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Abstract — Microwave imaging (MWI) has been
studied as a screening imaging modality for axillary lymph
nodes (ALNSs) to aid breast cancer staging. The performance
of MWI is closely linked to the operating frequency band
and the considered matching medium (MM), as these factors
ultimately influence image resolution, penetration depth,
and contrast. In this preliminary study, the transmission line
method is applied to model scenarios capturing anatomic
variability in the axillary region. This study aimed to deter-
mine an optimal frequency band and MM permittivity range
robust to anatomic differences, ensuring effective ALN
imaging. The findings underscore the significant impact
of anatomic characteristics on electromagnetic signal propa-
gation, identifying a viable frequency band and MM permit-
tivity range applicable across the scenarios considered.

1. Introduction

Breast cancer is the second most prevalent cancer
worldwide, with more than 2.29 million new cases diag-
nosed in 2022 [1]. Axillary lymph nodes (ALNs) are usually
the first organs to which breast cancer metastases spread,
making the evaluation of ALNSs crucial for accurate cancer
staging and treatment planning [2]. The current evaluation
methods of ALNSs rely on a combination of imaging tech-
niques and biopsy specimen analysis. Although biopsy
procedures remain the gold standard because of their
high accuracy, they are invasive, time-consuming, and
associated with potential complications, including prolonged
recovery and lymphoedema [3]. As a less invasive alterna-
tive, imaging techniques, such as ultrasound and magnetic
resonance imaging (MRI), are widely employed; however,
their sensitivity and specificity vary considerably and often
remain suboptimal [4].

Microwave imaging (MWI) has been the focus of
significant research for breast cancer screening, offering
several potential advantages, including cost-effective hard-
ware, the use of nonionizing radiation, noninvasiveness,
and operation at low power levels. Our research group has
explored the feasibility of MWI to screen and image level 1
ALNSs, which are the first ALNSs to receive drainage from
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tumor cells. Godinho et al. [5] performed a study on an
experimental radar prototype using anatomically realistic
phantoms. The system was positioned around the body
without physical contact with the body or a matching
medium (MM) (i.e., an air-operated prototype) and
emitted ultra-wideband (UWB) pulses in the 2GHz to
5 GHz frequency range at —10 dB. Pato et al. [6] evaluated
different reconstruction algorithms in a two-dimensional
numeric model, featuring a system placed directly on the
skin that emitted a Gaussian pulse at a central frequency
of 7.5 GHz and a frequency band of 1.56 GHz to 15.36 GHz
at —10 dB. In a later study with a different system, Godinho
et al. [7] identified a planar 3X3 antenna array in air as the
most promising configuration among the tested configura-
tions with nine antennas. This system emitted UWB pulses
at a frequency band of 1.3 GHz to 6.7 GHz at —10 dB.
These studies resorted to different frequency bands and
system configurations, and unlike several breast MWI
prototypes, none of these have considered MM. The choice
of operating frequency and MM is crucial in MWI system
design, as they significantly influence resolution, penetra-
tion depth, and contrast, having a direct impact on system
performance.

To move toward the design of an optimized system
for MWI of the axillary region, this paper aims to analyze
the optimal frequency band for MWI of the axillary region
across a broad spectrum of anatomic variations. In addition
to this, insights into the selection of the MM are given.

2. Methodology

To design an MWI system capable of generating an
image of the ALNs, the incident power penetrating the
ALNs must be maximized, and the spatial resolution must
be optimized to detect even small variations within ALNS.

A general and straightforward approach based on
the transmission line (TL) formalism, as employed in [8],
can be used to establish guidelines for both the optimal
frequency band and the range of relative permittivity
values for the MM to image the axillary region. In this
approach, the interactions between the electromagnetic
(EM) wave and the tissues of the axillary region are
analyzed using a one-dimensional (1D), multilayer planar
model of the target anatomic site, where each tissue is rep-
resented by a layer with its natural thickness and dielectric
properties. Therefore, in this paper, the TL formalism was
applied to a 1D, multilayer planar model of the axillary
region for an initial analysis. The target tissues considered
here are level I ALNs, which can be located at shallow
depths near the skin surface or deeper under the skin [9],
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Table 1. Models of the axillary region

Models Skin Adipose Muscle ALN
Ml 2 60 0 Inf
M2 1.2 0.8 0 Inf
M3 2 10 0 Inf
M4 2 30 0 Inf
M5 2 30 8 Inf

The thickness of each tissue is indicated in millimeters (mm).

with varying thicknesses of the overlying tissues (i.e., skin
and adipose tissue). Although these ALNs are typically
more superficial and not surrounded by muscle, muscle
may be detected due to inter-individual anatomic variability
or suboptimal orientation of the antenna array. Conse-
quently, this study considered five models of the axillary
region (Table 1) with varying tissue layer thicknesses,
including a case where muscle tissue is present between
the antenna and the ALNSs.

The thicknesses of each tissue layer were extracted
from experimental studies [9-12], and the target region
(ALN) was modelled as a half-space (i.e., homogeneous,
semi-infinite medium).

To use the TL formalism, each tissue layer is
associated with a characteristic impedance, as shown in
Figure 1. The characteristic impedance of the n” tissue layer
is given by:

z,=, |t (1)
&0y

where 1, and &, denote the magnetic permeability and
relative permittivity of free space, respectively, and ¢,
denotes the complex permittivity of the tissue layer under
consideration. The tissues’ dispersive behavior was modelled
by the Debye model, as shown in Figure 2, where the values
were set according to [13, 14] and reported in Table 2. To
evaluate the propagation of the EM wave in the considered
biological tissues, the penetration depth of the signal, as a
function of frequency, is shown in Figure 3.

The amount of incident power that penetrates into
the ALNs was quantified by the transmission coefficient (7),
which is defined as:

T=1-|I| (2)
Zmn Zs Zy Iy
A
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Figure 1. The transmission line model of 1D axillary region. Z,,,,

Zs, Z4, Zp, and Z gy yrepresent the impedance of MM, skin, adipose tissue,
muscle, and axillary lymph node, respectively. In models where muscle
is not considered, the respective impedance (in orange) is removed.
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Figure 2. Dielectric properties of the tissues considered in the axillary
region models.

where I is the reflection coefficient at section 44’, corre-
sponding to the interface between the MM and the skin,
and is given by:

= ZAA’ - me

ZAA’ + me (3)
Here, Z,,,, denotes the characteristic impedance of
the matching medium, while Z, 4 represents the character-
istic impedance of the axilla. Based on these tissue properties
and considering the operating frequency f within the range
of 0.5 GHz to 10 GHz, Z,4 is determined by solving the
equivalent TL problem, that is, iteratively solving the fol-
lowing equation:

Zrotai—1 + jZutan(k, X d,)
! Zy +jZTomlfltan(kn X dn)

Lotal = (4)
(0]

e (f)
layer, with o denoting the angular frequency, and d,, rep-
resenting the thickness of the n”" tissue layer.

Furthermore, 7 was evaluated not only as a function
of frequency but also as a function of the relative permit-
tivity of a lossless MM, varying within the range of 1 to
80, to determine a feasible range for the relative permittivity
of the MM.

The results obtained with the TL modelling of the
1D multilayered model were validated with an MRI-derived
anthropomorphic model [13]. A synthetic ALN was intro-
duced to this model to allow full control over its positioning
[15]. Three-dimensional finite difference time-domain
simulations were performed with an antenna array
composed of 12 monostatic Hertzian dipole antennas,
arranged in a 3X4 grid on the skin surface. The UWB
radar images were reconstructed using the delay-and-sum
algorithm [16].

where k, = is the wave number in the n™ tissue

Table 2. Debye model parameters for skin, adipose tissue, muscle,
and healthy ALNSs (valid from 1-20 GHz) [13, 14]

Skin Adipose Muscle ALN
£oo 15.93 3.12 21.66 10.94
os(S/m) 0.83 0.05 0.89 0.48
Ae 23.83 1.59 33.24 24.35
T(ps) 13.00 13.00 13.00 13.00
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Figure 3. Penetration depth of the considered tissues in the axillary
region.

3. Results and Discussion

Figure 4 shows the imaging results for each model
under analysis. M1 and M2 represent two extreme cases,
with the ALN positioned at the greatest depth and the
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Figure 4. Transmission coefficient plots for each model under anal-
ysis (M1-M5). The transmission coefficient is shown as a function of
frequency and relative permittivity of the MM. Warmer colors repre-
sent higher transmission coefficients.

Table 3. Summary of the optimal frequency bands and relative per-
mittivity value for the MM for the models under analysis, consider-
ing transmission coefficient values higher than 0.53.

Models Frequency band, GHz Relative permittivity of MM
M1 0.5-2.6 13-23

M2 0.5-10 9-80

M3 0.5-2.3 9-20

M4 0.5-3.0 or 2.04.6 15-19 or 31-69

M5 2.0-3.16 15-73

most superficial depth, respectively. M3 and M4 corre-
spond to intermediate models, while M5 includes a muscle
layer of 8 mm between the adipose tissue and the ALN.

This analysis aims to identify regions in each plot
where the transmission coefficient is higher (i.e., warmer
colors), indicating that greater incident power reached
the ALNs, while ensuring that the EM signal reaches the
ALNSs by analyzing the penetration depth in each biological
tissue within the selected frequency range. Furthermore, to
guarantee a feasible spatial resolution for radar imaging, the
minimum bandwidth of the selected frequency range was
set to approximately 2 GHz.

Our current prototype employs a radar-based system
with a monostatic configuration, requiring the EM signal to
travel from the antenna to the target (ALN) and back. For
instance, in model M1, the signal must penetrate 12 cm of
adipose tissue and 0.4 cm of skin. Of note, the penetration
depth in adipose tissue falls below 12 cm for frequencies
above 2.57 GHz. In contrast, the penetration depth in skin
remains above 0.4 cm across the considered frequency
range, as is shown in Figure 3.

Tables 3 and 4 show the optimal frequency band
for each model, along with the range of relative permittivity
for the MM that ensures minimum transmission coefficient
values of 0.53 and 0.47, respectively.

The results indicate that the optimal frequency band
for imaging the axillary region lies between 0.5 GHz and
2.3 GHz (with a bandwidth of 1.8 GHz), with a MM rela-
tive permittivity between 15 and 19. This frequency band
ensures high transmission coefficients across all analyzed
models, maximizing power delivery to the target. Addition-
ally, it provides the greatest penetration depth through the
considered tissues. However, the presence of a muscle layer
poses challenges, such scenarios are not typically observed
when imaging level I ALNs. Nonetheless, with an 8§ mm
muscle layer, sufficient signal power transmission to the
ALN within this frequency band is achievable.

Table 4. Summary of the optimal frequency bands and relative
permittivity value for the MM for the models under analysis, considering
transmission coefficient values higher than 0.47.

Models Frequency band, GHz Relative permittivity of MM
Ml 0.5-3.0 13-23

M2 0.5-10 9-80

M3 0.5-3.0 17-30

M4 0.5-3.0 or 2.0-4.6 10-24 or 31-69

M5 0.5-3.0 13-20




If a broader frequency band is required, the range
from 0.5 GHz to 3.0 GHz, with an MM relative permit-
tivity between 17 and 23, may be selected, though it
includes a low transmission coefficient of 0.47. This
broader band introduces greater signal attenuation,
potentially affecting the quality of the reconstructed
images. Therefore, our study indicates that the choice
between these frequency ranges (0.5-2.3 GHz or 0.5-3.0
GHz) should be considered in the imaging system’s design
parameters and the acceptable signal attenuation threshold
for the intended application.

This approach enabled an initial feasibility study
of imaging the axillary region for ALN detection by
facilitating the optimization of both the relative permit-
tivity of MM and the frequency band. Although the TL
model offers a convenient analytical method to assess
wave propagation in a 1D multilayered structure, it has
important limitations that must be recognized. First, the
model oversimplifies the anatomic complexity of the
axillary region by representing the ALN as a 1D layer
embedded within fat, neglecting its realistic geometry
as a compact, localized target. This abstraction disre-
gards wave propagation effects associated with small
curved interfaces. Second, the TL approach assumes
idealized plane-wave propagation at normal incidence,
which fails to capture the influence of the near-field radia-
tion pattern of the antenna on energy delivery. Last, the
maximization of the incident power penetrating the ALN
does not necessarily imply successful image reconstruc-
tion or target detectability. Image quality depends on spa-
tial resolution, contrast, and the ability to handle multiple
reflections.

Therefore, the TL results were validated with an
anthropomorphic model. Three scenarios were simulated
to evaluate the influence of MM and operating frequency,
based on the optimal and suboptimal conditions predicted
by the TL analysis. The scenarios were as follows: (1) the
optimal scenario used a modulated Gaussian pulse centered
at 1.7 GHz (-10 dB bandwidth: 0.68-2.66 GHz) with an
MM defined by &y, =17, Ae=2, 0,=0.005 S/m, and
t=13 ps; (2) a suboptimal scenario with a pulse cen-
tered at 1.7 GHz (-10 dB bandwidth: 0.68-2.66 GHz)
and an MM with ¢, =1, Ae=2, 0,=0.01 S/m, and
=13 ps; (3) a second suboptimal scenario with a
pulse centered at 8.5 GHz (10 dB bandwidth: 7.44-9.56
GHz) and an MM with ¢, = 17, Ae =2, 0, =0.005 S/m,
and =13 ps.

Figure 5 presents the reconstructed images for the
three scenarios. The upper right and bottom left images
illustrate the effect of the MM on image quality, with
superior results obtained using the optimal MM. Similarly,
a comparison between the upper right and bottom right
images highlights the improvement in image quality when
the operating frequency lies within the identified optimal
frequency band. While multiple factors influence image
reconstruction in realistic scenarios, these results support
the validity of the TL predictions, particularly regard-
ing the selection of frequency and the relative permittivity
of the MM.
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Figure 5. Axial view of the anthropomorphic axilla model (top left)

and reconstructed images using the Delay-and-Sum algorithm from
full-wave simulation data under three scenarios (top right, bottom
left, bottom right). The good matching medium (MM) is defined by
e =17, Ae=2, and 0,=0.005 S/m; the bad by ¢, =1, Ac=2,
0,=0.01 S/m, and with =13 ps.

4. Conclusions and Future Work

This study aimed to identify the optimal frequency
band for MWI of the axillary region and determine the
most suitable MM. This was achieved by employing 1D
models of the axilla within a TL framework—an approach
that provides useful information on wave propagation
characteristics despite not being an imaging solution.
Body models representing extreme scenarios, such as
shallow and deep ALNs and the inclusion of muscle
tissue, were considered. The results suggest that the
optimal frequency band for imaging the axillary region
lies between 0.5 GHz and 2.3 GHz, with an MM relative
permittivity range of 15 to 19. This frequency band ensures
high transmission coefficients across all analyzed models,
maximizing power delivery to the target. The above values
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derived from the proposed simplified 1D approach were
applied in full-wave simulations incorporating a realistic
anthropomorphic model of the axilla. The findings showed
improved image quality.

Future work will focus on validating the identified
frequency band and range of relative permittivity values
using more anthropomorphic models of the axillary region,
including metastatic axillary models [13].
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