The ‘Reflected Area’ is defined as a 19.5cm
wide cross profile with its center coordinate (—9.75cm, —19.5cm). An absorptive plate was placed between
source and measuring region to separate the incident and reflected acoustic fields.

an ultra-broadband frequency range. It is worth mentioning that reflected angle yielded by the proposed
structure can be controlled freely within a remarkably wide range (approximately —80°-+80°). Note also
that the effect of extraordinary reflection can be maintained in the cases of oblique incidence because
the grooves with subwavelength width only permit zeroth-order mode to propagate, making the phase
response independent of the incident direction. We have also performed a series of numerical simula-
tions to estimate the effectiveness of the proposed structure for oblique incident waves and the numerical
results have verified that this extraordinary phenomenon also occurs with high efficiency in oblique
incidence cases. (See Supplementary Materials).

Physical model based on phased array theory. The simplicity in the structure of this particular
ERSCS enables an analytical analysis for better understanding of its underlying mechanism, which can be
accomplished by exploiting the phased array theory. At orifice of an individual groove, the incident wave
will induce a vibration of air that behaves as a secondary radiation source for which the strength factor A;
is estimated approximately by A; =Sv;, where v; is normal velocity at the orifice and S is cross-section of
each groove. Due to the subwavelength width of groove, we can simply consider the abnormal reflected
wave as a new acoustic radiation by a line of secondary sources with phase delays modulated by the SCS
with varying groove depths, as shown in Fig. 4(a). Assuming the distance between observation point and
the jth source is p;, the total reflected pressure can be expressed as

N
P(p, (9, w) = ZAj exp(i(bj)Hél)(kOpj)a
(6)

where Hél) is zeroth order Hankel function of the first kind and ¢; is the phase delay of each secondary
source. When the incident wave is a plane wave and width of each groove is same, all of the strength
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Figure 3. Numerical and experimental demonstrations of ultra-broadband extraordinary reflection
by SCS. (a,c,e) Scattered acoustic pressure fields of ERSCS in simulation at 7.277 kHz, 12.128 kHz, and
16.979kHz, respectively. The insets show the sound fields measured in the in the measuring area of

Fig. 2(c). (b, d, f) The corresponding phase distributions along the interface at 7.277 kHz, 12.128kHz, and
16.979kHz, respectively. The phase keeps a linear dependence on the distance for different frequencies.

factors should be the same, i.e, A; = A. Since the phase delay by each groove is ¢; =2kh; with h;=(N
—j)dg.(N=n+1=19), at far-field Eq. (6) becomes

N
—im 2 ;
P00~ a5 [ el + )]

e (7)
where p;=p; — (j — 1)Ap and Ap = d sin 0,. The center of the source array is set as reference point
and the distance is approximately p= p; — LA p/2d, where L= (N — 1)d is the total length of line source
array. Then one has

p(p, 0, w) ~ A iei(koﬂ—”/4)L sin [Nkyd (sin 6 — 2g)/2]'
) 0, P N sin [kyd (sin 6 — 2g)/2] (8)

Equation (8) implies that the maximum of the radiation always appears at a particular angle,
0, = arcsin(2g), which is totally independent of k. The field of the extraordinary reflected wave at 6, is
p(p, 0y w) =~ ANei(k°”_”/4)/,/2/7rp. Then, Eq. (8) can be expressed as p(p, 6, w)=p(p, 6, w)D(6),
where D(6), is the directional factor, given as below
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Figure 4. Physical model based on phased array theory. (a) Schematic illustration of the physical model
based on phased array theory. The total acoustic pressure field is the sum of the secondary sources with
different phase delays. (b, ¢, d) The acoustic pressure fields given by Eq. (6) at 7.277kHz, 12.128 kHz, and
16.979 kHz, respectively. (e,f,g) The directional factors D () given by Eq. (9) (blue line) and the simulated
ones (red circle) at 7.277kHz, 12.128kHz, and 16.979 kHz, respectively.

D) = 1 sin [Nkd (sinf—2g) /2]
N sin [kod (sind—2g)/2] (9)

Figures 4(b-d) show the acoustic pressure fields given by Eq. (6) at different frequencies. Figures 4(e—
g) show a comparison between the values of D(6) given by Eq. (9) and by numerical simulation at cor-
responding frequencies. The theoretical results show that the extraordinary reflections appear at = 45°
without sidelobes, which agree excellently with the numerical and experimental results.
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The bandwidth of ERSCS. In principle, our scheme is capable of yielding a completely dispersion-
less wavefront manipulation. In practice, however, the desired gradient surface must be mimicked by
a certain structure, which is necessarily frequency-dependent. Nevertheless, the operating bandwidth
should be conveniently adjusted or extended according to the practical requirement. Therefore, it is
important to investigate the influence of structural parameters on the efficiency and bandwidth of the
ERSCS. We define a parameter of R = W/W; with W, and W being the sound power on the ERSCS and
the ‘Reflect Area’ in Fig. 2(c) respectively, which can be used to quantitatively evaluate the performance
of the ERSCS. Figures 5(a, b) show the reflection efficiency spectra simulated for three particular cases:
n=12, 18, and 27 respectively. For the ERSCS model with n =18, the effective bandwidths, which is
defined as R> 0.5, is from 2.5 to 20.1kHz (about 3 octaves). With a constant period d, as shown in
Fig. 5(a), the lower cutoft frequency (f;)) of the ERSCS decreases with increasing n, while the upper cutoff
frequency (f,,) remains invariant. On the other hand, with a constant ERSCS width, f,, shifts to higher
frequency, while f,, keeps constant when # increases, as shown in Fig. 5(b).

The above results reveal that f; is determined by the total widths of the ERSCS, whereas f, is deter-
mined by d or PN which can also be written as PN = ¢,/2dgf, i.e., the resolution of the phase surface.
Noting that for different n, f,, is always smaller than the cutoff frequency of the waveguide f. =c,/2d,
(e.g., for n =18, f,;, =20.1KHz and f, =22.9kHz). Hence, a sufficiently low discrete resolution will give
rise to undesired reflected wave, which determines the value of f,,. In Figs. 5(a,b), upper 3dB cutoff
frequency is approximately PN =2.41. For an extreme case of PN =2, which means the phase oscillates
between 0 to 7, the phase changes are symmetric between x to —x and —x to x, leading to two symme-
try reflected directions with corresponding angles of £45°, as shown in Figs. 5(c, d). Thus, in Fig. 5(a),
the value of R at PN =2 is nearly half of the value of R at PN >2.41 because only half of the scattered
wave reflects to the desired region. Figures 5(e, f) show that a sidelobe appears at , = — 90° with
PN =2.41, which corresponds to k,d = 3.68, consistent with the result in Fig. 5(g). This spatial aliasing
phenomenon and can be well explained by Eq. (9). §, = 45° is one solution to the equation D(f) =1,
corresponding  to  kyd(sinf-2¢)/2=0. Yet there is another solution, ie., kyd(sind-
29)/2 =mm(m = +1, £2, £3...). Generally such a condition is hard to satisfy since the discrete resolu-
tion is usually high and the value of kyd(sin6-2¢)/2 cannot reach +7. When the frequency is high enough
(viz., kyd is sufficiently low), however, another solution corresponding to kyd(sinf-2g)/2 =—m will appear.
Figure 3(g) gives the relationship between the values of Kyd and the extraordinary reflection angles when
sidelobe appears at 6, =—90°, which satisfies

kod (sin 0, + 1) = 2, (10)

where 0, is the extraordinary reflection angles. The numerical results agree well with the theoretical
predictions, in which the value of Kid gives the upper cutoff frequency of extraordinary reflection. The
above analyses suggest that for the purpose of mimicking the desired phase surface by using discrete
units which necessarily requires a fine spatial resolution?, the simplified model developed here can be
used to predict the upper cutoft frequency accurately. Thanks to the simple structure of the designed
subwavelength corrugated surface, by just increasing n one can have extended bandwidth and finer res-
olution of the phase surface that provides a full freedom for wavefront control that will be applicable to
any beam shaping.

Realization of arbitrary dispersionless phase fronts. As we have discussed above, Eq. (3) implies
that the general scheme proposed by us allows one to design arbitrary phase profile as a function of x
while keeping it frequency-independent. For the particular implementation by the SCS made of subwave-
length grooves, such potential could be realized by choosing the gradient of h as a more complicated
function of x. Thereby any desired dispersionless phase front can be realized, such as planar focusing,
and accelerating non-diffractive beam with arbitrary convex trajectory. In detail, if a spatial phase ¢ (x)
is needed, according to Eq. (4), the depth of groove should be chosen as

¢ (x)
2k, (11)

h(x)=h, —

where A, is a constant introduced for ensuring that h(x) is a positive value. Then the resulting phase front
is dispersionless due to the fact that ¢ (x) / 2k, is independent of wavelength, and the resolution of phase
profile can be controlled freely by adjusting the value of n.

Planar focusing. In order to focus sound at an arbitrary position (x,, ¥,), @ hyperboloidal phase
profile is required

o (x) = kON(X —x)* + y02 _ /JxOZ + yOZ}. (12)

According to Eq. (12), the depths of grooves at different x locations are determined by
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Figure 5. The bandwidth of ERSCS. The reflection efficiency (R) spectra with division numbers (1) of 12,
18, and 27 with the period d being held fixed in (a) and the total width of the ERSCS being constant in (b).
(c,e) The direction factors D (6) given by Eq. (9) (blue line) and the simulated ones (red circle) at PN=2 and
PN =2.41 (corresponds to Kod=3.68). (d,f) Numerical results of the scattered acoustic pressure field at

PN =2 and PN =2.41. (g) The relationship between the values of k,d and the extraordinary reflection angles
when the sidelobe appears at 6, = —90°.

1 2 2
h(x) = hy = Z(x = x0)" + " (13)

Figures 6(a—c) show the scattered acoustic intensity fields of sound focusing model with the focal loca-
tion (10cm, —19cm) at 7.277kHz, 12.128kHz and 16.979 kHz, respectively. The focusing phenomenon
is obviously seen in ultra-broadband. The dispersionless focusing phenomenon can be also interpreted
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Figure 6. Illustration of sound focusing by SCS. The sample is made of 40 grooves with d= lcm and
dy=0.75cm. (a,b,c) Numerical results of the scattered acoustic intensity fields for normally-incident plane
wave at frequencies of 7.277 kHz, 12.128 kHz, and 16.979 kHz, respectively. The focal location is (10 cm,
—19cm). (d, e, f) Acoustic intensity fields given by Eq. (6) at different frequencies.

by phased array theory. Figures 6(d, e) display the acoustic intensity fields given by Eq. (6) based on
the phased array theory, which agree with the numerical results. Here, ¢; in Eq. (6) is no longer linearly
varying with x, but meets Eq. (12).

Non-diffractive beam with arbitrary convex trajectory. We have also demonstrated SCS with
generation of acoustic beam that propagates along arbitrary convex trajectory. On the basis of Caustic
theory?"??, arbitrary convex accelerating beams can be obtained by directing an appropriate spatial phase
profile. The relationship between the phase profile ¢(x) and the reflected angle §isd¢ (x) /dx = —k, sin 6.
To realize an arbitrary trajectory y = f (x), the phase profile can be expressed as?

dop(x)  kf'(y)

ax iv o (14)

where f/(y) = tan @isthe slope of the trajectory. As an example, a circular trajectory (x + r)* + y* = r*
with 7 = 0.4m is designed. The slope of the curve at (xoy,) is f'(y ) = —yo/,/r2 — yoz. Owing to
tan 0 = (x, — x)/y, and (x, + r)? + yoz = 12, the slope of the trajectory can be expressed as

(x+1)?

tan 0 =, .
an 3 (15)

Combining Eq. (14), we obtain

do (x) i JaEx+r)?—r?

dx 0 x+r ' (16)

The spatial phase profile is
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Figure 7. Illustration of non-diffractive beam with the circular trajectory by SCS. The sample is made

of 40 grooves with d =1cm and d, =0.75cm. (a, b, ¢) Numerical results of the scattered acoustic intensity
fields for normally-incident plane wave at frequencies of 7.277kHz, 12.128kHz, and 16.979 kHz, respectively.
The trajectory is (x+ r)>4 y*=r? (dashed line). (d, e, f) Acoustic intensity fields given by Eq. (6) at different
frequencies.

=
x+r)f

(x + r)* — r* — rarccos

(17)
Thus, the depth h(x) is

1
h(x)—ho_z

(x+r)2—r2—rarccos[ 4 ]
x+r

(18)

Figures 7(a—c) show the scattered acoustic intensity fields at 7.277kHz, 12.128kHz and 16.979kHz,
respectively. Figures 7(d, e) display the acoustic intensity fields given by Eq. (6), which is in good agree-
ment with the numerical results.

Discussion

Realization of dispersionless manipulation of wavefront is a challenge in optic/acoustic wave steering. We
have proposed a general scheme for resolving this challenge and showed that a simple corrugated surface
with subwavelength grooves can freely control the reflected waves to form the desired wave field without
frequency limitation. An analytical model is developed to interpret this extraordinary phenomenon and
can be used to predict the upper cutoff frequency when using a discrete phase array to mimick a con-
tinuous phase profile?.. On the other hand, the proposed reflective structure has the potential to be com-
bined with a waveguide structure for realizing unconventional wave-steering effect in waveguides®?.
Our finding may pave the way to design of ultra-broadband optical/acoustical wavefront-devices, and
have potential applications in a variety of practical situations in need of special harness of acoustic wave
such as medical ultrasound application or field caustics engineering. The simple configuration and dis-
tinct reflective characteristic of the proposed structure also makes it particularly inspiring in the fields of
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architectural or environmental acoustics generally associated with the control of reflection of broadband
signals, and may result in conceptual devices such as flat walls capable of redirect and reshape sound at
will.

Methods

Acoustic measurements. Our experiment was carried in the anechoic chamber in order to eliminate
the influence of the reflected waves. An absorptive plate was used to separate the incident and reflected
acoustic fields as shown in Fig. 2(c). To obtain an acoustic plane wave, a loudspeaker was located 3 m
away from the sample (much larger than the width of the sample). The measuring area and the center of
loudspeaker are located in the same x-y plane. Two 0.25-inch-diameter Bruel & Kjeer type-4961 micro-
phones are used to detect the acoustic pressure, one is used to scan the measuring region, and another
is fixed near the loudspeaker to detect the phase information.

Numerical simulations. Numerical simulations are conducted with COMSOL Multiphysics software.
The simulated material for ABS has a density 1180kg/m3 and sound speed 2700m/s, which are the
parameters of the 3D-printed materials in the experiments. The surrounding medium is air with its
density 1.21kg/m? and sound speed 343 m/s. The viscous effect has been ignored in our simulations, cor-
responding to the experimental situation, where the thickness of viscous boundary layer, approximating
to 0.3 mm for lower frequency limitation, is about 25 times smaller than the groove width.
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