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ABSTRACT: This paper presents a comparative study evaluating the influence of monostatic and multistatic microwave imaging (MWI)
configurations on imaging performance. Localization accuracy and Signal-to-Noise Ratio (SNR) are evaluated as key performance
metrics for both configurations. Numerical simulations are conducted using CST Studio Suite, considering various scenarios involving
circular antenna arrays surrounding embedded metallic rebars of different sizes within concrete pillars of varying geometries. Image
reconstruction is performed using Delay-and-Sum Integration (DASI) algorithm, an enhanced version of the conventional Delay-and-
Sum (DAS) technique. The simulation results show the performance of the proposed reconstruction technique in terms of localization

accuracy.

1. INTRODUCTION

icrowave imaging (MWI) has emerged as a powerful non-
Minvasive technique for subsurface and structural analysis.
MWI technology is progressively utilized in biomedical diag-
nostics [1,2], agriculture [3], infrastructure [4], mineral sort-
ing [5], and Through-the-Wall imaging [6]. MWI system op-
erates in a contactless manner and utilizes low-power, non-
ionizing electromagnetic waves, offering greater operational
flexibility and enhanced safety. These advantages, combined
with its cost-effectiveness and scalability, position MWI as a
promising alternative to conventional ultrasound-based nonde-
structive testing methods, especially in civil infrastructure ap-
plications. The performance of MWI systems can be enhanced
through innovations in architectures, processing methodolo-
gies, or a combination of both.

In MWI architecture, antenna design is a crucial factor in en-
hancing performance. The addition of slots in antenna struc-
tures, such as lozenges [7] or rectangles [8], optimizes the
transmission and reception of electromagnetic waves. Dual-
polarization and cross-polarization techniques [9] improve de-
tection orientation and objects discrimination. Additionally,
Metamaterial-based designs enhance detection capabilities by
incorporating sub-wavelength resonant elements, which effec-
tively reduce mutual coupling between closely spaced antennas
and provide a wide impedance bandwidth [10].

In addition to optimizing the MWI architecture, improve-
ments in data collection also depend on the strategic arrange-
ment of antennas. The simplest arrangement is monostatic,
where a single antenna is used for both transmitting and receiv-
ing signals [11, 12]. Alternatively, multistatic arrangement [13]
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extends this concept by using multiple transmitting and receiv-
ing antennas distributed at different locations. Each configura-
tion has its own advantages and disadvantages, depending on
the specific requirements and constraints of the system.

In order to evaluate the imaging performance of each con-
figuration, a few studies have directly compared their imaging
performance metrics, but they are limited in number and scope.
For instance, the research in [14] offered only a qualitative vi-
sual comparison, while simplifying the experimental setup by
placing the target above ground. Theoretical analysis in [15]
concluded that the two configurations exhibit similar resolu-
tion bounds, though multistatic systems yield improved image
clarity by reducing side-lobe artifacts. A more detailed com-
parison in [16] evaluated different multiview and multimonos-
tatic layouts with respect to resolution performance. However,
localization accuracy, a crucial metric for precise target identi-
fication, remains underexplored in comparative studies.

Furthermore, the majority of existing MWI systems rely on
linear antenna arrays, which are well suited for planar or semi-
planar scenarios but inherently limited when imaging volumet-
ric structures. Such configurations fail to provide full angular
coverage. In this context, we propose the use of circular an-
tenna arrays in both monostatic and multistatic configurations
to ensure comprehensive angular sampling. In terms of image
reconstruction, we adopt Delay-and-Sum Integration (DASI)
algorithm [17], an enhanced version of the traditional Delay-
and-Sum (DAS) technique.

Delay-and-Sum Integration (DASI) algorithm has been pri-
marily employed in biomedical applications. In this study,
DASI approach is applied to the detection and localization of
metallic rebars embedded within concrete structures, an envi-
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FIGURE 1. Illustration of the simulation model. (a) 3D Representation of the concrete pillar and embedded rebars with antenna positions. (b) Top
view of pillar in the multistatic case. (c) Top view of pillar in the monostatic case.

ronment characterized by highly heterogeneous dielectric prop-
erties, complex geometries, and pronounced multipath scatter-
ing. These conditions differ substantially from those encoun-
tered in biological tissues and present challenges for electro-
magnetic imaging.

A comparative analysis based on one and multiple metallic
rebars embedded in a concrete pillar surrounded by antennas
will be presented in the cases of monostatic and multistatic con-
figurations to assess localization robustness index across ge-
ometries.

The remainder of this paper is structured as follows. Sec-
tion 2 outlines the DASI reconstruction methodology. Section 3
describes the simulation setup and antenna configurations. Sec-
tion 4 presents comparative results highlighting the localization
performance of both configurations. Section 5 concludes the
study and discusses future directions for MWI system develop-
ment.

2. PROCESSING ALGORITHM

Data processing plays a pivotal role in the performance of MWI
approach. In our study, backscattered data were processed us-
ing DASI, an enhanced version of DAS algorithm developed
by Chouiti et al. [17], selected to assess the impact of each con-
figuration in localization error metric.

Delay-And-Sum Integration (DASI) is a radar-based mi-
crowave imaging algorithm that operates on the principle of
beamforming. This method involves summing the backscat-
tered signals after applying temporal shifts, then squaring the
combined result and integrating it over a designated time inter-
val [17]. If an obscured target is present, its returns add co-
herently, forming a detectable energy peak, while background
clutter is suppressed. Finally, the computed energy values are
mapped to generate an image that highlights the presence of
obscured target.

This concept can be mathematically formulated as fol-
lows [18]:
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where E(r) Indicates the power at the focal point r = [z,y]
within the investigated area. The received signal at the n-th
antenna is denoted by R, (t), and delay 7, () corresponds to
the round-trip travel time between the antenna location ,, and
focal point r, calculated as 7, (r) = 2lr=ral Here, v is the
wave propagation speed in the medium, 7,;, the integration
window duration, ¢ the integration variable over time, and N
the total number of antennas.

3. SIMULATION SETUP

The detailed simulation setup using Computer Simulation
Technology (CST) software is shown in Figure 1. The mi-
crostrip antenna detailed in [19] is used. In this simulation,
the frequency range extends from 3.5 GHz to 5.5 GHz, with
an operating frequency of 4.1 GHz. Given the complexity
of the scenario, the concrete pillar is modeled as the back-
ground medium for all simulation cases. One of the key
challenges in this context is the accurate estimation of the
pillar’s electromagnetic properties. As a result, the selection of
an appropriate permittivity value is a critical factor in ensuring
accurate simulation results. The dielectric permittivity of
concrete typically ranges from 4 to 7, as reported in [20]. For
this study, a value of 6.4 is selected to closely approximate
realistic conditions. Additionally, metallic rebars embedded
within the pillar are considered in the simulation.

The top-view models for both multistatic and monostatic
cases are shown in Figure 1. In the multistatic setup, eight an-
tennas are uniformly distributed around the pillar in a circular
arrangement, with a spacing of approximately \/3 between an-
tennas, where \ corresponds to a frequency of 4.1 GHz. The
distance between the pillar and antennas is 5 mm. With a nor-
malized excitation signal, a monopole antenna (Antenna 1)
transmits a pulse into the cylindrical pillar. Then, the backscat-
tered signals are received by all receiving antennas, Rz, where
j = 1,...,8, as shown in Figure 1(b). The monostatic data
were acquired at the same locations as in the multistatic con-
figuration, following the scanning direction illustrated in Fig-
ure 1(c).

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 158, 269-276, 2025

PIER C

(2)

One rebar : monostatic configuration DASI

U-axis [mm]
R ;

60
80
-80 -60 -40 -20 0 20 40 60 80
V-axis [mm]

(©)

One rebar : monostatic configuration DASI

=
E
@2 0
%
P
= 20
40
60
80
-80 60 -40 -20 0 20 40 60 80
V-axis [mm)]

(b)

(d)

U-axis [mm]

U-axis [mm]

One rebar : multistatic configuration

(1]
20
a0
60
80
-80 60 40 -20 0 20 40 60 80
V-axis [mm]
i One rebar : multistatic configuration
-60
-40
-20
0

20

40

60

80

-80 -60 -20 0

V-axis [mm]

20

40 80

FIGURE 2. Reconstructed images of a single rebar embedded in a concrete pillar. (a) Monostatic configuration, 6 mm rebar. (b) Multistatic con-
figuration, 6 mm rebar. (c) Monostatic configuration, 12 mm rebar. (d) Multistatic configuration, 12 mm rebar. Red circles indicate the true rebar

positions.

4. RESULTS AND DISCUSSION

4.1. Evaluation of Localization Accuracy and Signal-to-Noise
Ratio (SNR) in Monostatic and Multistatic Configurations

To evaluate the localization accuracy of the embedded metallic
rebar, two cases were considered. One with a diameter of 6 mm
(Figures 2(a), (b)) and the other with a diameter of 12 mm (Fig-
ures 2(c), (d)). These diameters were selected to closely resem-
ble real-world structural conditions. Both configurations share
identical simulation parameters, as shown in Figure 1, with a
varying position of rebar. The collected data were imported
into MATLAB for image processing and reconstructing based
on the DASI algorithm under both monostatic (Figures 2(a),
(c)) and multistatic (Figures 2(b), (d)) configurations.

We observe that when using a rebar with a diameter of either
6 mm or 12 mm, the reconstructed images exhibit qualitative
similarity in the two configurations.

To quantitatively assess the influence of antenna configura-
tion on localization accuracy and signal quality, a 12 mm rebar
was placed at multiple known positions. The localization error
for both the monostatic and multistatic configurations was cal-
culated using the Euclidean distance between the real position
of the target (as defined in the CST simulation) and the detected
position in the reconstructed image. The following formula was
used:

Error = \/(-x'real - xdetccted)Q + (yreal - ydetecte)2 (2)
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where:

* (Zreal, Yrear) describes the true position of the embedded
rebar;

o (Zetected, Ydetected) describes the position of the maxi-
mum intensity in the reconstructed image, indicating the
detected target location.

The localization performance and associated signal-to-noise ra-
tios (SNRs) for the selected target positions are summarized in
Table 1. When the target was located at the center of the pillar
(0.00, 0.00), the two configurations achieved identical local-
ization accuracy with zero error, indicating equivalent perfor-
mance under symmetric and ideal conditions. However, as the
target was moved away from the center, a slight degradation
in localization precision was observed in both configurations,
with error values increasing to 2.12 mm at the most offset lo-
cation (10.00, —10.00). Notably, the multistatic configuration
consistently exhibited higher SNR across all test cases, with a
maximum of 42.04 dB at the central position, than 33.59 dB for
the monostatic setup. This trend persisted at off-center loca-
tions, with the multistatic system demonstrating superior SNR.
These findings suggest that while both configurations yield
comparable localization errors under the tested conditions, the
multistatic system offers enhanced signal robustness, particu-
larly in terms of SNR. This advantage can be critical in scenar-
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FIGURE 3. Reconstructed images of two and three embedded rebars with diameters of 4 mm and 12 mm. (a) Monostatic setup. (b) Multistatic setup.
The red circles illustrate their correct position.
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FIGURE 4. Reconstructed images of two embedded rebars with 12 mm diameters, positioned asymmetrically. (a) Monostatic configuration. (b)

Multistatic configuration.
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FIGURE 5. Tllustration of the top view of the simulation model for square and cylindrical pillars. (a) Multistatic case. (b) Monostatic case.

ios involving complex propagation environments, low-contrast
targets, or high noise levels.

To extend this analysis, Figure 3(b) presents reconstructed
images for the multistatic configuration in the presence of mul-
tiple rebars. The rebars, with diameters of 6 mm and 12 mm, are
correctly detected, attributed to the spatial diversity provided
by distributed antennas. Similarly, as shown in Figure 3(a), the
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monostatic configuration is capable of detecting multiple rebars
of both diameters. However, positional inaccuracies emerge
due to overlapping reflections, which can result in hyperbolic
interference, leading to reduced localization accuracy. This is-
sue is particularly pertinent when identifying features such as
rebar within complex environments, as noted in [21]. Addi-
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FIGURE 6. Reconstructed images for two embedded rebars. (a) Cylindrical pillar in the multistatic case. (b) Square pillar in the multistatic case. (c)
Cylindrical pillar in the monostatic case. (d) Square pillar in the monostatic case.
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TABLE 1. Comparison of localization accuracy and signal-to-noise ratio (SNR) for multistatic and monostatic configurations at different target

positions.
Detected Detected
» . Localization . Localization
Real Position Position Position SNR (dB) SNR (dB)
Error (mm) Error (mm) o )
(mm) (mm) — L (mm) . — Multistatic — Monostatic
o — Multistatic . — Monostatic
Multistatic — Monostatic

0.00, 0.00 0.00, 0.00 0.00 0.00, 0.00 0.00 42.04 33.59
5.00, —5.00 6.00, —6.00 1.41 6.00, —6.00 1.41 40.41 31.30
10.00, —10.00 11.50, —11.50 2.12 11.50, —11.50 2.12 37.59 25.46

tionally, when the diameter is 12 mm, we observe an increase
in artifacts due to raised scattering effects.

To further evaluate the robustness of the proposed multi-
static configuration-based DASI algorithm, additional simula-
tions were conducted under asymmetrical conditions, wherein
the rebars were positioned irregularly with respect to the center
of the pillar. This configuration introduces increased complex-
ity due to the absence of geometric symmetry. As illustrated
in Figure 4, the multistatic configuration continues to demon-
strate reliable detection and high localization fidelity perfor-
mance, even under these non-ideal conditions. Although minor
shifts in target localization were observed compared to the sym-
metrical case, the overall image quality remains consistent. In
contrast, the monostatic configuration exhibits reduced detec-
tion performance and increased artifacts, primarily due to the
lack of symmetry, which typically supports constructive inter-
ference and improved focusing.

4.2. Influence of Pillar Geometry on Localization Accuracy

In order to show the robustness of each configuration against
structural geometry, simulations were performed using the
same antenna arrangement described previously in Figure 1.
Two rebars with diameters of 6 mm were oriented vertically
and horizontally at coordinates (£15, 0) mm and (0, 15) mm,
respectively. The cylindrical pillar had a diameter of 60 mm,
while the square pillar had a side length of 60 mm as presented
in Figure 5.

Figures 6(a) and 6(b) demonstrate that the spatial diversity of
the multistatic configuration effectively detects both the num-
ber and positions of metallic rebars in cylindrical and square
pillars. However, the monostatic configuration, as illustrated
in Figures 6(c) and 6(d), can only detect rebars in the cylindri-
cal pillar and fails in the square pillar due to strong reflections
and secondary propagation paths caused by its flat surfaces and
sharp edges.

These results highlight the importance of antenna configura-
tion in relation to structural geometry. While monostatic sys-
tems may suffice in homogeneous or symmetric media, multi-
static configurations are better suited to environments with ir-
regular or highly reflective boundaries. The results also show
that the geometry of the medium significantly affects localiza-
tion accuracy, even when the dielectric properties are identical.
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5. CONCLUSION

In this study, the impact of the proposed antenna configura-
tion on the imaging accuracy of the MWI approach has been
explored. A comparative analysis based on one and multiple
metallic rebars embedded in a concrete pillar surrounded by an-
tennas has been presented in the cases of monostatic and mul-
tistatic configurations. The simulation results demonstrate that
a multistatic circular configuration significantly enhances the
localization accuracy of multiple embedded rebars in pillars of
different shapes compared to an equivalent monostatic config-
uration. Conversely, in single target scenarios, the monostatic
configuration achieves more accurate localization than its mul-
tistatic counterpart, primarily due to its simpler signal paths and
reduced susceptibility to calibration errors. In future work, we
aim to incorporate metamaterial-based antenna designs to fur-
ther enhance imaging performance and to conduct experimental
validation of the proposed configurations.
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