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ABSTRACT Microwave Tomography (MWT) is emerging as a potential imaging technique for monitoring
bone health due to its ability to determine the dielectric properties of tissues under investigation. Studies
have demonstrated a significant dielectric contrast between healthy and diseased human trabecular bones,
which suggests that MWT has the potential to detect changes associated with bone disorders. The goal of this
study was to assess the numerical reconstruction of an anthropomorphic two-layer (cortical and trabecular
bone) calcaneus-shaped phantom, considering both healthy and diseased scenarios. Data were obtained
using two different antenna configurations: a 16-antenna circular array and a 24-antenna calcaneus-shaped
array. The electromagnetic (EM) inverse problem was solved by employing the Distorted Born Iterative
Method (DBIM) in conjunction with the Iterative Method with Adaptive Thresholding for Compressed
Sensing (IMATCS). An L2-based regularization method was applied along with the IMATCS. The results
demonstrated that accurate reconstruction of various phantom properties at 1 GHz is feasible even under low
signal-to-noise ratio (SNR) conditions. The achieved results suggest that the present approach can provide a
good numerical reconstruction of the proposed phantoms both in the circular array and the calcaneus-shaped
array scenarios, proving its robustness in distinguishing the overall reference and reconstructed dielectric
properties with an average percentage difference of 10.43%. This work revealed the possibility of applying
the suggested approach in a new scenario with a realistic phantom in two different antenna-array geometric
configurations. In the future, this could be tested in an experimental context to assess the medical conditions
of the human bones.

INDEX TERMS Anthropomorphic phantoms, bone health, dielectric properties, Distorted Born Iterative
Method (DBIM), Microwave Tomography (MWT).

I. INTRODUCTION
Microwave imaging (MWI) has emerged as a promising
diagnostic technology for multiple medical applications [1].
This technology offers several advantages in comparison
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to existing imaging modalities, including the use of non-
ionizing radiations, portability, and cost-effectiveness [1], [2].
MWI has been widely employed in breast cancer detec-
tion and several prototypes have been proposed [3], [4],
[5], [6], [7], [8], [9], [10]. The underlying principle of
MWI lies in the distinction between healthy and tumour
tissues based on their dielectric contrast [10], [11], [12].
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Furthermore, MWI has shown promising results for the diag-
nosis of brain stroke by exploiting the dielectric contrast
between ischemic and healthy tissues [13], [14], [15]. In addi-
tion to these applications, MWI has also been employed in
cardiac imaging [16] and other contexts [17].
Recent studies have explored the possibility of using MWI

in monitoring bone health by investigating the dielectric con-
trast between normal and diseased human bone tissues [18],
[19], [20]. Indeed, in [21] the authors reported an average
percentage difference between the dielectric properties of the
skin and trabecular bone, in terms of relative permittivity and
conductivity respectively, of 70% and 56%, while the average
percentage difference between the properties of trabecular
bone and cortical bone is 48% and 65% respectively, in the
frequency range of 0.5–5 GHz.

Among the bone diseases, osteoporosis and osteoarthritis
are two common conditions that significantly impact the
skeletal system and overall bone health. Osteoporosis, char-
acterized by low bone mass and deterioration of bone tissue,
is a major contributor to fractures, especially among the
elderly [22]. It is reported that every year almost 8.9 mil-
lion fractures occur due to osteoporosis worldwide [23].
Conversely, osteoarthritis, a degenerative joint disease, pri-
marily affects the cartilage that cushions the ends of bones
in joints [20]. Both pathologies often lead to changes in the
microarchitecture of the human trabecular bones.

In current clinical practice, Dual-energy X-ray Absorp-
tiometry (DXA) is commonly used to monitor the health of
human bones [18]. However, this method poses long-term
risks for patients due to exposure to ionizing radiation [18].
Moreover, this technology does not infer precise informa-
tion about the quality of the investigated bone, in terms of
structural features, composition, and degree of mineraliza-
tion [23]. Additionally, Quantitative Computed Tomography,
while less used compared to DXA, is limited in its use due
to equipment and testing costs [24]. While these traditional
clinical approaches provide high-resolution images for bone
health assessment compared to MWI, however, MWI offers
distinct advantages, as already mentioned, making it a viable
contender for bone health monitoring. Among those, it has
been shown to resolve various bone structures such as cortical
and trabecular bone tissues to a resolution that allows for
detecting contrast between diseased and healthy bones.More-
over, another good advantage of microwave bone imaging is
that of the independence of motion artifatcs from patients’
breathing or heartbeat, which is only a minor limitation given
the peripheral location of the target organ within the human
body.

Studies have reported that the variation in the degree of
mineralization of the bones affects the dielectric properties
of the bones [18], [20], [25]. The primary goal of MWI for
bone health monitoring is not to visualize fine bone structures
or small lesions. Instead, it aims to reconstruct the dielec-
tric profile of different diseased bones. In this context, the
development of a novel device based onMWI, which requires

precisely quantifying the dielectric properties of the bone
tissues, may help in the diagnosis of the above-mentioned
pathologies.

Microwave Tomography (MWT), a specialized approach
of MWI, allows for the estimation of the spatial distribu-
tion of the dielectric properties of the human biological
tissues (i.e., the relative permittivity (εr ) and conductivity
(σ (S/m))). This involves solving the inverse scattering prob-
lem by analysing measured scattered electromagnetic (EM)
field data [23]. The EM inverse scattering problem is essen-
tially ill-posed and non-linear and to address this challenge,
various EM inverse scattering methods including conjugate
gradient techniques [26], [27] and Gauss-Newton (GN) opti-
mization algorithms [28], [29] have been developed.
A well-known conventional technique using a forward

solver, i.e., the Distorted Born Iterative Method (DBIM),
was instead considered in this paper. This method is based
on the approximation of the non-linear inverse scattering
problemwith an underdetermined set of linear equations [30].
In particular, it is an extended version of the Born and Rytov
approximation, which fails in reconstructing a 2D scene
in the presence of high contrast between the objects involved
in the imaging scenario [31]. This technique does not involve
the update of the Green’s function at each iteration [32], [33],
which could introduce a limitation since the considered scene
is meant to deal with biological scenarios where the investi-
gated properties are unpredictable and the dielectric contrast
might be high. Within the DBIM method, instead, Green’s
function is updated at every algorithm iteration. The set of
linear equations was solved by using an IterativeMethod with
Adaptive Thresholding for Compressed Sensing (IMATCS)
during each DBIM iteration.

Tomography approaches and particularly the described
DBIM imaging method are particularly effective in handling
complex imaging problems where the distribution of medium
properties is highly nonlinear and can successfully resolve
various interfaces providing accurate reconstructions. Thus,
even though the human calcaneus normally includes multiple
tissues like skin, muscle, fat, cortical bone and trabecular
bone, creating several interfaces which complicate the study
of the interaction between the biological materials and the
EM signals, the proposed approach can overcome this limita-
tion by providing reliable images.

Previous studies have considered bone as a homoge-
nous single tissue, neglecting the difference between cortical
and trabecular bone properties [18], [34]. As a matter
of fact, within the literature, there is a limited number
of works concerning the dielectric properties characteriza-
tion of the human trabecular bone [2]. The few available
studies have reported insufficient data on in-vivo human
properties. In [18], the authors investigated the in-vivo
dielectric properties of the human bones of two patients
with leg injuries in the frequency range of 900-1700 MHz.
Another work has reported the in-vitro dielectric properties
of porcine bone samples at 1100 MHz [25]. Moreover, in the
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same study, good reconstructions of bone phantoms have
been reported at 1 GHz. Even in the present work, the
numerical reconstructions of the proposed calcaneus phan-
toms were achieved at this frequency, since it represents a
good trade-off between the penetration depth and the image
resolution [21], [35], [36].

On the other hand, a small number of attempts to repro-
duce numerical phantoms with realistic structures have been
reported, especially in the field of breast and bone microwave
tomography [37], [38], [39], [40], [41].

Since in a realistic clinical scenario, the object to be imaged
(i.e., the human calcaneus and the bones overall) is layered
and not geometrically regular, in this work, for the first
time, we aim to reconstruct the dielectric properties of a
more realistic (anthropomorphic) numerical phantom with
the DBIM/IMATCS algorithm previously proposed in [31].
In the present study, the phantom was designed as a two-
layered calcaneus-shaped structure. The algorithm was tested
in two different scenarios: the first investigation adopted a
circular antenna configuration, as in [31], with 16 equally-
spaced antennas placed around the phantom; in the second
scenario, instead, 24 antennas were placed around the phan-
tom along a calcaneus-shaped array.

Previous preliminary investigations have considered a het-
erogeneous calcaneus-shaped phantom for numerical recon-
struction through the first configuration across the proposed
method [42], [43] achieving good results even when consid-
ering a thin skin layer surrounding the phantom.

The main contributions of this work are threefold. Firstly,
a novel two-layered calcaneus-shaped structure is designed,
specifically catered to represent the calcaneus in a clini-
cal imaging scenario. This design considers the complex
anatomical features of the calcaneus, incorporating an outer
layer mimicking the dielectric properties of the human cor-
tical bone and an inner layer mimicking the properties of
trabecular bone. Secondly, the work evaluates the effective-
ness of DBIM in reconstructing such realistic asymmetrical
structures. Lastly, the work compares the performance of an
adaptive antenna configuration to the conventional circular
antenna array. This investigation aims to determine whether
an adaptive antenna configuration could offer improved
results when imaging irregularly shaped structures, providing
insights into the optimal setup for a prototype calcaneus
imaging system. The findings of these numerical analyses
have shown that this method is even suitable for the recon-
struction of a more complex scenario, with an irregular
geometry phantom.

The remainder of the paper is organized as follows:
Section II reports the characteristics of the two simulation
testbeds and presents the mathematical formulation of the
considered approach, describing the DBIM method and the
L2-IMATCS algorithm. Also, the performance metrics used
to evaluate the reconstructions are described. Section III
presents the results and discussion of the numerical recon-
struction of anthropomorphic phantoms. Finally, conclusions
are drawn in Section IV.

II. METHOD AND PROCEDURES
A. NUMERICAL BONE PHANTOMS
In this work, a two-layer calcaneus-shaped model was devel-
oped and evaluated in a 2D imaging scenario. The outer
layer of the model mimics the dielectric properties of the
human cortical bone; the inner layer, instead, represents the
human trabecular bone. Three different phantoms have been
proposed; the outer layer was the same for all of them, while
the inner layer was meant to mimic the properties of the
normal healthy trabecular bone (phantom P1), the osteo-
porotic trabecular bone (phantom P2) and the osteoarthritic
trabecular bone (phantom P3). In Table 1, the compositions
of the phantoms are reported.

TABLE 1. Numerical bone phantoms for simulations.

The two-layer model was then transformed into a 2D EM
model according to the single-pole Debye parameters for the
two different tissues. The Debye model can be described as:

εr (ω) = ε∞ +
1ε

1 + jωτ
+

σs

jωε0
(1)

where ε∞ is the permittivity value at the highest frequency
considered, 1ε is the difference between the permittivity
value at the lowest and highest frequencies considered, σs
is the conductivity and τ is the relaxation time constant
(assumed to be spatially invariant with the value of 0.5 ps).
Table 2 shows the parametric values of the Debye param-
eters for the considered tissues in the frequency range of
0.5-8.5 GHz [31].

The dielectric properties of normal cortical and trabecular
bone tissue were obtained from [44] whereas, the Debye
parameters for the osteoporotic and osteoarthritic trabecular
bones were set according to the dielectric properties reported
in [20].

B. SIMULATION TESTBED
Imaging data were simulated using a Finite Difference
Time Domain (FDTD) method with a resolution of 1 mm.
As already proposed [1], [28], [29], [30], [38], the FDTD
approach was used as a forward solver for the inversion
procedure in this work. Phantoms were placed in a lossless
non-dispersive matching medium (ε∞ = 2.848, 1ε = 1.104,
σs=0.005 S/m). The simulated measurements were carried
out through two different antenna configurations (i.e., cir-
cular and calcaneus-shaped array). Regarding the former
(Fig.1 (a)), 16-point sources were equally spaced in a circular
array around the two-layer phantoms. The latter, instead,
involved 24-point sources, which were manually placed fol-
lowing the same shape as the bone model (Fig.1 (b)). The
specific number of antennas used in both the array configu-
rations (i.e., 16- and 24-point sources antennas respectively)
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TABLE 2. Dielectric properties of bone tissues.

FIGURE 1. Circular (a) and calcaneus-shaped (b) simulation testbeds.

has been chosen as a result of an investigation on the optimum
configuration to image the proposed phantoms. We observed
that these proposed configurations gave the best results in
terms of qualitative reconstructions and quantitative perfor-
mance metrics. The reconstructions in circular array con-
figurations have been performed by using several antennas
ranging from 9 to 16. For what concerns the calcaneus-
shaped configuration, we needed to start the investigation
by placing at least 18 antennas to reconstruct the target,
probably due to the more geometrically complex scenario.
We finally chose 24 antennas even to compare our results
with [37]. In both cases, the point sources sequentially illumi-
nated the phantoms with a modulated wideband (i.e., 2 GHz)
Gaussian pulse, with a central frequency of 1 GHz. Only
one recorded EM signal for each transmit-receive antenna
pair was considered for the reconstructions (i.e., N(N-1)/2
signals, where N stands for the number of point sources)
for a total of 120 signals for the simulations related to the
circular configuration and 276 signals for those related to the
calcaneus-shaped configuration.

C. DBIM APPROACH
The EM inverse scattering problem is inherently ill-posed
(i.e., there are fewer measurements compared to unknowns)
and non-linear. The non-linearity arises from the heterogene-
ity of the target [29] and necessitates non-linear methods for
estimating the dielectric properties using the scattered field
within the desired frequency range. A graphical description
of the imaging scenario is given in Fig. 2. The imaging
domain volume (V ) is illuminated by an EM field from a
known EM source. This approach aims to reconstruct the
unknown complex dielectric permittivity of the object to be
imaged (�) starting from measurements related to one or
more observation points outside V .

FIGURE 2. MWI Scenario. 0 represents the array with the EM sources
(here the circular configuration is shown), V is the imaging domain
volume while � is the object to be imaged.

In this work, the DBIM approximation has been employed
to linearize the EM scattering wave equation by replacing
the total EM field (i.e., Etotal) with the known incident
field (i.e., Einc), which is estimated at each iteration of the
algorithm in the presence of a known background. The com-
putation of the Green’s function (i.e., Gbackground ) is required
too, which can be recovered by a forward solution. The EM
scattered field (i.e., Escat ) at measurement point r and angular
frequency ω can be expressed as:

Escat (r, ω) = Etotal (r, ω) − Einc (r, ω) (2)

= ω2µ

∫
V
Gbackground

(
r, r ′, ω

)
Cf (r ′, ω)

Etotal
(
r ′, ω

)
dr ′ (3)

where V represents the volume and Cf is the contrast
function. The EM scattered equations obtained from this
computation are then inverted to get an approximate solution
of the contrast between the target region and the current
estimation of the background profile (inverse solution) [31].
The main principle of the DBIM method relies on updating
the background dielectric profile by alternating forward and
inverse solutions until reaching convergence [29].

D. IMATCS ALGORITHM
In EM inverse scattering problems, accurately manipulat-
ing the measurements matrix is crucial for recovering the
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underlying signals. However, this process is not straight-
forward [30]. A matrix transformation is required at each
DBIM iteration for the unknown complex permittivity vector
to make it sparse. The IMATCS algorithm is employed to find
the inverse solution. As a thresholding approach, it is based
on a-priori information, which could be unavailable in many
medical applications. Therefore, it relies on adaptive thresh-
olding, where the threshold value is decreased exponentially
at each DBIM iteration [24]. The IMATCS algorithm solves
the contrast function based on a set of measurements, as dis-
played below:

y = Ax (4)

where y is the residual measurement data vector, A is the
measurement matrix (with dimensions m × n (m < n),),
which relies on Einc and Gbackground from (2)-(3) and it
is updated at each DBIM iteration, and x is the unknown
dielectric contrast function. The problem displayed in (4) is
then solved as follows:

min
x

||y− Ax||22 + ξ ||x||0 (5)

where the solution, applying the adaptive IMATCS method,
can be expressed as:

xj+1 = T0e−ti(xj + ξA∗(y− Axj)) (6)

where A∗ is the conjugate transpose of A, ξ refers to the
convergence of the method, T0 is the initial threshold value,
xj is the unknown vector, t is the threshold step size and j is the
iteration number. The initial value of the algorithm displayed
in (6) is null (i.e., x0 = 0). The following values of xj are
retrieved after an optimal number of IMATCS iterations. This
method allows for the recovery of the unknown xj without
a-priori information about the signal.

However, the measured data is non-linear and is approxi-
mated as linear in this specific application, which may result
in instability and divergence of the IMATCS algorithm [31].
To ensure a more stable recovery of the contrast func-
tion during each iteration of IMATCS, an L2-regularized
L0-minimization approach is adopted, as suggested in a pre-
vious study [30]. Thus, the problem shown in (5) can be
expressed as:

min
x

||y− Ax||22 + ξ1||x||0 + ξ2| |x| |22 (7)

where the solution is given by:

xj+1 = (1 + ξ2)
−1 T0e−ti

(
xj + ξ1A∗

(
y− Axj

))
(8)

This kind ofminimization/regularization approach is strongly
influenced by the choice of the threshold value whichmay not
lead to convergence. Nonetheless, it ensures amore stable and
robust recovery of the unknown variables xj.

E. IMATCS PARAMETERS SELECTION
As previously stated, selecting appropriate regularization
parameters is crucial to achieving the optimal solution for the
unknown contrast function. At this stage, it is fundamental

to properly set the ξ1 and ξ2 convergence parameters, as well
as the initial threshold value T0, the threshold step size t and
themaximum number of iterations of the IMATCS algorithm.
In particular, since ξ1 should satisfy the following condition:

0 < ξ1 < 2/
ϒmax(AA∗) (9)

whereϒmax(AA∗) represents the maximum of the eigenvalues
of the product AA∗, it has been chosen as:

ξ1 = 1.9
/
ϒmax(AA∗) (10)

The other convergence parameter ξ2 has been set equal
to 0.005 for the reconstruction of all the numerical phan-
toms. The value of the initial threshold T0, instead, was
chosen empirically for each of the simulations by varying
the employed phantom (i.e., P1, P2 or P3) and the physi-
cal antenna configuration (i.e., circular or calcaneus-shaped
array). The overall value has been set ranging from 125-150
depending on the quality of the single reconstruction. The
threshold step size t was set at 0.01, while the number of
IMATCS iterations was set at 5 since this value has proved
to be a good trade-off between the computational time and
the performance of the overall algorithm.

F. EVALUATION OF THE PERFORMANCE
To quantify the performance of the algorithm, two different
metrics were computed. The first one, the Normalized Root
Mean Square Error (NRMSE), is defined as:

NRMSE =
∣∣|εr (f ) − ε∗

r (f )
∣∣ |2L2/||εr (f )||2L2 (11)

where εr (f) is the complex permittivity profile of reference
bone dielectric properties, and ε∗

r (f ) is the complex per-
mittivity profile of reconstructed bone dielectric properties.
The other metric is the Structural Similarity Index (SSIM),
which aims to estimate the structural similarity between the
reconstructed and reference bone dielectric properties by
comparing two images at a time, considering parameters
including luminance and contrast [45]. These scalar metrics
have been calculated separately for both the real (ε′) and
imaginary (ε′′) parts of the reference and reconstructed com-
plex permittivity profiles of the phantoms.

III. RESULTS AND DISCUSSION
A. NUMERICAL RECONSTRUCTION OF
PHANTOMS P1, P2, P3
This section presents the numerical results obtained by the
L2-IMATCS approach for bone dielectric properties’ recon-
struction using dielectrically informed numerical models.
The reconstruction of phantoms P1 (Fig. 3 and Fig. 6),
P2 (Fig. 4 and Fig. 7) and P3 (Fig. 5 and Fig. 8) through
the described approach within the two different simulation
testbeds (i.e., the circular and the calcaneus-shaped antenna
configuration) are shown at 1 GHz. The choice of the
frequency for image reconstruction was inspired by [21],
where the authors investigated the optimum frequency band
for bone imaging application considering calcaneus as the
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imaging scenario. The authors used a planar layered model
of the calcaneus and demonstrated that the most appropri-
ate frequency range for the bone imaging application is
0.6 - 1.9 GHz. Moreover, the authors demonstrated that
the penetration depth of EM waves significantly reduced
beyond 3 GHz, making it not feasible to distinguish the
different tissues of the human calcaneus. Hence, frequen-
cies less than 3 GHz should be considered when designing
an MWI system for bone imaging applications [21]. This
allows to obtain an overall penetration depth of nearly 5 cm,
as reported in [46], which is considered sufficient for this
kind of application. The penetration depth is indeed inversely
proportional to the dielectric permittivity of a biological tis-
sues. The main issues, thus, are related to the penetration of
the EM wave through skin and muscles, which have higher
dielectric properties compared to the other tissues involved
in the anatomical region of interest. Nonetheless, the external
location within the body of the human calcaneus, its biolog-
ical composition and dimension prove the feasibility of this
analysis at microwave frequencies.

As previously described, the employed numerical phan-
toms have been designed as 2D calcaneus-shaped structures
including two different layers. Although it is known that
bone tissues are anisotropic and heterogeneous and this might
constitute a limitation in accurately modeling their proper-
ties, to date no study in the literature has yet quantified any
relation between the heterogeneity of bone tissue and their
dielectric properties. For this reason, the proposed phantom
was constructed and numerically modelled according to the
existing techniques provided in the literature, which proved
accurate representation of bone properties in imaging stud-
ies [18], [19], [30]. Particularly, in this study, cortical and
trabecular regions have been modeled separately as distinct
homogeneous materials since the main aim was to capture
the average dielectric behaviour and detect any significant
changes indicative of disease. Therefore, the adopted simpli-
fication can be considered as a reasonable approximation for
bone disease monitoring application.

The dielectric properties of the cortical bone tissue have
been assigned to the outer layer, while the inner layer was
meant to mimic the trabecular bone tissue. The main dif-
ference among the three phantoms relies on the properties
of the trabecular tissue, reproducing respectively a healthy
(i.e., P1: normal trabecular bone) and a diseased scenario
(i.e., P2: osteoporotic trabecular bone and P3: osteoarthritic
trabecular bone). As shown in the figures, in each of the
reconstructions, the target (i.e., the trabecular bone) is cor-
rectly positioned in the expected region (i.e., the red dotted
line in the reconstructed images). The DBIM algorithm
was found to converge after one iteration. Therefore, the
visual reconstruction results are reported for the first DBIM
iteration.

As can be noticed from Figures 5 and 8, when dealing
with phantom P3, the shape of the reconstructed object is
conserved but the dimension is larger than the reference
object. For what concerns the reconstructions of P1 and P2

the method seems to perform well both in terms of the recon-
structed dielectric properties and geometric features.

This issue concerning the reconstruction of P3 could be
related to the high value of the dielectric properties of the
osteoarthritic trabecular bone. The best reconstructions were
achieved for the P2 (i.e., osteoporotic) phantom. Indeed, the
osteoporotic trabecular bone is the one with the lowest dielec-
tric properties, suggesting that this approach works better in
contexts with lower contrast between the properties of corti-
cal and trabecular bones. However, the encountered limitation
might be resolved by adaptively changing the threshold of
the IMATCS algorithm and optimizing the parameters of the
whole method.

The overall findings demonstrate that adopting an adaptive
antenna configuration instead of a circular antenna array does
not offer significant benefits as the DBIM with L2-IMATCS
algorithm can handle complex imaging scenarios regardless
of the antenna configuration.

B. QUANTITATIVE METRICS RESULTS
Two performance metrics (i.e., NRMSE and SSIM) have
been calculated as previously described to assess the quanti-
tative performance of the proposed DBIM/IMATCS imaging
algorithm. Table 3 shows the results in terms of thementioned
metrics in a non-noisy environment. The reported values
suggest that the proposed method is suitable to properly
reconstruct such complex-geometry scenarios with both the
adopted antenna configurations, reaching comparable perfor-
mance as in [31], where simplistic versions of the phantoms
proposed in this present work have been employed.

The NRMSE has been estimated by comparing the ref-
erence and reconstructed properties of the phantoms inside
the whole imaging region V . This may explain the achieved
values in terms of error, which are still acceptable considering
the complex geometry of the phantoms. The SSIM, instead,
has been calculated within the only trabecular target region.
As can be noticed from Table 3, a slight decrease in the per-
formance occurs in the cases related to the calcaneus-shaped
antenna configuration, due to the complexity and the irregu-
larity of the scenario.

TABLE 3. NRMSE and SSIM between original and reconstructed
phantoms without noise.

C. IMPACT OF SNR ON THE RECONSTRUCTED
PROPERTIES
MWT is highly sensitive to both noise and artifacts due to
the nature of the inverse scattering problem to be solved.
Noise from measurements and system imperfections can
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FIGURE 3. Real and imaginary part ((a), (b) and (c), (d), respectively), of the complex dielectric permittivity of reference and reconstructed P1
(cortical + normal trabecular) bone phantom through the 16-antenna circular testbed. The dashed red curves in (b) and (d) represent the reference
profiles.

FIGURE 4. Real and imaginary part ((a), (b) and (c), (d), respectively), of the complex dielectric permittivity of reference and reconstructed P2
(cortical + osteoporotic trabecular) bone phantom through the 16-antenna circular testbed. The dashed red curves in (b) and (d) represent the
reference profiles.

degrade image quality, while inverse problem artifacts and
nonlinear effects can introduce significant artifacts. Effective
management of these factors is crucial for achieving reliable
reconstructions in MWT.

To make the conditions as realistic as possible, the mea-
sured data were corrupted by Additive Gaussian Noise
(AWGN). Therefore, the performances in terms of NRMSE
were also analyzed by varying the signal-to-noise ratio (SNR)
from 20 dB to 60 dB.

The results of this investigation are reported in
Tables 4 and 5. The displayed NRMSE values suggest that
the developed method performs well even in the case of low
SNR values. Thus, this analysis proved the robustness of
the DBIM/IMATCS imaging algorithm in the presence of
noise.

TABLE 4. NRMSE between original and reconstructed bone phantoms for
the real part of complex permittivity, by varying the noise level.

D. HISTOGRAM ANALYSIS
Additionally, in this work, a histogram-based analysis was
carried out. The distribution of the reconstructed real part

TABLE 5. NRMSE between original and reconstructed bone phantoms for
the imaginary part of complex permittivity, by varying the noise level.

of the complex permittivity value was computed among
each pixel within the target region. As shown in Figure 9
and Figure 10, the reconstruction of P3 was the most
challenging, especially for the calcaneus-shaped antenna con-
figuration: the reference value for the osteoarthritic trabecular
bone in terms of the real part of the complex permit-
tivity is almost 29, where the properties of almost half
(i.e., 49%) of the reconstructed pixels fall into values ranging
between 20 and 22.

Nevertheless, the qualitative visual reconstruction of this
phantom for both the simulation testbeds and the cor-
responding performance metrics shows promising results,
especially in terms of SSIM. The reason for these slightly
low values for P3, as already explained, can be related
to the fact that osteoarthritic bone has higher dielec-
tric properties compared to normal and osteoporotic ones.
Therefore, due to the higher contrast between the cortical
and the trabecular bone regions, the reconstruction is less
accurate.
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FIGURE 5. The real and imaginary parts ((a), (b) and (c), (d), respectively) of the complex dielectric permittivity of reference and reconstructed P3
(cortical + osteoarthritic trabecular) bone phantom through the 16-antenna circular testbed. The dashed red curves in (b) and (d) represent the
reference profiles.

FIGURE 6. The real and imaginary parts ((a), (b) and (c), (d), respectively) of the complex dielectric permittivity of reference and reconstructed P1
(cortical + normal trabecular) bone phantom through the 24-antenna calcaneus-shaped testbed. The dashed red curves in (b) and (d) represent the
reference profiles.

FIGURE 7. The real and imaginary parts ((a), (b) and (c), (d), respectively) of the complex dielectric permittivity of reference and
reconstructed P2 (cortical + osteoporotic trabecular) bone phantom through the 24-antenna calcaneus-shaped testbed. The dashed red curves
in (b) and (d) represent the reference profiles.

FIGURE 8. The real and imaginary parts ((a), (b) and (c), (d), respectively) of the complex dielectric permittivity of reference and
reconstructed P3 (cortical + osteoarthritic trabecular) bone phantom through the 24-antenna calcaneus-shaped testbed. The dashed red
curves in (b) and (d) represent the reference profiles.

E. ROBUSTNESS OF THE L2-IMATCS ALGORITHM FOR
RECONSTRUCTION OF P1, P2, P3
To evaluate the robustness of the proposed imaging algorithm,
the peak values of the reference and the reconstructed
numerical bone properties have been investigated. In Fig. 11,
the peak values comparing the reference and reconstructed
values of the trabecular bone tissue across the two simu-
lation testbeds are reported. In this analysis, the different

physical configurations of the antennas have been con-
sidered, to assess whether they could have affected the
obtained reconstructions. As can be noticed, regardless of
the kind of scenario (i.e., normal, osteoporotic, osteoarthritic)
and the antenna configuration, the peak values within the
trabecular bone region related to the reconstructed imagi-
nary part of the complex permittivity are higher than the
reference.
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FIGURE 9. Distribution of reconstructed real part of complex permittivity of (a) bone phantom P1, (b) bone phantom P2, (c) bone
phantom P3 at 1 GHz for the circular array testbed.

FIGURE 10. Distribution of reconstructed real part of complex permittivity of (a) bone phantom P1, (b) bone phantom P2, (c) bone phantom
P3 at 1 GHz for the calcaneus-shaped array testbed.

FIGURE 11. Peak values of the (a) real and (b) imaginary part of complex permittivity of
reference and reconstructed bone phantoms at 1 GHz.

FIGURE 12. Relative percentage error between peak values of the (a) real and (b) imaginary
part of complex permittivity of reference and reconstructed bone phantoms at 1 GHz.

The greatest percentage difference between the reference
and reconstructed peak values, in terms of the real part of

complex dielectric permittivity, has been obtained within the
reconstruction of P3, which was expected according to the
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previous results. A difference of 11.8% has been reported
between the reference osteoarthritic trabecular tissue and
the reconstructed one in the calcaneus-shaped antenna con-
figuration. Nonetheless, the average percentage difference
between the overall reference and reconstructed real part of
the peak values of the phantoms is 6.41%, which suggests
that the method can perform well varying either the simu-
lation testbed or the kind of phantom. In Figure 12, both
the relative percentage errors for the real and the imaginary
part between the reference and reconstructed peak values are
shown. As can be noticed in Fig. 12 (b), for all the employed
phantoms the error is lower when the calcaneus-shaped con-
figuration is considered compared to the cases related to
the circular configuration, proving the robustness of the pro-
posed method even though a more geometrically complex
antenna configuration. The higher value of the error in
terms of reconstructed peak values, particularly within the
circular configuration, might be due to the set threshold,
which was specifically tailored to produce good results in
terms of the shape and dimension of the reconstructed scene
rather than to reach the exact target value of the investigated
region.

IV. CONCLUSION
This work has provided a numerical evaluation of an MWT
algorithm in a realistic 2D imaging scenario. The phantoms
under test have been designed as a two-layered calcaneus-
shaped model. Both a healthy and a diseased context have
been considered. The simulated data were generated using
two different antenna configurations. The first circular con-
figuration was evaluated in a previous study employing a
simpler phantom consisting of a two-layered circular struc-
ture. In contrast, the second configuration, which had a
calcaneus-shaped array, was tested for the first time in this
current work. The dielectric properties of the phantoms were
reconstructed at 1 GHz using a DBIM approach combined
with an L2-IMATCS algorithm, which has shown promising
results in several studies. The results of the present work show
that it is possible to extend this method to a more complex
scenario involving a realistic phantom. Themethod proved its
efficacy in accurately reconstructing the dielectric properties
of the phantom, specifically designed to mimic the complex
anatomical structure of the human calcaneus. Moreover, the
results provided by the calcaneus-shaped simulation testbed
suggest that this method is robust in terms of changes referred
to the spatial configuration of the antennas.

The reconstructions of the phantoms P1, P2, and P3 have
shown that the normal, osteoporotic and osteoarthritic bones
can be accurately distinguished based on their reconstructed
complex permittivity profiles.

Future studies may investigate the performance of the
described approach in experimental scenarios involving
tissue-mimicking phantoms.

Another challenge could be to add the skin layer to the
numerical model to evaluate its influence on the reconstruc-
tion of the complex dielectric profiles. Even though the skin

is generally thin (less than 2 mm) some studies revealed that
retrieving its properties is a challenging topic.

Some investigations will be needed as well in terms of
the employed matching medium. In this work a loss-less,
non-dispersive matching medium was adopted. It could be
interesting to explore lossy materials instead, since it may
address the limitations posed by signal perturbations and
noise as already observed in previous studies concerning
phantom for breast imaging.

Finally, future studies will focus on the implementation of
the proposed approach tomore realistic experimental imaging
scenarios involving 3D anatomically realistic bone phantoms
tested within the MWI system.
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