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ABSTRACT

In this work, we present a bi-directional asymmetric ul-
trasonic hologram that can simultaneously control both
the reflected and transmitted wave-fields. To do that we
design a surface made of a discrete spatial distribution of
monolithic elements with different properties than the sur-
rounding medium. This allows to compress two identical
or different wavefield scattering patterns (for transmission
and reflection) into a single monolithic object. We report
an ultrasonic hologram based on Quadratic Residue se-
quences encoded with resonant building blocks behaving
as an ideal Lambertian scatterer from both sides, with spa-
tial autocorrelation coefficients of 0.7 each one, therefore
diffusing waves in both transmission and reflection.

Keywords: Acoustic hologram, Acoustic diffusers, Ultra-
sonic imaging, Acoustic scattering

Research in ultrasounds covers a broad range of fields
as non-destructive testing, underwater acoustics and imag-
ing among others. Recently, there is an increasing interest
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in biomedical applications, such as non-destructive med-
ical imaging [1, 2] and non-invasive controlled medical
therapy [3, 4]. In this work we design of a bi-directional
asymmetric ultrasonic hologram that works simultane-
ously in transmission and reflection. The design frame-
work of such hologram follows a multi-objective opti-
mization procedure which minimizes the difference in re-
flection and transmission phase values for a given length
of polymer material, allowing the creation of a phase-
space representing the total phase combinations between
the two interfaces, the building blocks of which can be
used to replicate any desired reflection and transmission
phase profiles. In the work herein, the case of an ideal
Lambertian scattering hologram made out of a Quadratic
Residue sequence has been demonstrated, where high
scattering values with a spatial auto-correlation coefficient
around δ = 0.7 have been reported [5].

We consider an ultrasonic hologram composed of a
discrete spatial distribution of building blocks made of a
monolithic polymer blocks with different height embed-
ded in water. The working frequency is chosen at 1.1
MHz. An example layout can be seen through the artis-
tic impressions in Figs. 1(a,b). We consider first a 1D
problem for each constituting building block of the holo-
gram. The building block is made of a monolithic polymer
block of length l surrounded by two water blocks of length
d1 and d2 respectively as shown in Fig. 1(c). The sound
pressures, p, and normal particle velocities, vz , at z = 0
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Figure 1. (a) Artistic impression of a 10 × 10 × 1 cm ultrasonic bi-directional hologram diffusing an inci-
dent plane wave in a uniform scattering profiles for each direction; reflection in green, transmission in blue. (b)
Close-up of the lens; each monolithic block has a lateral size of ∆lx×∆ly=700µm×700µm. (c) Representative
1D Transfer Matrix diagram of a monolithic block of total length L composed of a solid element (e.g., poly-
mer) and an exterior medium (here, water). The local phase and amplitude of the reflection and transmission
coefficients depend on d1, d2 and l.

and at z = L can be modelled by means of the Transfer
Matrix Method (TMM). Due to the lateral dimensions of
the building blocks (∆lx×∆ly=700µm×700µm) we can
assume plane wave propagation. Therefore, the transfer
matrix T of the building block can be derived and the re-
flection, R, and transmission, T , coefficients calculated.
This implies that we consider each building block is inde-
pendent from each other in the structure and considered as
an equivalent fluid. Such approximation can be made due
to the low difference in impedance between the water and
polymer media, with a polymer-to-water impedance ratio
Zp/Zw = 1.67, coupled with the fact that shear waves
can also be neglected due to the system being considered
under normal incidence.

Following Fraunhofer’s diffraction theory, the scat-
tered sound pressure distribution over a surface with an
anisotropic phase distribution, such as a reflection or
transmission coefficient in this case, can usually be re-
sumed as a spatial Fourier transform of the correspond-
ing complex surface coefficient. In this case, the far-field
pressure distribution, ps(θ, φ), where θ and φ are the az-

imuthal and elevational angles, respectively, of a radiating
rectangular surface with a spatially dependent phase dis-
tribution coefficient, ξ(x, y), of size 2a and 2b in the x
and y directions respectively, can be calculated using the
Fraunhofer integral [6]

ps(θ, φ) =

∫ a

−a

∫ b

−b
ξ(x, y)eik(x sinφ sin θ+y sinφ cos θ)dxdy.

(1)
The subindex s = R, T represents the reflection and
transmission problem respectively, and ξ(x, y) = R(x, y)
(ξ(x, y) = T (x, y)) for the reflection (transmission) prob-
lem.

In order to design a hologram that can behave as an
ideal diffuser in both reflection and transmission sides, we
look for a spatial phase distribution for the both the re-
flection and transmission coefficient such that the spatial
Fourier transform of said distribution approximates a flat
angular response. There are many number theoretic se-
quences that can help design such phase distribution, such
as the maximum length or quadratic residue sequences [7].
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Figure 2. Experimental water tank measurement setup of the 3D-printed diffusing hologram in (a) reflection
and (b) transmission situations. (c) Measured (dots) scattered polar pressure distribution in reflection (R) and
transmission (T ) compared to analytical (black line) values (QR) and the scattered field of a flat vibrating piston
(blue and green lines).

Here, the quadratic residue (QR) sequence will be used,
which when repeated in space, allows to generate evenly
spaced diffraction lobes with even energy.

Experimental measurements of a 3D-printed holo-
gram, with N = 53 repeated M = 3 times (see
Fig. 1(a,b), were made in a water tank for the reflection
and transmission configurations. Figures 2(c) show the
polar scattered energy distributions measured from both
sides of the hologram. It can be observed from Fig. 2(c)
that both measured scattering fields are more uniform than
the polar response of a planar vibrating piston, which out-
puts energy narrowly in the normal axis (0◦), and are in
good agreement with the predicted analytical curve. The
Spatial Auto-Correlation Coefficient (SACC) of the po-
lar distributions are δR = 0.65 and δT = 0.71 for the
reflected and transmitted wave fields, respectively. Those
can be considered quite high values due to the physical na-
ture of the SACC where δ → 0 denotes a Dirac-like spec-
ular distribution and δ = 1 a fully spherical one. Knowing
than a SACC of unity is almost impossible to reach with
traditional number theoretic sequences [8], there would be
some diminishing returns in successfully increasing the

SACC value when aiming closer to unity. A value around
0.7 thus already denotes a strong scattering behaviour,
akin to one obtained through a Lambertian distribution.

In this work we have designed a bi-directional asym-
metric ultrasonic hologram that can simultaneously con-
trol both the reflected and transmitted wave-fields. De-
pending on the applications, such hologram could be use-
ful in situations where transmitted and reflected wave-
fields need to be controlled at the same time, such as
a bi-directional diffusing system emitting and receiving
equally in and from all directions (equivalent of perfect
optical diffusers in optics) or as a bi-directional beam di-
rectivity selector. Such hologram could also be used di-
rectly in reflection situations for minimizing unwanted
specular reflections. This kind of tunable bidirectional
hologram could be further optimized to create decollimat-
ing/collimating/focusing scattering wave fields for one or
both directions, with potential applications ranging from
ultrasound-guided medical procedures [9] to compressing
sensing [10].
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F. Camarena, “Holograms to focus arbitrary ultrasonic
fields through the skull,” Phys. Rev. Applied, vol. 12,
p. 014016, Jul 2019.

[10] P. Kruizinga, P. Meulen, A. Fedjajevs, F. Mastik,
G. Springeling, N. Jong, J. Bosch, and G. Leus, “Com-
pressive 3d ultrasound imaging using a single sensor,”
Science Advances, vol. 3, p. e1701423, 12 2017.

2712


