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Ultrasonic Probing System with Multiple Transmitters and Multiple
Receivers with Undersampling

Amoon Khalil* and Dmitry Y. Sukhanov

Abstract—Wave probing systems are used to obtain 2D or 3D images of objects. According to the
nature of the waves used (acoustic — microwave and others), these waves can penetrate the fabrics or
barriers that are in their way, so it is possible to photograph hidden objects. A system for ultrasonic
wideband probing in air with multiple transmitters and multiple receivers with parallel digitization of
signals from the receiving array using undersampling is proposed. Probing at frequencies from 38 kHz
to 43 kHz is considered when receiving array signals are digitized at a frequency of 18 kHz. Transmitter
and receiver placements have been optimized to minimize artifacts and noise. The transmitting and
receiving arrays are located at the same plane. The presented results of the experimental study confirm
that the processing of measured signals based on spatially matched filtering makes it possible to visualize
scattering objects in the environment, including those hidden behind sound-permeable barriers.

1. INTRODUCTION

Imaging systems based on radio wave and acoustic fields are of great interest in many applications such
as non-destructive testing, security scanning, medical diagnostics, and visualization of hidden objects
through walls and tissues [1–12].

Fixed-aperture probing systems used in image processing systems based on reflectors and lenses
make it possible to implement inexpensive devices with a compact design, but have a relatively low
resolution and slow mechanical scanning [4, 5]. The aperture synthesis method is among the main
methods of image reconstruction based on wave probing data [5].

Signal processing, for example, by the time domain migration method [8] or the Stolt method [9],
makes it possible to obtain high-resolution three-dimensional images. In [4], a modified method
based on Kirchhoff migration [13] was presented, used for systems with Multiple Transmitters and
Multiple Receivers or Multiple Input and Multiple Output (MIMO) of the near field. It provides high
computational efficiency through the application of the fast Fourier transform.

There are ultrasonic imaging methods used for nondestructive testing [1, 14–17]. According
to [16], the most popular methods in this area are the full focusing method [14], inverse wavefield
extrapolation [17], and the wavenumber algorithm [15]. It is believed that all these methods demonstrate
the same performance in terms of resolution [14]. They can also be expressed as a linear superposition
of transmitter-receiver signals in the frequency domain with different amplitudes and phases for each
scatterer placement point [16].

Previously, a new approach, called the multistatic approach, was introduced, which
was implemented through the sequential or simultaneous operation of spatially separated
transmitting/receiving arrays or MIMO. The concept of MIMO is to use several emitters and
several receivers sequentially or simultaneously [18, 19] to obtain various independent combinations
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(transmitter-scatterer-receiver paths) of the incident and scattered fields, which should provide
information about the shape of the scattering object.

In this paper, we propose an implementation of an optimized MIMO system for ultrasonic probing
in air with undersampling when digitizing the receiving signals. The optimization of the MIMO system
was carried out for a point scatterer in the center of the aperture, minimizing the level of artifacts while
maintaining the required resolution. Studies were carried out on the developed experimental setup with
probing at frequencies from 38 to 43 kHz with a sampling frequency of 18 kHz.

2. FORWARD AND INVERSE PROBLEM

In the proposed probing system, linear frequency modulation (chirp) signals are used, which are classified
as wideband signals. In this signal, the frequency changes linearly with time. This signal type was chosen
for two main reasons. The first is physical and technical, since the energy of the chirp signal can be
distributed over time and provide acceptable amplitudes for the linear mode of operation of the emitters
and wave propagation. The second reason concerns mathematical signal processing, since the use of a
wide bandwidth in imaging systems helps to reduce artifacts in the resulting image due to the incoherent
response of artifacts at different frequencies.

The chirp signal can be written in the following form:

s (t) = A sin

(
2π(t− ts)

[
f1 +

(t− ts)(f2 − f1)

2(te − ts)

])
(1)

where A is the amplitude; ts and te are the start and end times of the signal emission, respectively; f1
is the initial frequency of the signal; f2 is the end frequency of the signal. The current frequency of the
signal is the derivative of its phase with respect to time.

Figure 1. Geometry of the MIMO imaging system.

Consider a probing wideband signal, and suppose that the transmitting and receiving arrays are
placed in the x-y plane, and the imaged object is located at a distance d from the array plane, as
shown in Figure 1. Let the transmitters coordinates be given by a set of vectors Tn, n = 1...N , and the
receivers coordinates be given by a set of vectors Rm, m = 1...M , where N and M are the numbers of
transmitters and receivers, respectively. The forward problem of multistatic MIMO can be described
as follows in the single scattering approximation [11]:

U (n,m, k) = A

∫∫∫
O(r′)S(ω)

exp(ik(|Tn − r′|+ |Rm − r′|))
4π |Tn − r′| |Rm − r′|

dr′ (2)

where U(n,m, k) is the complex amplitude of the field in the m-th receiver during transmission
of the n-th transmitter at a frequency ω = ck; c is the speed of sound; k is the wave number;
|Tn − r′| =

√
(xn − x)2 + (yn − y)2 + d2 is the distance between the transmitter and the object under

study; |Rm − r′| =
√

(xm − x)2 + (ym − y)2 + d2 is the distance between the receiver and the object
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under study; O(r′) is a function describing the distribution of scattering inhomogeneities; S(ω) is the
spectrum of the probing chirp signal.

The inverse problem or the process of reconstructing the image of an object can be solved
mathematically by inversing the integration in Equation (2). This inversion can be applied using the
deconvolution method with regularization. With a large regularization parameter, this method passes
into the matched filtering method. Consider the method of matched filtering, where the signal from a
point scatterer at a given point is considered as the detected signal. Then we write the reconstructed
image in the form [19]:

Ô (r) =
∑

n

∑
m

∑
k
U (n,m, k)S∗(ω)

exp(−ik(|Tn − r|+ |Rm − r|))
|Tn − r| |Rm − r|

(3)

where S∗(ω) is the complex conjugate spectrum of the probing signal.
Consider that the number of transmitting and receiving elements is 32 and 61, respectively. It

is proposed to place both the transmitting and receiving elements in a hexagonal grid, with the same
center and in the same plane. The step of the receiving array is 80mm (much larger than the wavelength
of 8mm). Due to the sparsity of the receiving array, there may be artifacts. To reduce the level of
artifacts, an optimization process should be carried out to select the transmitting array step and its
rotation relative to the receiving array for a single point scatterer located at r0 = (0, 0, d).

The image of a point scatterer Ô0(r) can be written as follows:

Ô0 (r) =
∑

k
Ps (r, ω)PR(r, ω) (4)

Ps (r, ω) =
∑

n

exp(ik(|Tn − r0| − |Tn − r|))
|Tn − r| |Tn − r0|

, PR (r, ω) =
∑

m

exp(ik(|Rm − r0| − |Rm − r|))
|Rm − r| |Rm − r0|

where Ps(r, ω) is the focused field of the transmitter array; PR(r, ω) is the focused field of the receiving
array. The functions Ps(r, ω) and PR(r, ω) were calculated for a frequency of 40 kHz, the speed of sound
in air of 340m/s for a scatterer placed opposite to the center of the aperture at a distance of 40 cm.

As a result of the optimization process, the transmitting array step was 12mm, and its rotation
angle relative to the receiving array was 90◦ (Figure 2).

Figure 2. Placement of transmitters and
receivers on a plane.

Figure 3. Point scatter image at a distance of
40 cm using a wideband signal of a 38–43 kHz.

Figure 3 shows the image of point scatterer at a distance of 40 cm after optimization process when
Formula (4) is applied using a 38–43 kHz wideband signal. The level of artifacts in this image is as
minimal as possible for our system.
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3. EXPERIMENTAL STUDIES

The experimental setup was developed based on the STM32F407 microcontroller (Figure 4). The
microcontroller using two digital-to-analog converters (DAC) with a sampling rate of 578 kHz, and fed
to 32 emitters through two 16-channel 74HC4067 multiplexers and LM837 amplifier, generates probing
signals. The sampling frequency of the DAC is more than 13 times higher than the sweep frequency of
the probing chirp signal (38–43 kHz) to minimize distortion of its shape and optimize the operation of
ultrasonic emitter; at a lower sampling frequency, it is possible to generate sound waves in the audible
range. The specific value of the frequency is chosen for reasons of synchronization with the receiving
system of multiplexing and digitization. Each emitter is connected to a separate amplifier, and the 32
transmission channels are turned on in turn, so that only one emitter is working at a time. The emitters
is placed in a hexagonal flat grating with a pitch of 12mm.

S  (t - ∆t)i
S  (t)i

Figure 4. Connection diagram for emitters and receivers for signal digitization.

On the other hand, the receiving part consists of 61 receivers located in a hexagonal array in the
same plane as the transmitting array; they have the same center, but they are rotated by 90 degrees
(Figure 5). Received signals are amplified by an LMC6482A IC amplification circuit connected to
each receiver. Receiving channels of 16 pieces are combined into one channel through a multiplexer,
so 61 channels are converted into 4 channels when using 4 × 16-channel multiplexers, then the output
of these channels is connected to the inputs of four channels of analog-to-digital converters in the
microcontroller. Due to the fast switching of multiplexers, almost simultaneous measurement of signals
from all receivers is realized, and at the same time, a method of signal undersampling is realized. As a
result, the digitization of signals for each channel is carried out individually at a frequency of 18 kHz,
and the probing is carried out by a chirp signal in the frequency range from 38 kHz to 43 kHz. After
subsampled digitization, this frequency range is observed as 2–7 kHz, which was taken into account in
signal processing.

Digital data is transferred from the microcontroller to the computer for signal processing via the
Ethernet interface using the UDP protocol. Due to parallel digitization from the receiving array and
continuous data transmission, the system provides 4.4 frames per second.

Three experiments were carried out to visualize a plastic object in the shape of a gun. We assume
that the distance between the object and the array is not exactly known in advance, but it can be
determined from the delay of the reflected signal. In the first experiment, the object was located at a
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Figure 5. Photograph of the experimental setup of 61 receivers and 32 emitters.

(a) (b)

Figure 6. Photograph of the experiment on ultrasonic probing of a gun shape object.

(a) (b)

Figure 7. Photograph of the experiment on ultrasonic probing of a secret object, with plain fabric
between the array and the object.

distance of 40 cm from the plane of the antenna array (Figure 6(a)), where the reconstructed image shows
artifacts and noise (Figure 6(b)) caused by a sparse spatial distribution of transmitters and receivers.
In addition, there are deviations of the sensors from their theoretical positions, and a difference in the
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characteristics of each channel of the emitter and receiver. The second experiment is almost identical
to the previous one. But there is a sound-permeable barrier in the form of a non-woven fabric (2mm
thickness) between the object and the antenna array (Figure 7(a)). The reconstructed image is slightly
distorted compared to the first experiment (Figure 7(b)). In the third experiment, the object is covered
with a sound-permeable fabric and is in direct contact with it (Figure 8(a)). It can be seen that the
reconstructed image is more distorted and contains more noise and artifacts than the second experiment
(Figure 8(b)). This is due to the impossibility to provide spatial resolution by the distance between
the barrier and the object, since the image of the object and the image of the plain fabric are mutually
superimposed. It should be noted here that the time required for data acquisition, processing, and
object image reconstruction is 1 second. The time of data processing and image reconstruction can be
reduced when using supercomputers.

(a) (b)

Figure 8. Photograph of the experiment on ultrasonic probing of a covered object which exist under
a plain fabric.

4. CONCLUSION

A system for multistatic wideband ultrasonic probing in air based on a plurality of emitters (32)
and a plurality of receivers (61) with digitization of signals with undersampling has been proposed.
Transmitters and receivers are placed in a hexagonal array with different steps. The element spacing
is optimized to minimize the level of artifacts while maintaining the specified spatial resolution. The
system is controlled by the STM32F407 microcontroller and provides continuous data transmission via
UDP protocol, which allows to achieve a refresh rate of 4.4 frames per second.
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