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Abstract— Traditionally, single element transducers are used 

for localizing objects in 1D through A-mode scans, where only the 

echo envelope is used. Due to the transducer surface symmetry, A-

mode scans performed for azimuthally or elevationally translated 

scatterers will produce the same 1D information, radial distance. 

The current study extends the previous work to investigate 

scatterer localization in 3D by breaking this surface symmetry 

with the attachment of a new acoustic lens to a single element 

transducer.  

In this work, an acoustic lens was 3D printed with a spiral-

shaped pattern to partially block the ultrasound waves. When the 

ultrasound waves are blocked in an anisotropic manner, the 

symmetry of the transducer is broken. Therefore, the acoustic lens 

acts as a spatial filter and encodes the received echoes 

unambiguously, where it is possible to decode the received signals 

and extract directional information. With this technology, a single 

sensor can acquire multi-dimensional information with a single 

measurement. 

Keywords—Acoustic lens, Single element imaging, 3D imaging, 

3D localization 

I. INTRODUCTION 

Complexity of ultrasound systems increase significantly 
while transitioning from 2D to 3D imaging, since a larger 
number of elements and active channels are required. Various 
methods have been proposed to reduce complexity of ultrasound 
systems for 3D imaging by decreasing the number of imaging 
channels, such as element multiplexing [1, 2], row-column 
addressing [3, 4], sparse arrays [5-10], mechanical rotation or 
translation of 1-D ultrasound arrays [11, 12] and imaging 
through a rotating lens attached to a single ultrasound transducer 
[13-16]. 

Single element transducer are often used to perform an A-
mode scan, which is used to detect the depth of a reflector or 
scatterer. In this case, only the envelope of the received signal is 
employed to estimate the axial distance (or the radial distance, 
r) of a scatterer. When the phase of the signal is used, as 
explained in [17], scatterers can be localized in 2D, (r, θ). 

In this work, a new approach is proposed to address the 3D 
localization problem using a single element transducer. An 
acoustic lens with an embedded spiral-shaped pattern was 
designed to enhance the detection capacity of single element 
ultrasound transducers. The proposed acoustic lens design was 
verified by a simulation study and an experimental 
demonstration was performed using a 3D printed acoustic lens. 
Results showed that it can be possible to detect the location of a 

scatter using the proposed technology in multiple spatial 
dimensions (elevation, azimuth and axial), if the number of 
scatterers in the ultrasonic field is sparse. 

 

II. PROBLEM STATEMENT 

Figure 1 shows three different scatterers located at the same 
distance from the transducer with different polar and azimuthal 
angles. When the A-mode method is used, echoes received from 
these three scatterers will result in the same radial distance 
estimation through a time-of-flight measurement based on the 
envelope of the received signal. Although the envelopes of the 
received signals are almost identical, the phase and frequency of 
the received signals through the acoustic lens will be different, 
which can be found in the results section. 

 

Fig. 1. Schematic of three different scenarios used to highlight the importance 

of breaking the transducer surface symmetry. (Left) x-z view of the scatterers. 

(Right) x-y view of the scatterers. 

III. METHODS 

A. Simulations 

The initial verification was performed using the Field II 
simulation toolbox in Matlab [18, 19]. A single element 
transducer of 6-mm diameter working at 2.4 MHz was chosen 
for simulations to align with the working frequency of the 
transducer used in experiments. For the numerical verification, 
received signals from the single element transducer with and 
without a spiral-shaped mask, shown in Figure 2, was compared. 

Two sets of simulations were performed to test the 
functionality of the acoustic lens. In the first set of 
measurements, a point scatterer was placed at three locations 
(r=40 mm, θ=0°, φ=0°), (r=40 mm, θ=4.5°, φ=0°) and (r=40 
mm, θ=4.5°, φ=135°) to replicate the problem described in 
Figure 1. In the second set of simulations, a point scatterer was 
moved to different locations to verify that the frequency and 
phase information change unambiguously when the spiral-
shaped mask is place in front of the single-element transducer. 



 

Fig. 2. Active apperture of the transducers used in the simulations. Small blue 
squares represent the active sub-elements of the transducer on the simulation 

grid. (Left) Single element tranducer without a mask, which is used as a control. 

(Right) Single element transducer with a spiral shaped mask.   

B. Experiments 

A human-pinna-shape-inspired lens with a spiral mask was 
3D printed by using an ABS-like resin with a thickness of 0.6 
mm and a diameter of 9.6 mm. The lens had a spiral-shaped 
groove (air channels) on one side to create the surface 
asymmetry by locally blocking the arriving ultrasound waves as 
shown in Figure 3.  

The experimental setup consisted of a single element 
transducer, an acoustic lens and the Ultrasound Array Research 
Platform (UARP) [20, 21]. The UARP was connected to a 6 mm 
diameter single-element transducer (V323-SM, Olympus IMS, 
MA) to transmit and receive the ultrasound signals. The single-
element transducer was driven with a one-cycle sinusoidal 
signal at 2.4 MHz center frequency. A sub-wavelength target (a 
200 µm wire) placed in water was used in the experimental 
measurements. For each measurement, the target was moved to 
a different location using a translation stage to replicate the 
conditions of the second set of simulation.  

 

Fig. 3. (Left) 3D drawing of the acoustic lens with a spiral-shaped mask. 

(Right) Photograph of the transducer with the attached acoustic lens. 

 

IV. RESULTS AND DISCUSSION 

A. First set of simulations 

To reproduce the initial problem described in Figure 1, the 
first set of simulations are performed with three point scatterers 
located at the following spherical (r, θ, φ) coordinates: (40 mm, 
0°, 0°), (40 mm, 4.5°, 0°) and (40 mm, 4.5°, 135°). Without the 
lens, equidistant scatterers cannot be differentiated using A-
mode envelopes, as shown in Figure 4 (Top). The measurements 
without a spiral-shaped mask are provided as a control, where 
the received signals from scatterers with an angle of θ=4.5° are 
almost identical and cannot be used to localize scatterers in 3D. 

However, when the surface symmetry is broken by a defect 
embedded within the lens, ultrasound waves arriving from 
different directions are distorted in a distinct manner. As shown 
in Figure 4 (Bottom), the effect of the asymmetric spatial 
response is significant, so the change of the scatterer location 
(even for equidistant locations to the transducer axis) results in 
the alteration of temporal waveforms and spectra. The radial 
depth can be determined based on the time of flight using the 
envelope peak of the time domain signal, similar to an A-mode 

 
Fig. 4. Comparisons between A-mode and the proposed method using an acoustic lens with a spiral-shaped mask. Both methods are compared for the three 

scenarios illustrated in Figure 1. (Top) Received signals without a lens, A-mode envelope peaks appear at the same location and it is not possible to differentiate 

the scatterer locations. (Bottom) Received signals for the trasnducer with the spiral-shaped mask is shown in time and frequency domains. There are noticable 
changes in the frequency peak and the phase of the received signal which can be used to find the location of a scatterer in 3D. 
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scan, which is at 40 mm. The elevational angle can be estimated 
by the shift of the frequency peak, where the frequency peak is 
at 2.33 MHz for the scatterer located at (40 mm, 0°, 0°) and the 
peak is at 2.19 MHz for the other two scatterers located with an 
angle of θ=4.5°. The zero-crossing point of the spectral phase 
can be used to localize the azimuthal angle of scatterers, where 
the zero-crossing is at 2.37 MHz for φ = 0° and 2.54 MHz for φ 
= 135°. By employing these changes in the frequency response 
of the received signals, the proposed method could enable the 
3D localization capability of single element transducers with a 
single acquisition. 

 

B. Second set of simulations and experimental demonstration 

For this set of simulations and experiments, seven different 
scatterers are located at the following spherical (r, θ, φ) 
coordinates; r = 40 mm and φ = 0° with a varying polar angle of 
θ = 0.72°, 1.43°, 2.15°, 2.87°, 3.58° and 4.3° in spherical 
coordinates. These locations correspond to the lateral translation 
of a scatterer in x-direction as x = 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 
3.0 mm.  

Figure 5 shows the received signals in the time domain and 
their corresponding spectra and phase responses acquired using 
an acoustic lens with a spiral-shaped mask. For measurements 
at different lateral positions, the echo amplitude changes 
according to the beam profile shown in Figure 5 (Left) as 
expected, since the off-axis scatterers result in a weaker echo. 
The magnitude of the frequency response given in Figure 5 
(Middle) shows that    the received echoes are filtered by the 
transducer’s spatial response, which changes with the 
elevational angle of incidence, θ. This spatial filtering effect is 
so significant that small changes in the lateral position of the 
scatterer alters the received signal and causes a shift in the 
spectral peak. Figure 5 (Right) shows the phase response of each 
measurement. Although the phase response of the 
experimentally acquired signals are significantly different from 
the simulated signals, the point to highlight is that they all have 
different zero-crossings and can be used for 3D localization of 
scatterers. 

There are some differences between the simulated and 
experimentally acquired waveforms, shown in Figure 5,  due to 
the following reasons. When the 3D printed acoustic lens is 
placed in front of the transducer, reverberations occur inside the 
acoustic lens, so the received time domain waveforms have tails. 
In the simulations, the acoustic lens is implemented with zero 
thickness (an ideal lens for this work), which does not create 
such secondary reflections. The other discrepancy between the 
simulations and the experiments is the temporal shift of the 
received signals. In the experiments, the transducer is only 
moved along the x-direction with a distance up to 3 mm at 
increments of 0.5 mm, where the radial distance effectively 
changes between 40 and 40.22 mm for these experimental 
measurements due to the limitation of the translation stage. 

 

V. CONCLUSIONS 

The spiral-shaped acoustic lens technology could extend the 
localization capabilities of single-element ultrasonic transducers 
by encoding the phase and frequency content of the received 
signal from a single channel. Therefore, this technology can be 
used to find the location of a single smaller-than-wavelength 
scatterer by using only a single measurement. 

Each ultrasound transducer and the acoustic lens require a 
set of calibration measurements to model the phase and the 
frequency response of the system. After the calibration process, 
the proposed technology can be used without a requirement of 
high complexity ultrasound hardware or mechanical movement, 
as the extraction of the directional information is performed in 
software. 
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Fig. 5. (Top) Simulations and (Bottom) experimental measurments performed using the acoustic lens with a spiral-shaped mask shown in Figures 2 and 3, 

repectively. Received echoes from scatterers located at varying lateral locations are shown (Left) in the time domain with corresponding (Middle) spectral 
magnitide and (Right) phase responses. Scatterers are located with a distance between 0 and 3.0 mm in a lateral direction and 40 mm away from the transducer 

in depth. 
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