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ABSTRACT: Early detection is critical for effective skin cancer treatment. Micro-/millimeter-wave spectroscopy has emerged as a promis-
ing noninvasive and cost-effective detection technique. Tissue models are essential in early numerical studies, which typically represent
the first step in detector’s feasibility assessment. This paper focuses on quantifying implications of numerical model complexity on com-
putational studies of skin spectroscopy. In our comparative numerical studies, we constructed one finger model that follows anatomical
structures, as well as its three simplified versions, subjected to simulated measurements with a slim dielectric probe in the 0.5–50GHz
range. Using the finite-element method (FEM) for simulation, we analyzedmesh count to estimate computational cost and return loss vari-
ation to assess model reliability. As a result, we reach recommendations for models that optimize computational resources and can yield
meaningful information from the standpoint of skin cancer screening. Simplified models are adequate for lower microwave frequencies
(< 10GHz), but at higher frequencies, models with at least three tissue layers (skin, fat, and ligament) are necessary. Modeling smaller
tumors requires greater tissue complexity than larger tumors to achieve comparable reliability. Additionally, squamous cell carcinoma
(SCC) scenarios demand higher model complexity than basal cell carcinoma (BCC) and melanoma to achieve similar reliability.

1. INTRODUCTION

As the largest organ in the human body, skin provides cru-
cial protection against microorganisms, dehydration, ultra-

violet light, and mechanical damage [1]. Skin cancer has his-
torically been the most common type of cancer, posing a sig-
nificant threat to public health. In North America alone, over
9,500 people are diagnosed with skin cancer daily. In Canada,
skin cancers account for approximately one-third of all new
cancer cases, with incidence rates on the rise [2]. Skin can-
cer is broadly classified into two main types: non-melanoma
and melanoma. Non-melanoma skin cancer originates in ei-
ther basal cells or squamous cells of the skin. Basal cell carci-
noma (BCC) accounts for over 75% of cases, while squamous
cell carcinoma (SCC) makes up 20%. Melanoma, arising in
melanocytes — the pigment-producing cells, is less common
but more dangerous due to its potential for rapid metastasis.
Early detection is critical for successful skin cancer treat-

ment [3, 4]. For instance, the five-year survival rate for
melanoma exceeds 98% at stages 0, I, and II, but drops to
63.6% at stage III. In advanced stage IV melanoma, survival
rates plummet to as low as 22.5% [5]. Since the timing
of skin cancer appearance and growth is unpredictable,
frequent screening is the most reliable method for early
diagnosis. Unfortunately, current diagnostic methods fall
short in achieving this goal. Typically, dermatologists rely on
visual examination [6] and possibly biopsy [7]. Biopsy, an
invasive procedure involving tissue removal and subsequent
histopathological evaluation under a microscope [8], poses
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discomfort and anxiety for patients. Given the considerable
error rate associated with visual assessment, biopsy is often
deemed essential for definitive diagnosis, even in cases where
the tissue sample proves to be healthy. This reliance on biopsy
highlights the pressing need for a noninvasive tool that can aid
dermatologists in characterizing skin lesions with increased
confidence.
Recent advancements in micro-/mm-wave technology have

demonstrated promise as a noninvasive method for detecting
skin cancer. This technology leverages the dielectric con-
trast between tumor and healthy tissues under microwave scan-
ning [9, 10]. While refining designs and incorporating ad-
vanced materials with unique dielectric properties are effec-
tive strategies for enhancing detector performance [11–13], an
equally important factor is the choice of tissue models used
for test and calibration during the development process. This
is particularly critical in the early stages, such as simulations
and controlled laboratory experiments [14–16]. Nevertheless,
existing models often oversimplify geometry and components
on a large scale, failing to accurately represent near-skin struc-
tures. This simplification can undermine model reliability, es-
pecially in regions with complex near-surface anatomy, such
as fingers, ears, and toes. However, there is a price to pay
for accurate, detailed modeling of human anatomy. Complex
models that faithfully replicate the detailed anatomy are usually
resource-intensive, requiring substantial computational power
for numerical simulations and, in the subsequent stage, compli-
cated and costly fabrication process for controlled, phantom-
based experiments.
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FIGURE 1. (a) Finger anatomy. (b) Cross section of finger model M4, with indicated dimensions. (c) M1, M2, M3 and M4 models, showing the
tissues included in each as the model geometry progresses from the single- to the four-tissue complex model.

Building on our initial findings in [17], this work focuses on
managing the complexity of tissue models to balance accuracy
and efficiency. Specifically, the finger anatomy was selected as
the sample subject for several reasons. Firstly, it is particularly
vulnerable to cancer formation due to prolonged sunlight ex-
posure and everyday hygiene chemicals [18, 19]. Although the
finger comprises only up to 2% of the body’s total surface area,
it accounts for 10–15% of all reported skin cancer cases [20].
Additionally, the human finger exhibits a complex anatomical
structure and composition, rendering it an ideal subject for re-
search involving tissue models at varying levels of complexity.
A finger model was designed in HFSS (High-Frequency

Structure Simulator, Ansys) based on the anatomical struc-
ture of the mid-phalanx. The model includes four tissue lay-
ers: skin, fat, ligament, and bone. Malignant versions of the
finger model incorporate three types of skin cancers: basal
cell carcinoma (BCC), squamous cell carcinoma (SCC), and
melanoma. Additionally, three simplified models were con-
structed for comparison. The models were evaluated using
a slim probe scanning across frequencies from 0.5GHz to
50GHz. We quantitatively evaluated model economy through
mesh count and assessed model reliability through return loss
(S11) differential relative to the reference. Recommendations
for model selection are then provided, depending on several
factors: frequency, skin cancer type, and tumor size.
The paper is organized as follows. Section 2 outlines the

method for building finger models, the approach for assessing
model reliability and economy, and the settings in the HFSS
simulation experiments. Section 3 presents comparisons of the
four finger models in different scenarios, illustrating how se-

lected factors influence model reliability, and provides exam-
ples of optimal model complexity selection. Finally, Section 4
summarizes the paper’s content and suggests directions for fu-
ture work.

2. METHOD

2.1. Construction of the Finger Models
Figure 1(a) depicts the anatomical structure of mid-phalanx,
featuring the innermost layer composed of bone, surrounded by
ligaments, with skin as the outermost layer and the remaining
volume filled with fat tissue. Detailed information on the fin-
ger components is derived from the magnetic resonance imag-
ing (MRI) scanning results provided by [21], including geom-
etry, relative size, and positioning. Using these data, an accu-
rate numerical finger model was constructed, with the cross-
sectional structures depicted in Fig. 1(b). We named this model
M4 since it consists of four tissue layers. The dimensions of
M4, typical in size, measure 30mm in length, 19mm in width,
and 17.68mm in height.
To identify the optimal model complexity for achieving both

high reliability and economy in detector development, three

TABLE 1. Composition of the finger models.

Model No. Skin Fat Ligament Bone
M1

√
× × ×

M2
√ √

× ×
M3

√ √ √
×

M4
√ √ √ √
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FIGURE 2. The dielectric properties of the healthy and malignant tissues. (a) Relative permittivity. (b) Conductivity.

simplified models were designed by removing tissue layer(s)
from M4, as illustrated in Fig. 1(c) and Table 1. The models
are named according to the number of tissue layers present: M1
contains only the skin layer; M2 adds a layer of fat tissue; and
M3 includes skin, fat, and ligament layers.

2.2. Simulation Settings

Ansys HFSS (version 2023 R2) was chosen to perform the nu-
merical simulations in this study. The HFSS is a commercial fi-
nite elementmethod solver developed byAnsys Inc. for electro-
magnetic (EM) structures. A dielectric slim probe is employed
to scan the tissue models by transmitting micro-/mm-wave and
receiving the scattered waves. The probe was purchased from
Keysight Technologies, Inc., model N1501A. Ref. [22] has
demonstrated that the probe can detect small skin cancer tu-
mors in phantom-based experiments. In all scans conducted
within this study, the probe was positioned perpendicularly to
the tissue models’ surface, with the probe tip, characterized by
a round cross-section measuring 2.2mm in diameter, directly
contacting the tissue under investigation. Formalignant tissues,
the probe tip was positioned at the center of the tumor’s surface.
To mimic the probe measurement environment, the simulations
are performed for the frequency range 0.5GHz–50GHz, with
a step of 0.5GHz.
In the case of tissue models in a malignant state, three pri-

mary types of skin cancers were explored: BCC, SCC, and
melanoma. These tumors were placed at the top center of the
finger models and were modeled with cylindrical geometries.
In Section 3.2.1, tumors were modeled to be 2mm in diame-
ter (d) and 0.5mm in thickness (t). Section 3.2.3 explores two
lager tumor sizes (d = 4mm, t = 1mm; d = 6mm, t =
1.5mm), along with the small one (d = 2mm, t = 0.5mm),
where tumor size, together with tumor type and frequency, is
analyzed as factors that determine model complexity selection
and identify essential tissue layers. The tumor dimensions in
Section 3.2.3 are selected to reflect the tendency of the tumors
to progress in both horizontal and vertical directions [23, 24].
We obtained the frequency-dependent dielectric properties of

BCC, SCC, and melanoma tumors from [25, 26] and the data of
other tissues from “Nello Carrara” Institute of Applied Physics
(IFAC), Italy [27]. All the data is illustrated in Fig. 2, where

malignant tissues distinguish from healthy tissues in both per-
mittivity and conductivity. Furthermore, it is expected that tu-
mor type will serve as an influential factor, given the significant
property differences among BCC, SCC, and melanoma tumors.

2.3. Model Analysis Method

HFSS analyzes electromagnetic (EM) structures by the finite el-
ement method (FEM), a well-established numerical technique
where the EM structures, i.e., the models, are divided into a
number of subsections (finite elements) or meshes [28]. Char-
acterized by the number of meshes, the model economy deter-
mines the computational cost of an HFSS computation when
other factors, such as the FEM algorithm, frequency, and mesh-
ing strategy, remain constant [29–32]. Given the four finger
models constructed in this study, it is reasonable to hypothesize
that M1 has the highest model economy, as additional layers
introduce more elements to help resolve the smaller modeled
anatomical structures.

S-parameters are commonly employed as micro-/mm-wave
scanning results, as they indicate the relationship between input
and output ports [33]. Return loss (S11) was used to describe
tissue models response to probe scanning. By closely adhering
to the finger’s anatomy, M4 and its S11 results were established
as the reference for evaluating model reliability. By compar-
ing S11 differentials fromM4 across the 0.5–50GHz frequency
range, the reliability of the simplified models can be quantified.
By jointly analyzing the economy and reliability, while con-

sidering the tolerance to design error and available computa-
tional resources, it is feasible to identify the optimal model
complexity and determine the essential layers that need to be
included for meaningful results. Consider an example where
developers aim for minimal design error while saving comput-
ing resources is secondary. Here, if S11 differentials from M4
are negligible across all the simplified models, we can conclude
that the skin layer alone suffices. M1 becomes the preferred
choice for detector development due to its minimal computing
cost. If S11 remains consistent across M2, M3, and M4, indi-
cating that both skin and fat layers are essential, M2 should be
selected. When M3 emerges as the only simplified model that
aligns closely with M4 in terms of S11 results, a model com-
prising skin, fat, and ligament layers is ideal for balancing econ-
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omy and reliability. However, if significant S11 differences are
noted between results of M4 and the simplified models, M4 is
identified as the optimal model choice, despite higher computa-
tional cost associated with the inclusion of all four tissue layers.

3. RESULTS

3.1. Model Economy: Comparison
In this study, the comparison among finger models regarding
model economy is illustrated by the number of meshing ele-
ments, as other settings, particularly those related to mesh gen-
eration, remain consistent across all models. Fig. 3 demon-
strates significant advantages of the simplified models over the
complex ones in model economy, with all finger models in a
healthy state. Specifically, the M4 model, consisting of 65,018
mesh elements, requires approximately 260 minutes to com-
plete one simulation scan 0.5GHz–50GHz. In contrast, the
M1 model, with only 14,280 elements, was completed in just
65minutes using the same computer under the same conditions.
M2 and M3, with 30824 and 55171 meshes receptively, require
around 140 and 195 minutes per each scan. All computation
times are based on simulations performed using an Intel Core
i7-12700K processor. These substantial differences in model
economy among the finger models underscore the need for min-
imizingmodel complexity in skin cancer detector development,
provided that the resulting trade-off in simulation accuracy is
acceptable.
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4

M1

M2

M3

M4

skin
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tendon

bone

FIGURE 3. M1–M4 model comparison on mesh count.

It is also worth noting that the number of mesh elements
for identical layers remains consistent across different models.
For instance, the skin layer consistently contains approximately
16,000 mesh elements in all models from M1 to M4. This con-
sistency is a natural outcome of employing the same mesh gen-
eration method, which produces nearly identical mesh patterns
in terms of volume and geometry within the same layer geome-
try. The mesh count also provides insight into the significance
of each tissue layer in model economy. For instance, the econ-
omy gap between M4 and M3 is notably smaller than that be-

tween M2 and M1 because the bone layer contributes to the
total mesh count with fewer elements than the fat layer.

3.2. Model Reliability: Comparison

3.2.1. The M4 Reference

The return loss at the probe (S11) is used to measure response
of numerical models to the probe. When comparing the same
model in healthy and malignant states, their responses differ
in S11 due to variations in dielectric properties. As a result,
we hypothesize that S11 contrast (∆S11) can serve as a reliable
indicator of the presence of a tumor.

∆S11 = S11(malignant)− S11(healthy) (1)

One of the key aspects of this study is the analysis of scan-
ning results for theM4model, which serves as a reference when
the reliability of the simplified models is evaluated. Fig. 4(a)
shows the S11 results on M4 in both healthy and malignant skin
tissues. For the malignant one, an early stage of skin cancer is
considered, involving a small tumor with a 2-mm diameter and
0.5-mm thickness. Three major skin cancer types, BCC, SCC,
and melanoma, are examined. In all four scenarios, S11 de-
creases with increasing frequency. Additionally, clear S11 con-
trasts are observed across the 0.5–50GHz spectrum between
the healthy and malignant models, as well as between the cases
with different tumor types. The healthy model shows the over-
all lower S11 because tumors, with higher water content than
the healthy tissue, possess higher electrical permittivity. The
variations in structure and water content among different tumor
types lead to distinct responses. Fig. 4(b) presents the ∆S11

results, which further clarify the sharp contrasts between the
healthy and malignant cases. The SCC case exhibits the highest
contrast across the 0.5–50GHZ band, with amaximum∆S11 of
3.3 dB at 22.5GHz. In the cases of BCC and melanoma, higher
contrasts are observed in the highermm-wave frequency band
(> 30GHz). Their maxima are 2.26 dB and 1.68 dB, respec-
tively, both at 50GHz.
The scanning results on the M4 reference model offering a

basis for model comparison. The observed variances on return
loss suggest that several factors should be taken into account
when evaluating the reliability of a finger model, including fre-
quency, tumor size, and tumor type.

3.2.2. Healthy State

As introduced in Section 2.3, the reliability of the model can
be assessed by comparing the differences between a simplified
model and the M4 reference in terms of S11 results. While a
direct comparison, as illustrated in Fig. 5(a), is a straightfor-
ward approach, it is insufficient for extracting the precise val-
ues of S11 differences. Additionally, such a direct comparison
does not provide insights into the tendencies of model reliabil-
ity across different frequencies.
To address this issue, we propose to observe the S11 of each

of simplified models MX (X = 1, 2, 3) and its deviation from
the corresponding value of theM4 referencemodel for each fre-
quency point. Under the hypothesis that model M4 is the most
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FIGURE 4. (a) The S11 simulation results ofM4 reference in healthy andmalignant condition. (b) TheS11 contrasts (∆S11) of results ofM4 reference
in healthy and malignant condition, obtained by subtracting the healthy response from the one obtained with SCC/BCC/melanoma lesion present.
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FIGURE 5. (a) Comparison of the four finger models onS11 Results. (b) Comparison ofM1–M3’smodel reliability measured by theirS11 differentials
from the M4 reference. All models represent tissue in its healthy state.

anatomically complex and hence can be treated as our refer-
ence model, we define this deviation as the error with respect
to model M4:

S11(MXerr) = S11(MX)− S11(M4) (2)

where MX denotes a simplified model, and M4 serves as the
reference.
Figure 5(b) illustrates the reliability of the simplified mod-

els through their S11 differential results, in the tumour-free
case. M3 shows nearly perfect agreement with M4, with its
S11(M3err) value remaining below 0.01 dB across 0.5GHz–
50GHz. M2’s reliability is overall acceptable, as its corre-
sponding error value S11(M2err) differential does not exceed
0.1 dB, but we note that it is frequency-dependent. M1’s relia-
bility is acceptable in the 0.5GHz–25GHz range but declines
drastically at higher frequencies. We note that S11(M1err) is
over ten-fold as that of M2 or M3 in the range of 45–50GHz.
The higher S11 contrasts at higher frequencies can result from
stronger interference effects caused by shorter wavelengths and
more pronounced overall dielectric differences among tissue
layers.
Consequently, for the healthy models, it can be confirmed,

somewhat intuitively, that in the lower frequency range, M1
is generally a suitable choice due to its balance of reliability

and computational economy. Therefore, skin appears to be the
only essential layer for numerical model construction. How-
ever, when high standards and ample resources are allocated
to detector design, particularly when the detector’s operating
frequencies exceed 20GHz, M3 becomes the preferred model
option. In this scenario, the essential layers extend beyond skin
to include both fat and ligament.

3.2.3. Malignant State

When coaxial probes are utilized with the aim to characterize
visibly abnormal lesions or tumours, most of the power trans-
mitted by the probe is concentrated around the probe tip, ow-
ing to the frequency-dependent losses and the short penetration
depth of electromagnetic waves in skin tissue [34]. This pen-
etration depth ranges from 0.5mm to 50mm across the 0.5–
50GHz frequency range [27], when taking into account the al-
lowed power level limits set by safety policy considerations.
Consequently, the area effectively detected by the probe is lim-
ited, typically spanning only several millimeters beyond the
probe’s cross-sectional area.
Therefore, tumor size is a crucial factor in the reliability com-

parison of malignant finger models. For the purpose of this
study, three levels of cylindrical tumor sizes were considered:
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FIGURE 6. M1–M3’s model reliability measured by their S11 differentials from the M4 reference. All models are malignant BCC with differently
sized tumours. (a) Small, (b) medium and (c) large BCC tumor.
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FIGURE 7. M1–M3’smodel reliabilitymeasured by theirS11 differentials from theM4 reference. All models aremalignantmelanomawith differently
sized tumors. (a) Small, (b) medium and (c) large melanoma tumor.

small (diameter: 2mm, thickness: 0.5mm), medium (diame-
ter: 4mm, thickness: 1mm), and large (diameter: 6mm, thick-
ness 1.5mm). We note, importantly, that the probe tip diame-
ter measures 2.2mm. The rationale behind the increasing tu-
mor thicknesses is that tumors typically grow in both radial
and thickness dimensions as the skin cancer advances. Given
the variation of the frequency-dependent dielectric properties
among BCC/SCC/melanoma tumors, tumor type and frequency

become additional factors that should be considered, along with
tumor size, in malignant finger model comparison.
Figure 6 reveals the S11(MXerr) values when all the mod-

els now have added malignant lesion, a BCC tumor, of varying
size. It is shown that the S11(MXerr) universally decreases with
tumor size. These results suggest that, with smaller tumors, fin-
ger model complexity plays an important role at higher frequen-
cies. Conversely, a larger tumor that occupies, and exceeds, the
entire probe sensing region can overshadow the differences in
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FIGURE 8. M1–M3’s model reliability measured by their S11 differentials from the M4 reference. All models are malignant SCC with differently
sized tumors. (a) Small, (b) medium and (c) large SCC tumor.

tissue components through high loss. As for frequency depen-
dence, we note that the S11(MXerr) shows different variation,
and depends on the the tumor size relative to the probe and the
tissue discontinuities around it. These results suggest that, for
lower frequencies, regardless of the BCC tumor size, M1 and
M2 are sufficient in complexity, while for frequencies above
10GHz, the complexity of M3 is necessary for reliable results
that approach those of the most complex model, M4.
We proceed with the same analysis of results for melanoma

and SCC tumours. As depicted in Figs. 7 and 8, tumor size
and frequency influence S11(MXerr), our measure for model
reliability, in a manner similar to the BCC cases. Similar con-
clusions can be drawn as well. First, the S11(MXerr) values
decrease with increasing tumor size and almost vanish in the
large-tumor cases, where the entire probe detection area is oc-
cupied by the malignant tissue exclusively. Second, the re-
liability of M1 and M2 models with included small tumors
is acceptable up to 10GHz. Third, when dealing with larger
SCC/melanoma tumors, M1 appears to be the optimal choice in
terms of both economy and reliability. In cases with the small
tumors, increasing model complexity (M2 or M3) is necessary.
Finally, tumor type demonstrates its critical role in model reli-
ability evaluation: the dielectric properties of SCC, BCC, and
melanoma are sufficiently different to necessitate specification
of tumour type within the models.
It is also worth noting that S11(M3err) never exceeds 0.03 dB

at all tumor types, sizes, and frequencies, indicating that M3 is
always a robust and reliable choice when aiming to universally
precise tumor detectors. Accordingly, skin, fat, and tissue are
the essential tissues to be included in numeral models of the
human finger anatomy.

4. CONCLUSION AND DISCUSSION

In this study, we have introduced a quantitative method to eval-
uate the economy and reliability of tissue models used in skin
cancer detector development. By analyzing mesh count for
computational economy and scan differentials from a reference,
most complex, model for reliability, we aimed to identify the
optimal complexity for tissue models.
We demonstrated our approach using a finger model as an

example. This included a detailed reference model based on
anatomical structures and three simplified versions, all tested
with a slim probe across a frequency range of 0.5GHz to
50GHz. Our findings revealed that the economy of the models,
measured by mesh count, significantly decreases as the model
complexity increases. Regarding reliability, three key factors
were found to be important: frequency, tumor type, and tu-
mor size. Simplified models are generally acceptable in the
lower microwave band (< 10GHz), while models involving at
least skin, fat and ligament are required for higher-frequencies.
Smaller tumor modeling required higher tissue complexity than
that of larger tumors, for comparably reliable results. Com-
pared with BCC and melanoma, higher model complexity is re-
quired in the SCC scenarios to achieve the same level of model
reliability.
Future work will focus on developing tissue models for a

broader range of body sites and examining the impact of model
complexity on various types of skin cancer detectors, including
low-profile options based on antennas. Additionally, the theo-
ries and conclusions drawn from this research will be validated
through phantom-based experiments.
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