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Abstract—Conventionally an A-mode scan, a single measure-
ment with a single element transducer, is only used to detect the
depth of a reflector or scatterer. In this case, a single measurement
reveals only one-dimensional information; the axial distance.
However, if the number of scatterers in the ultrasonic field is
sparse, it is possible to detect the location of the scatter in multiple
spatial dimensions. In this study, we developed a method to find
the location of a scatterer in 3-D with a single-element transducer
and single measurement. The feasibility of the proposed method
was verified in 2-D with experimental measurements.

I. INTRODUCTION

Medical ultrasound imaging constitutes an important aid in
decision making at the frontline of daily clinical practice,
with advantages of being non-radioactive, bedside accessi-
ble, affordable, and friendly for long-term surveillance with
repetitive scans. The past decades have seen the advances of
medical ultrasound imaging technology and devices, from the
early development of single-element transducer systems, to
the manufacture of 1-D and 2-D array transducer platforms
which underpin visualization of the 2-D cross section and 3-
D volume, respectively [1]. Constrained by costs and system
complexity (data capture, transfer and storage), true volumetric
3-D ultrasound imaging (using more than 1000 sensors) has
not gained popularity. To reduce the cost and complexity of
the ultrasound systems and the probes, several methods have
been proposed. These methods aimed to reduce the number of
active elements or channels by using element multiplexing [2],
[3], row-column addressed matrix arrays [4], [5] and 2-D
sparse arrays [6]–[10]. For a 3-D view of the volume, a 1-D
transducer array can be also mechanically translated or rotated,
with each 2-D slice gained at each moment/position stacked
together [11]–[13]. In recent years, developing simpler, more
compact and cheaper devices for 3-D ultrasound imaging has
been of great research interest, with promise in broadening the
adoption of 3-D ultrasound evaluation [14]–[17]. Of particular
prominence is the compressive imaging strategy [14], where a
single-element sensor acts as both the transmitter and receiver.
A single-element transducer was thought to lack the capability
of distinguishing echoes from different incident angles when
there were no spatiotemporal variations in the transmitted filed.
A rotating coding mask placed in front of the sensor was thus

Fig. 1. Illustration of scattering. The sinusoidal pattern represents the
propagating ultrasound wave. The thin arrows represent echoes scattered from
the sub-wavelength object (black circular region) and the thick arrow indicates
the direction of ultrasound propagation.

used to remove this ambiguity, by introducing artificial field
diversity across the sensor surface in both transmission and
reception. This ensured unique echo features for each spatial
location in 3D, allowing for decoding 1-D compressive mea-
surements to 3-D visualization using computing power [14].

If the number of scatterers in the ultrasonic field is sparse,
it is possible to detect the location of the scatterer in multiple
spatial dimensions by using a single-element transducer. In
this work, we presented that the location of a scatterer can be
detected both in axial direction and a direction perpendicular to
it (lateral direction in this study) with a single measurement.
The mitigated hardware complexity associated with conven-
tional 3-D ultrasound imaging promises a cheap and small
device which will find broad applications, such as detection
of metallic markers that are implanted at the site of breast
tumours for localisation purposes.

II. METHOD AND MATERIALS

A. Acoustic Signal Received by a Single-Element Transducer

Scattering occurs when the incident wave hits an object
smaller than the ultrasound wavelength. Reflections from the
scatterer then occur in all directions, giving rise to spherical
waves [18] as shown in Fig. 1. For a single-element transducer,
the emitted spherical waves from the scatterer is projected onto
the transducer aperture, and the received acoustic signal can be
approximated by integrating the scattered pressure field over
the surface of the transducer, as illustrated in Fig. 2.

The Rayleigh integral has been well established to estimate
the radiation pattern of an ultrasound transducer [19], [20]. It
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Fig. 2. Schematic illustration of echo reception by a single-element trans-
ducer. Depending on the location of the scatterer, the integrated waveform
projected onto the receive aperture can be different. The rings indicate the
wavefronts.R1 and R2 are the distances between the scatterer (black point)
and the receive sub-aperture dS.

TABLE I
PARAMETERS FOR FIELD II SIMULATIONS

Parameter Value
Transducer Single element piston type
Transducer diameter 6 mm
Center frequency 2.4 MHz
Excitation signal 1-cycle sinusoid
Speed of sound 1480 m/s

initially describes the method to obtain the pressure value at
a spatial location by summing up the contributions from each
radiation sub-aperture when the whole aperture is virtually
divided into many tiny elements. Relying on the reciprocity
property of wave propagation, the pressure value projected
onto the receive aperture, p, is a function of time t, and could
be calculated in the time domain by using (1) [20].

p(−→r , t) = ρ0

∫
S

g(−→r , t− R
c )

2πR
dS, (1)

where −→r indicates the position of the virtual tiny element
within the aperture plane, ρ0 is the density of the medium, g
represents the received pressure over the small aperture dS,
R indicates the distance between the scatterer and dS, and c
is the speed of sound.

We hypothesized that with a single-element transducer, the
received pressure field will vary for a scatterer at different
lateral positions (Fig. 2).

B. Field II Simulated Pressure Field of a Single-Element
Transducer

Field II simulations [21], [22], as given in Fig. 3, are to show
the working region for a 2.4 MHz single-element transducer.
Table I gives parameters used for the simulations in water. The
method does not work in the near field or when the scatterer is
located outside the main beam. For example, the beam profile
at 10 mm is not suitable for this technique, since there are
multiple peaks in the imaging region due to the sidelobes.
Beyond 20 mm we can see that sidelobe levels significantly
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Fig. 3. Field simulations of a single-element transducer with parameters given
in Table I.

Fig. 4. Experimental setup showing the single-element transducer and the sub-
wavelength wire target located at the depth of approximately 40 mm relative
to the transducer surface.

drop. Beyond 30 mm the whole width of the 6-mm transducer
(from –3 mm to +3 mm) can be used for this technique.

C. Experimental Setup

A single-element transducer (Olympus Corporation, USA)
with identical parameters as given in Table I was connected
to the Ultrasound Array Research Platform (UARP) [23]–
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Fig. 5. (a) Reflected echoes from the point scatterer at the depth of 40 mm
and varied lateral positions. (b) Corresponding spectra of the acoustic waves
shown in (a).

[27] for measurements. A one-cycle sinusoid at 2.4 MHz was
generated using a five-level harmonic reduction pulse-width
modulation scheme [23], [27] and it was used to excite the
transducer with a pulse repetition frequency of 100 Hz. A
point scatterer, a 200 µm wire, was placed in front of the
transducer in water at a depth of 40 mm as shown in Fig. 4.
Measurements were first performed at 40 mm axial distance
and 0 mm lateral distance. Later, the transducer was moved
by a Zolix stage (Zolix Instruments Co., Ltd., China) in the
lateral direction between 0 to 4.5 mm with an incremental size
of 0.5 mm, and echoes from the point scatterer were recorded.
The nominal minimum distance of movement was 1 µm given
by the manufacturer. One hundred pulse-echo measurements
were carried out at each location in one procedure, and in total
three procedures were performed to verify the repeatability.

D. Experimental Results and Discussion

For measurements at different lateral positions, the peak
echo amplitude as shown in Fig. 5 (a) changed according to
the beam profile at 40 mm depth shown in Fig. 3, as expected.
In addition to the change in peak amplitude, the received
echo was filtered by the transducer’s spatial response whose
characteristic varied with the direction of incidence (a lateral
shift). In response to a small change in the lateral position
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Fig. 6. Repeatability of the measurements shown with the standard deviation
error bars plotted at each lateral position. The error bars show the variations
between 3 procedures as explained in Section II-C.

(smaller than the wavelength), this spatial filtering effect was
significant enough to alter the time domain signal and shift
the main peak in the frequency spectrum (Fig. 5). This peak
frequency shift can be detected to measure the lateral location
of the scatterer (Fig. 6). Besides, the axial location of the
scatterer was determined by the time-of-flight measurement.
After performing the initial calibration by varying the lateral
position of the scatterer, the procedure was repeated for 3
times as mentioned in Section II-C and the repeatability of
the method at each lateral position was calculated, as shown
in Fig. 6 with the standard deviation error bars.

The results show that multi-dimensional information could
be obtained through a single A-mode scan, and in this work,
we demonstrated this in 2D (axial dimension and a direction
perpendicular to it). The current results could be extended to
3D by breaking the surface symmetry of the sensor through
placing a coding mask in front of it, so that the field diversity
is introduced and the position of the scatterer can be detected
in the third dimension. To unambiguously resolve the signals
for each spatial location, robust reconstruction algorithms also
need to be further investigated.

III. CONCLUSION

Efforts are being devoted to the development of cheap and
miniature devices for 3-D ultrasound imaging. Differs from
the compressed sensing strategy with a mechanically rotating
mask placed in front of a single-element transducer, we
propose to use the peak frequency shift to localize scatterers in
multiple dimensions using the recorded signals with a single-
element transducer and single measurement.
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