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Abstract— In this paper the implementation of the Sparse or Compressed Sensing (CS) technique to subsurface holography allowing data acquisition on a sparse grid is considered, which
raises the scanning speed, reduces the amount of stored and transmitted data. To test various
aspects of applying CS technique, a custom-built experimental setup acquiring data at several
programmable sampling intervals was used. The setup consists of a vector network analyzer (VNA) with connected antenna and a two-coordinate mechanical scanner that moves the sample in
the vicinity of the antenna. This technique allows simulating sparse sampling and testing various
scanning and sounding parameters. As the test object a sample of cryogenic fuel tank thermal
insulation was selected for the purpose of nondestructive testing (NDT). Upon acquisition, a complex data processing algorithm on the basis of windowing functions, interpolation, and ﬁltering
was applied. Then the Fourier-based back propagation algorithm was used for obtaining radar
images by complex holograms reconstruction. Further development of the considered sensing
technique is suggested, including the adaptive scanning on a non-equidistant grid.
1. INTRODUCTION

Imaging scanning systems have become widespread in many areas of science and technology, such
as computer vision, telemedicine, geology and archeology, nondestructive testing, security systems,
and others. In these systems the synthetic aperture is formed by mechanical scanning or electronic
switching of distributed antennas, which leads to recording large amounts of data with low information content. In the last decade the theory of CS has been developed which allows reconstructing
images of objects from a reduced number of measurements in comparison with traditional methods.
According to this theory, the majority of real-world objects can be represented as a sparse decomposition relative to a certain basis, that is, just a few key coeﬃcients are suﬃcient for recording
most of the image spectrum energy [1]. To implement this representation of the image data we
need to solve the problem of ﬁnding the basis with the least number of decomposition coeﬃcients
using special optimization algorithms. The CS theory continues to develop, it may have many applications in radar holography [2, 3], nondestructive testing of dielectric details by microwaves [4],
concealed targets detection by subsurface radar [5].
The concept of CS is recovering signal from data gathered at sparser intervals than required
by the Shannon-Nyquist sampling theorem. According to the latest, a signal with the minimum
wavelength λ can be reconstructed uniquely by sampling at regular space intervals of λ/2 or smaller,
otherwise an aliasing — an overlapping of high and low-frequency signal components — occurs and
results in the signal distortion.
A forerunner of the development of the CS theory were the results of seismological studies of
underground rock formations acquired in 1970s [6, 7]. The seismologists managed to reconstruct
images of the rock layers from undersampled data, which became possible, as they believed, due to
the rock being mainly homogeneous and the sparse discontinuities returning sharp solitary signals
to the receiver. The strict mathematical foundation for these results was developed around 2004
by Emmanuel Candes, Justin Romberg, Terence Tao and David Donoho [8]. They formulated the
problem in terms of linear algebra as determining unique signal x represented as a vector of length
N from samples represented as a vector y of length M when M ≪ N . Experimentally acquired
data y were assumed to be a linear function of the signal x: y = Φx, where Φ is M × N — sized
matrix of coeﬃcients, thus we get M equations with N unknowns. Since there are inﬁnitely many
vectors x* such that Φx∗ = y, the theory of compressed sensing says [9]:
1) For many M × N matrices Φ, the unique K-sparse solution x, to the equation Φx∗ = y, can
be recovered exactly. N must be larger than K.
∑
2) The K-sparse solution is found by l1 -minimization, where l1 = i |xi | — the sum of absolute
values of all elements.
3) Random matrices Φ almost always satisfy those assumptions.
1734

2016 Progress In Electromagnetic Research Symposium (PIERS), Shanghai, China, 8–11 August

Thus, the two principles of the CS theory are scanning on a sparse grid, i.e., a grid with spacing
larger than permitted by Nyquist-Shannon criterion, and random sampling.
2. EXPERIMENTAL SETUP

A special experimental setup has been designed for subsurface radar imaging, which allows sampling
at arbitrary programmable points, testing various scanning and sounding parameters, such as the
performance of diﬀerent antennas, sampling intervals, frequency bands and bandwidths. The data
acquisition is accomplished by automatic scanning by linear drives with stepper motors moving
the target in the vicinity of a stationary antenna connected to a VNA. The experimental setup is
shown in Fig. 1.

Figure 1: The experimental setup.

The setup consists of two linear drive modules assembled into a two-coordinate table. The
stepper motors of the linear drive modules are connected to the stepper motor drivers, which, in
their turn, are connected to a microcontroller Arduino-based board. The microcontroller software
allows real-time control of the stepper motors by receiving commands from the personal computer
through USB. The VNA is also controlled by the same personal computer over TCP/IP. The
“external trigger” signal of the VNA is connected to a port of the microcontroller to start a sweep
as the coordinate module reaches a preprogrammed sampling position. The PC-side software,
written in Python, provides command line interface to perform the required tasks with the setup:
setting up parameters for the drives and the VNA, data acquisition, etc. The data acquisition cycle
ends with measuring a set of desired S-parameters by the VNA at preprogrammed sampling points
and reading them as complex numbers.
3. RADAR IMAGE PROCESSING

To evaluate the eﬀectiveness of the developed processing algorithm, two procedures of obtaining
radar images were considered: one including the processing stages and another without them, the
procedures ﬂowcharts are given below in Fig. 2. The procedure I is the back propagation algorithm
that is usually applied for microwave hologram processing [10], while procedure II has the following
additional steps.

Figure 2: Flowcharts of two procedures of obtaining radar images.

At the ﬁrst stage of the processing algorithm in procedure II, experimentally acquired data was
windowed to provide the smooth decrease in the signal amplitude when approaching the scan area
edges. Such processing reduces the input of the signal reﬂected from the test sample edges into
the radio hologram and prevents arising of the artifacts in the reconstructed radar images. With
the same purpose, zero-padding was performed — adding a frame of zeros on the edges of the
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experimental data matrix. Furthermore, the presence of zeros at the edges will allow weakening
the Gibbs eﬀect, which manifests itself during the decomposition of a function with sharp cut-oﬀ
into Fourier series. This eﬀect involves the appearance of spikes of the Fourier series sum at the
discontinuity points which exceed the function value itself. Such spikes in the signal frequency
spectrum during the reconstruction cause ringing artifacts that look as “ghosts” or “echo” in the
radar image of an object. Suggested methods of processing allow smoothing the data near the
edges and preventing the negative eﬀects of these spectrum spikes.
Then the data was resampled by interpolating them onto a denser grid. Resampling is one of
the two basic methods of suppressing aliasing eﬀect, the second method is the band-pass ﬁltering
that cuts oﬀ overlapping parts of the spectrum. It should also be noted that oversampling is used
in image processing not only to deal with artifacts, but also to improve the resolution of images.
Interpolation of an experimentally obtained hologram on a denser grid is similar to the interpolation
of digital images on a matrix with a larger number of smaller pixels.
At the second processing stage in procedure II, the bandpass ﬁltering of the obtained microwave
hologram spectrum is realized. Filtering procedure can be described as follows: if the experimentally
obtained aperture function is f (x, y), where x, y are the coordinates of uniform spatial grid nodes
into which the scanning area is divided, the spectrum in the frequency domain is obtained by
applying fast Fourier transform: FFT(f (x, y)). Filtration can be represented as the multiplication
of the spectrum by a ﬁlter function: F1 (u, v) = H(u, v) · FFT(f (x, y)), where F1 (u, v) is the
spectrum of the registered microwave hologram after ﬁltration, u, v — spatial frequencies. Since
the reﬂection from the surrounding objects gives a strong contribution into the registered signal,
it is represented in the central low-frequency region of the spectrum by high values of intensity.
With its suppression by a high-pass ﬁlter, a weak high-frequency signal from the object increases
its inﬂuence on the reconstructed radar image. Moreover, high-frequency components are present
in the border regions of the reconstructed image spectrum, apparently, they constitute artifacts of
the reconstruction algorithm. Application of the low pass ﬁlter will eliminate these components
which reduces the distortion of the reconstructed image.
4. EXPERIMENTAL RESULTS

Subsurface microwave technology is a promising technique, alternative to traditional ultrasonic
diagnostics, in the ﬁeld of NDT of dielectric composite materials with high level of acoustic wave
attenuation. One of its most recent applications is the diagnostics of porous composites such
as polyurethane foam insulation, silicate ﬁber tiles and honeycomb prepreg construction details
that found widespread using in aerospace industry [11]. As the test object, a sample of thermal
insulation of cryogenic rocket tanks with preliminary produced defects was selected. Insulation was
glued onto a metal substrate of aluminium alloy 5 mm thick, the defects represent round cuts in the
polyurethane foam of 50 mm diameter and 1 mm height with missing glue. These cuts imitate the
eﬀect of delamination on the foam and metal surface border. The draft of the sample is presented
in Fig. 3.
The sample, sized 50 × 40 cm and 4 cm thick, was placed in the middle of the scan area of
30 × 30 cm, the distance between the radar antenna and the insulation surface was 3 cm.
The setup allows selecting frequency band depending on the particular problem. In the considered case, the thickness of the thermal insulation coating may be within 2.5–5.0 cm, the sample
material — polyurethane foam — has a low coeﬃcient of electromagnetic wave attenuation. Therefore, for experimental studies of the inﬂuence of the sampling interval on the resolution of the test
object reconstructed image a rather high bandwidth of 22.0–22.5 GHz was selected. According to
the Nyquist-Shannon criterion, expressed in terms of the probing signal frequency f , the sampling
interval ∆x must satisfy the following condition: ∆x ≤ v/2f , where v is the speed of the wave propagation in the medium, in our case — the speed of light. The selected frequency band corresponds
to the sampling interval range of 6.7–6.8 mm. As the criterion we take the stronger restriction:
∆x ≤ ∆xN = 6.7 mm.
Experimental studies have been carried out for three values of the sampling interval given in
Fig. 4. For the three speciﬁed values of sampling interval, in-phase and quadrature signals were
obtained by scanning the sample with the mentioned experimental setup; corresponding complex
holograms at the frequency of 22.5 GHz and the sampling interval of 5 mm are shown in Fig. 5.
Upon the data acquisition, the processing procedure II described in Section 3 was applied. The
processed complex holograms at the frequency of 22.5 GHz are shown in Fig. 6.
The ﬁnal radar images obtained with applying I and II procedures are given in Fig. 7 and Fig. 8
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Figure 3: Draft of the polyurethane insulation sample.

Figure 4: Sampling intervals in the experiments.

Figure 5: In-phase and quadrature components of
the microwave hologram at 5 mm sampling interval.

Figure 6: Processed in-phase and quadrature components of the microwave hologram at 5 mm sampling.

Figure 7: Microwave images of the heat insulation
sample at 5, 15 and 20 mm sampling intervals.

Figure 8: Processed microwave images of the heat
insulation sample at 5, 15 and 20 mm sampling intervals.

respectively.
Comparison of the reconstructed images in the Figs. 7 and 8 shows that the above processing
procedure signiﬁcantly improves image quality, increases the contrast of the object against the
background, eﬀectively suppresses such reconstruction algorithm artifacts as moiré patterns and
“jaggies” (aliasing). It should also be noted that despite the considerable undersampling at ∆x =
3 · ∆xN the contours of the defects in the sample can be clearly distinguished on the processed
image.
Moreover, the use of interpolation allows data acquisition on a sparse grid that raises such an
important parameter as the scanning speed, reduces the amount of stored and transmitted data.
Thus, when scanning an area with the size of 35 × 35 cm with the step of ∆xN at 6 frequencies,
the number of scanned lines is: 350 mm/∆xN = 53, the total number of samples in two directions
is: 53 · 53 · 6 = 16854, conducting such an experiment takes about 20 minutes. When scanning the
same area with the step of 2 · ∆xN , the number of lines is 27, the total number of samples is 4374,
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such experiment has 4 times shorter duration, while the numerical analysis and interpolation of
data take a few seconds.
5. CONCLUSION

The developed experimental setup allowed carrying out the experiments with diﬀerent sampling
intervals and thereby exploring the possibility of using CS concepts in radar applications. The
experimental results have shown that the information content of the radar images after processing
is not lost even at considerable undersampling. The processed radar image obtained at the step
of 3 · ∆xN still allows the identiﬁcation of the samples inner structure details. Thus, using CS
algorithms gives opportunity to decrease time of scanning without considerable loss of resolution
at hologram’s reconstruction.
The method of sampling, for example, in NDT may depend on the nature of defects to be
detected. A further step to adaptiveness and ﬂexibility in the development of the proposed sparse
sensing technique will be the rejection of rigid geometry scanning when data acquisition is performed
on an equidistant grid. The concept of CS assumes that data can be collected at an arbitrary
sparse grid without loosing its completeness. Further implementation of this concept will enable
an adaptive data acquisition with more image detail in the areas of interest and minimum amount
of noninformative data.
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