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A Tuned Microwave Resonant Sensor for Skin
Cancerous Tumor Diagnosis
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Abstract—In this work, a planar microwave sensor based on a
flexible polyimide substrate has been developed to distinguish if
a skin lesion is malignant or benign. The sensor is a tuned loop
resonator operating in the industrial, scientific, and medical (ISM)
band at 2.465 GHz, providing a localized high-intensity electric
field that penetrates into tissues with sufficient spatial and spectral
resolutions. The loop resonator with a radius of 5.4 mm was tuned
by a concentric metal pad to the desired resonant frequency with a
sufficiently high quality factor of 98.7 and a reflection coefficient of
—63.98 dB. The sensor is based on the detection of electromagnetic
resonance change and sequential frequency shift that is susceptible
to the dielectric property difference between cancerous and benign
tissues. Basal Cell Carcinoma (BCC) and Seborrheic Keratosis
(SK), the most commonly found malignant and benign skin lesions
with close visual similarities, were selected to demonstrate the
sensing concept. Tissue-mimicking materials were fabricated to
have similar dielectric properties to those of healthy skin, SK, and
BCC tissues in the literature. Simulations and measurements were
conducted. Significant frequency shifts of 759 MHz and 415 MHz
were observed between BCC and SK phantoms in simulations and
measurements, respectively, when the size of the tumor phantom
was a cuboid of 12 mm X 12 mm X 4 mm underneath and among
healthy skin. Simulations were conducted for different cuboid side
lengths from 2 to 16 mm while the thickness remained at 4 mm.
Malignant lesions could be distinguished with a cuboid side length
as small as 2 mm. Corresponding measurements for cuboid side
lengths of 6, 8, 10, and 12 mm were conducted and matched
the trend well with the simulation results. The promising results
in simulations and measurements validate the sensing principle,
showing great potential for skin cancer detection in a noninvasive,
efficient, and lower-cost way.

Index Terms—Basal cell carcinoma (BCC), loop resonator,
nondestructive evaluation (NDE), skin cancer, tuned.

1. INTRODUCTION

KIN cancer screening is urgently needed in regular clinical
S diagnosis due to its high occurrence and large populations
of patients [1]. The Skin Cancer Foundation estimates that over
187,000 new cases of skin cancers will be diagnosed in the US
in 2023 [2]. Skin cancers are roughly categorized into three cell
types: basal cells, squamous cells, and melanoma cells [3]. The
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first two types can be grouped into non-melanoma skin can-
cers, and most skin cancer occurrences are the non-melanoma
type [4]. The lesion area usually can be seen by the naked eye
as its color and shape change over time, but it is required to be
further investigated if the lesion part is cancerous or benign.
For example, even experienced caregivers often confuse the
Seborrheic Keratosis (non-cancerous) as a Basal Cell Carcinoma
lesion, which may lead to unnecessary biopsies due to suspicion
of malignancy [5]. Dermoscopy based on visual analysis is
typically the primary skin cancer diagnosis [4], [6]. However,
its resolution is limited [3], [7], [8], [9] and accuracy has been
highly variable since it mainly depends on the examiner’s skill
and experience [9], [10], which may increase false positives or
unnecessary biopsies. The unnecessary intervention can exag-
gerate further dermal complications such as scarring, bruising,
and infection, especially on the faces, and increase patients’
stress and financial burdens [11]. The biopsy procedure is an
invasive process that can cause pain, anxiety, and disfigurement
in patients. The histopathological procedures can take several
days to produce results. Typically, around 15—30 benign lesions
must be biopsied to diagnose a single case of cancer [12]. Ad-
ditionally, due to tissue processing and sectioning, a maximum
of only 2% samples sent for pathology examination are actually
analyzed [13]. Such high costs and inconvenience add behavioral
delay [14] for regular check-ups in the potential cancer patient
populations, which reduces early or pre-stage cancer identifi-
cation. The possibility of metastasis and cancer cell migration
increases significantly once the skin tissue becomes malignant.
Metastasis reduces the survival rate of patients dramatically and
can be avoided with a timely diagnosis and treatment [15], [16].
Thus, a more convenient, accurate, and noninvasive method with
lower costs suitable for large-population skin cancer screening
is needed.

Noninvasive methods, such as bioimpedance measurements,
thermography, and ultrasound, suffer from low accuracy and
higher costs [17], [18], [19], [20], [21], [22], [23], [24]. Nonion-
izing electromagnetic waves may provide a noninvasive eval-
uation of biological tissues due to the inherently high contrast
of dielectric properties among cancerous, benign, and healthy
tissues [25], [26], [27], [28], [29], [30]. It has been shown that
cancer tumors have distinct water content [26], [31] and bio-
chemistry [32], such as metal concentrations [33], consequently
causing significant changes in dielectric properties. With optics,
Raman spectroscopy has been used [29] to investigate water
content and structural alterations in skin malignancy, specifically
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Basal Cell Carcinoma (BCC). The study revealed an increase of
approximately 15% in the free (bulk) water content in malignant
BCC tissues compared to normal skin tissues. Millimeter waves
(30—300 GHz) have been recently utilized for assessing skin
lesions and detecting tumors [34], [35], [36], [37]. Shorter
wavelengths provide a higher spatial resolution, however, at
the cost of a reduced penetration depth ranging from 600 pm
to 1.2 mm [38]. Imaging deeper tissues may become an issue
with limited radiation powers. Nevertheless, they have been
demonstrated as effective in sensing pathological changes in
surface layers or outer tissue layers of excised organs. Working
with millimeter waves currently may still require expensive and
bulky instruments.

II. SENSOR DESIGN AND SIMULATIONS

Microwaves with deeper penetration depths can potentially be
used for cancer screening. The interactions of electromagnetic
waves with different tissues affect wave scattering. Tissue types
can be distinguished by evaluating resonant frequency shifts and
magnitude changes in reflection coefficients. Microwave reflec-
tometry system has been used for detecting skin abnormalities.
An open-end coaxial probe was used to explore the detection
of benign lesions compared to adjacent and distanced normal
skins [36]. This technique is similar to the dielectric property
probe (N1501 A, Keysight) and compared the magnitudes and
phases of reflection coefficients at 0.3—3 GHz. A coplanar wave-
guide probe performed raster scans to obtain near-field images
of fat masses with a fixed standoff distance of 4/10 at 14.36
GHz [39]. Fat masses with a size larger than 5 mm can be imaged
with more than 20 dB contrast in reflections at a single frequency
of 14.36 GHz. The probe could produce high-resolution images
and was used to detect malignant tumors from healthy skins and
benign lesions with 15 and 8 dB contrasts [40], respectively. De-
signed for skin measurements, a truncated open-ended coaxial
probe was used to sense moles and benign and malignant tumors
in multiple subjects with a reflectometry-based system [41].
The magnitudes of reflection coefficients of suspected tumors
and healthy skins were compared at 0.25-3 GHz. The complex
permittivities of skin, mole, and benign and malignant tumors
could be extracted from the magnitude differences across the
frequency of interest. The extracted dielectric data show dis-
tinguishable profiles and values between four different types of
tissues. The results helped us to design our resonator. These
promising techniques require the rigid probe to be placed on
the skin either at a precisely fixed distance or with consistent
pressure, which can be difficult as human skins are elastic. Thus,
we focus our effort on a conformable solution.

Compared to sophisticated instruments, microwave res-
onators usually have a compact size. Circuits, antennas, or res-
onators fabricated on monolithic, flexible substrates can be po-
tentially made into a wearable conforming to the skin. However,
most planar resonators fail to provide sufficiently high-intensity
fields and spatial resolutions into the tissues due to their poor res-
onance at microwaves, suffering from low sensitivity. Additional
dynamic matching circuits may achieve a high-quality factor,
but they are bulky with design constraints, increase insertion

losses and limit resonance frequency ranges. It is challenging to
tune the impedance and achieve a high-quality factor in such a
conformal microwave resonator without losing the advantages
of being small and planar. Our preliminary work [42] has de-
veloped a simple self-tuned method for impedance-matching of
planar-loop resonators by embedding a center metal pad. The
presence of the metal pad provides distributed capacitance [43]
and mutual inductance [44], variable with the gap spacing
between the loop and pad, matching the port impedance at
the desired operating frequency. Without changing the overall
loop size or adding additional tuning circuits outside of the
loop, the resonance of the planar loop is improved significantly.
Furthermore, the tuned loop can be made of thin-film metal on a
polymeric substrate while maintaining a compact size with high
resonance performance, providing great potential for near-field
sensing on curved surfaces. Applications based on the tuned loop
structures have been investigated for wireless power transfer,
subcutaneous implant localization [45], [46], human hydration
monitoring [47], [48], and breast cancer imaging [49]. This work
aims to utilize a similar device architecture as a noninvasive
sensor to screen skin lesion types.

Lesion areas could often be ambiguous due to the visual
similarity between malignant and benign tissues [5], [50], [51].
Basal Cell Carcinoma (BCC) is the most common malignant
tumor cells of the skin, while Seborrheic Keratosis (SK) is one
of the most common benign skin tumors [52]. They have close
visual similarities as representative pigmented skin tumors [53],
[54], which make it difficult to distinguish clinically by eyes.
However, they have high contrast in dielectric properties. Thus,
BCC and SK cell properties are selected to demonstrate the
feasibility of determining whether the lesion area is malignant
or benign by our sensor. According to the literature, cancerous
BCC has significantly higher dielectric properties than those of
healthy skin or benign lesions [28]. Fig. 1 shows the dielectric
properties of BCC, SK, and healthy skin obtained from the
fourth-order Cole-Cole model by in-vivo measurements [4].
Our initial resonator design and simulations are based on the
dielectric properties data in Fig. 1.

Considering the curvatures of the body parts, the tuned loop
is designed on a flexible polyimide film (DuPont" Pyralux
FR9220R) that can have firm contact with the skin. The thick-
ness of the film is 76 pm with a dielectric constant of 3.2,
and the copper thickness is 70 pm. The substrate parameters
in simulations are the same as the ones in fabrication. Fig. 2
shows the configuration of the tuned loop with a photo of the
sensor. The sensor is designed to operate in an ISM (Industrial,
Scientific, and Medical) band at 2.465 GHz with considerations
for a compact size and sufficient field depths. The loop radius
is b = 5.4 mm with a connecting stub length L = 1.5 mm.
The metal width w is 0.8 mm. The gap between the loop and
the center pad is d = 1.13 mm, which tunes and optimizes the
resonance up to —63.98 dB with a quality factor of 98.7 when
it is placed on the skin. Fig. 3 shows the simulation setup. The
simulation phantom consists of healthy skin and lesion tissue
parts. The lesion tissue is set as a 12 mm X 12 mm X 4 mm
cuboid surrounded by healthy skin. The sensor is directly above
the lesion on the skin. The robust resonance provides confined
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Fig. 1. Comparison of documented dielectric properties of healthy skin, Basal
Cell Carcinoma (BCC), and Seborrheic Keratosis (SK) tissues. (a) Dielectric
constant and (b) conductivity.

() (b)

Fig. 2. (a) Configuration of the tuned sensor with radius b = 5.4 mm, loop
width w = 0.8 mm, stub length L = 1.5 mm, and tuning gap d = 1.13 mm.
(b) Photograph of the tuned sensor on a flexible polyimide substrate in its flat
condition.

electric field distributions into the skin tissues, as shown in Fig. 4.
Fig. 4(a) shows strong fields across the gap and around the loop.
The —10-dB and —20-dB attenuation depths from the surface
of the loop, in Fig. 4(b), are 10 mm and 18 mm, respectively,
providing confined fields deep enough to penetrate through the
epidermis layer and detect abnormality up to the dermis and
hypodermis layers. As a result, the resonator provides a higher
sensitivity to detect effective permittivities contributed by skin
tissues while limiting its probing to a spatially confined area.
Finite-element simulations were conducted with the config-
uration in Fig. 3 and phantoms, including Seborrheic Keratosis
(SK), Basal Cell Carcinoma (BCC), and healthy skin tissues.
Fig. 5 shows the simulation results of reflection coefficients.
The resonance is optimized for the healthy skin condition at

Healthy
skin

Phantom<—- —

Sensor (not drawn to scale)

Fig. 3. Schematic simulation setup for the sensor designed to differentiate
benign and cancerous phantoms embedded in the healthy skin.
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Fig.4. Cross sections of electric field distributions of the tuned loop resonator:
(a) Top view, and (b) side view.
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Fig. 5. Comparison of reflection coefficients for healthy skin, Basal Cell
Carcinoma (BCC), and Seborrheic Keratosis (SK) tissues at frequencies band
1-3 GHz.

2.465 GHz with |s11]| of —63.98 dB. BCC has a resonant
frequency of 2.08 GHz with |sq1| of —17.68 dB, whereas SK
has a resonant frequency at 2.5 GHz with |s;1| of —26.62 dB.
The frequency shift between SK (benign) and BCC (cancerous)
is 0.42 GHz. The frequency shift is 0.39 GHz from the healthy
skin to BCC. The frequency shifts are distinguishable.

To further test the performance, more simulations were con-
ducted for different tumors with side lengths of the cuboid
phantoms from 2 to 16 mm. The phantom thickness was kept at
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2 mm challenge to perform in-vivo measurements directly on patients

" 4mm at this feasibility study period due to the limited availability of

e patients with controlled tumor types. Therefore, we decided to

}4 - create artificial tumor phantoms with dielectric properties doc-

umented in the literature. Amir et al. [S5] developed semisolid

Sensor> | ! 70 mm | | phantoms to simulate human skin and skin tumors by altering

11?1 o > the mixtures of conductive filler and polymer matrix. Likewise,

16.mm Garrett et al. [56] presented dielectric tunable tissue-mimicking

(b) materials (TMMs) composed of urethane rubber, graphite pow-

Fig. 6. Comparison of tumor sizes and sensor dimensions. (a) Top view and
(b) side view. The tumor’s square side lengths range from 4 to 16 mm with a
constant thickness of 4 mm.
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Fig. 7. Resonant frequencies in simulations for healthy skin, and tumors of
Basal Cell Carcinoma (BCC) and Seborrheic Keratosis (SK) embedded in the
healthy skin. The tumors have a thickness of 4 mm and square side lengths
from 2—16 mm, illustrated in Fig. 6. Complete phantoms made of BCC and SK
materials have side lengths of infinite.

4 mm. The size comparison between the tumor and sensor is il-
lustrated in Fig. 6, where the red lines indicate tumor boundaries.
Reflection coefficients are collected for each configuration, and
resonant frequencies are compared in Fig. 7. When the cuboid
tumor side length exceeds 6 mm, a noticeable difference in
resonant frequency shifts is observed between BCC and SK.
When the tumors are equal to or smaller than 6 mm on the side,
they are located in the areas where the electric fields are weak,
based on Fig. 4. As a result, the resonant frequency shifts are
limited in these cases. However, by utilizing oversampling in
spatial scans to place the lesion area under the strong fields,
small tumors with a side length of as small as 2 mm can be
detected. Further details regarding the use of oversampling to
improve the detection of smaller tumors will be discussed later.

III. MEASUREMENTS
A. Artificial Tumor Phantoms

As this study mainly concerns concept validation, tissue-
mimicking materials (TMMs) were created to imitate simulated
tissue types, including Basal Cell Carcinoma (BCC), Seborrheic
Keratosis (SK), and healthy skin. This is because of practical and
clinical challenges to produce controlled and sufficiently large
tissue samples from biopsies. The samples may also become
dehydrated after being removed from the skin. It is also a great

ders, and carbon black powders. Both approaches produced
stable, ultrawideband, and tunable skin-equivalent phantoms.

Following the methodology by Garrett et al. [56], PMC-121
urethane rubber (Smooth-On Inc, Texas) was chosen as the
polymer matrix with conductive fillers consisting of graphite
powders (Sigma-Aldrich, Saint Louis) and carbon black pow-
ders (Thermo Fisher Scientific, Massachusetts) incorporated. By
varying the concentrations of the conductive fillers, the dielectric
properties of the TMMs were adjusted. Phantoms with healthy
skin, BCC, SK tissues were made in a cylindrical shape with a
diameter of 10 cm and a thickness of 3 cm. Dielectric properties
were measured using a broadband, open-ended coaxial probe
kit (Keysight N1501 A) [57]. The flange-free probe provided
firm contact with the material. Four measurements were taken
in four different locations at least 5 cm apart to avoid over-
lapping volumes [36]. The averages were calculated from four
measurements for each phantom. After adjusting the conductive
filler concentrations, three TMMs were finalized with different
combinations of graphite and carbon black powders, correspond-
ing to healthy skin (17.9%-wt & 12.1%-wt), BCC (25.6%-wt
& 11.9%-wt), and SK (5.6%-wt & 12.1%-wt). The measured
dielectric properties of these three phantoms were plotted in
Fig. 8, and error bars were derived from four measurements
taken for each phantom. It should be noted that the error bars
might be due to the contact pressures from the probe to the
phantoms and imperfect/nonuniform mixtures of powders in
polymer matrices. When the powder concentrations increased,
the mixtures hardened, making it difficult to mix uniformly.

Similar to the simulations, the dielectric properties of can-
cerous and benign tissues exhibited high contrasts. However,
discrepancies in the dielectric properties across the frequencies
between the fabricated TMMs and simulation phantoms were
expected because the spectral profiles of the dielectric properties
in the polymer matrix did not follow exactly those of tissues
documented in the literature. It should also be noticed that
the dielectric properties data from a Cole-Cole model [4] were
derived from averages among multiple measurements with clear
deviations in the data. With these observations, the measured
dielectric property data in the final phantom design were within
the range of the in-vivo skin cancer measurements in [4].

B. Results

The fabricated BCC and SK phantoms were sliced into small
pieces with dimensions of 12 mm x 12 mm X 4 X mm and
inserted into the healthy skin phantom. The measurement setup
and photo are shown in Fig. 9. To ensure a stable and firm
contact, a medical-grade tape (3 M Nexcare Durapore Durable

Authorized licensed use limited to: Southern Methodist University. Downloaded on June 26,2023 at 22:57:18 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BING et al.: TUNED MICROWAVE RESONANT SENSOR FOR SKIN CANCEROUS TUMOR DIAGNOSIS 5
50 0
451
_ 40f
5
é 35 1 2
2 =
3 30f ] 5
2
a
25F 3 _35} -~ Healthy Skin ]
—A— Healthy Skin -@- Basal Cell Carcinoma
20F —e- Basal Cell Carcinoma —40F  —m- Seborrheic Keratosis B
- Seborrheic Keratosis 15 N N N ) . N . . )
1 12 14 16 18 2 22 24 26 28 3 PR MLE e 2 a2 20 as
Frequency, GHz equency, bz
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Fig. 8. Measurements of dielectric properties: (a) Dielectric constant and
(b) conductivity in the phantoms made of tissue-mimicking materials. The
dielectric properties mimic the healthy skin, Basal Cell Carcinoma (BCC),
and Seborrheic Keratosis (SK) tissues. The error bars were obtained from 4
measurements with respect to their averaged values.
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Fig. 9. Setup of skin cancer measurements using custom-made tissue-
mimicking materials.

Cloth Tape, USA) was used to attach the sensor to the phan-
tom. The sensor was connected to a vector network analyzer
(Keysight PNA N5227B). Measurements were conducted with
the BCC and SK inside the healthy skin phantoms and a single
healthy skin phantom. The resonant frequency of the BCC-in-
skin phantom was 1.6 GHz and shifted to 2.36 GHz for the
SK-in-skin phantom, as shown in Fig. 10. The healthy skin
phantom had a resonant frequency of 2.2 GHz. The spectral
shapes in three different scenarios matched with simulations.
Discrepancies existed between simulations and measurements,
primarily were due to the difference in the dielectric properties
from the literature used in the simulations and those measured
in the phantoms. The frequency shift between BCC and healthy

A Healthy Skin
1.6} -@ Basal Cell Carcinoma
& Scborrheic Keratosis

5 6 7 8 9 10 11 12 13 14
Side Length, mm

Fig. 11. Measured resonant frequencies for healthy skin, and Basal Cell
Carcinoma (BCC) and Seborrheic Keratosis (SK) tumors in the skin. Tumors
have square side lengths of 6, 8, 10, and 12 mm with a thickness of 4 mm.

tissue was 0.76 GHz (32.18 %) in the measurement, compared
to 0.42 GHz (16.62 %) in the simulations. However, the permit-
tivity and conductivity contrast in the tissues can still be used to
recognize tissue types with the resonator.

Similar measurements were conducted for phantoms of 6 x
6,8 x 8, and 10 x 10 mm?, all with a thickness of 4 mm.
Resonant frequencies for different sizes of tumors are shown in
Fig. 11. The error bars were obtained from 5 measurements for
each case. The frequency shifts between BCC and SK were 5.9,
119.6, 496.3, and 759.46 MHz for side lengths of 6, 8, 10, and
12 mm, respectively, while the ones in simulations were 27.5,
142.5,337.5,and 415 MHz, shown in Fig. 7. The distinguishable
frequency shifts between BCC and SK in simulations and mea-
surements, demonstrated the feasibility of identifying cancerous
and benign tissues using the tuned resonator. In measurements,
the size limit of 6 x 6 mm? matched with simulation results.

C. Oversampling to Identify Smaller Tumors

During the mentioned tests, the center of the tumor-in-skin
phantom was placed directly under the center point of the sensor.
The tumor size changed in different measurements, but the cen-
ters were aligned. The procedure was to place the resonator loop
on the spot where darker colors indicate a potential lesion area in
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Fig. 12.  (a) Setup for oversampling experiment. The sensor is horizontally
shifted by 10 mm with a step size of 1 mm. The red squares indicate the lesion
volumes of 2 X 2 x 4,4 x 4 x 4, and 6 x 6 x 4 mm° after the tumors move
4 mm from the center. (b) Resonant frequencies for BCC and SK tumors and
healthy skin as a function of shifted distance in the oversampling setup.

order to identify the risk of the spot being malignant. Currently,
caregivers visually inspect brownish spots or speckles, changing
moles, or skin areas with colors changed and irregular borders.
Because the spot is visibly defined, after placing the sensor
center-to-center on the area of interest, the sensor can be moved
off-center spatially to scan the area for oversampling the area.
The purpose is to create high confidence before the biopsy is
applied. This is particularly important for the skin areas around
the eyes, lips, and noses on the faces where it is painful for biopsy
or impacts self-perception of the patient’s appearance.

When the sensor was placed center-to-center on the spot, it can
distinguish tissue types when the tumor was bigger than 6 mm, as
showninFig. 7. This was due to that the tumor was located within
an area where electric fields were weak according to Fig. 4. The
effective permittivity change that decided resonance had little
contribution by the tumor. Since the high fields were around the
ring gap, moving the loop in small steps to oversample the area
may provide a better resolution to distinguish the boundary from
the high permittivity contrast.

The sensor was moved by 10 mm with a step size of 1 mm
orthogonally to its port direction. Fig. 12(a) shows the setup
for oversampling as the loop moved horizontally to the left on
the skin through the tumor area. The simulations were repeated
for lesion sizes of 2 x 2, 4 x 4, and 6 x 6 mm?, each has
a thickness of 4 mm. The center metal pad had a radius of
4 mm, so when the lesion area shifted a distance of 4 mm to
the right, the center of the lesion was directly under the ring gap
where the field magnitudes were highest. Resonant frequencies
by oversampling are shown in Fig. 12(b). When the distance
was zero, the lesion center was directly under the center of
the metal pad, so there was no resonant frequency shift for
all three sizes of tumors. The resonant frequency shifts were
distinguishable between the malignant (BCC) and benign (SK)
tumors as 72.5 MHz, 157.5 MHz, and 240 MHz for the lesion
side lengths of 2, 4, and 6 mm, respectively. The BCC could
be clearly identified from the healthy skin too. Thus, malignant
tissues can still be detected in lesions as small as 2 x 2 x 4 mm?
by the oversampling technique.
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Fig. 13.  Comparisons of resonant frequencies between BCC (malignant) and
SK (benign) tumors in simulations. The simulation parameters include measured
dielectric properties of human skins: fully-hydrated (dashed line) and partially-
dehydrated (solid line). The tumors have volumes of 2 x 2 (a side length of
2 mm) to 16 x 16 (a side length of 16 mm) mm? with a thickness of 4 mm.

D. Sensor Performance in Varied Skin Hydration Conditions

The resonator detects effective permittivity changes due to
the differences in dielectric properties in malignant and benign
tissues. Skin conditions, such as its water content in the dermis
and hypodermis layers due to body hydration levels, may affect
sensing results. Documented data [26], [58] shows that the
dielectric property difference between dry skin and wet skin
is noticeable. Dielectric measurements on the skin of the same
person at hydrated and dehydrated status showed the water
content factor. And resonant frequency shifts in the resonator
were due to the dielectric changes [47], [48]. To investigate
the effect from water content variations in the skin, simulations
were conducted for tumor cuboids with side lengths from 2 to
16 mm and a thickness of 4 mm, as the same as the ones in
Fig. 7. Measured permittivities and conductivities were obtained
from human forearms in fully-hydrated and partially-dehydrated
statuses. The tumor phantoms were placed in these two different
skin conditions. Fig. 13 shows the comparison of resonant
frequencies between BCC and SK. Solid curves indicate the
resonant frequencies detected on dehydrated skins and dashed
ones are for hydrated skins. When the side length is less than
6 mm, there was no frequency shift between BCC and SK in hy-
drated or dehydrated skin conditions, similar trends as the results
in Fig. 7. The frequency shifts above a 6-mm side length were
noticeable between BCC and SK lesions considering the area
being measured was either hydrated or partially-dehydrated.
When the side length is larger than 10 mm, the dielectric prop-
erties were dominated by the lesion as the water content effect
was decreased. The frequency shifts between BCC and SK for
tumor sizes of 6 x 6 x 4—16 x 16 x 4 mm’ were 43.5 and
913.5 MHz for a fully hydrated skin condition, while they were
58 and 899 MHz for the partially-dehydrated skin condition,
respectively. The sensor was able to distinguish malignant from
benign lesions among different hydration levels in the body.

IV. CONCLUSION

In this work, we developed a flexible tuned microwave res-
onator that can conform to the skin to noninvasively identify
if the lesion area of interest is cancerous, such as Basal Cell
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Carcinoma (BCC), or benign, such as Seborrheic Keratosis (SK).
It can provide a quick and painless means to assist caregivers
to evaluate potential cancerous lesion areas. Simulations and
measurements by phantoms were designed to validate the con-
cept feasibility of utilizing a planar tuned loop resonator for
noninvasive skin cancer screening. Tissue-mimicking materials
with similar documented dielectric properties in the literature
of healthy skin, BCC, and SK tissues were used to fabricate
phantoms for measurements. The presence of malignant lesions
forms a high contrast of permittivities between cancerous and
benign tissues. Owing to the robust and high quality factor
resonance and sufficient field penetration into the dermis and
hypodermis layers of the skin, the tuned loop was able to provide
sufficient spatial and spectral resolutions to distinguish malig-
nant lesions as small as 2 x 2 x 4 mm?. Discrepancies between
simulations and measurements existed because the documented
data in the literature were averaged values, and the materials
for making phantoms did not have the same spectral profiles
for the skin and tumors. Investigation on the effects caused by
skin hydration statuses was conducted by using measured data
from fully-hydrated and partially-dehydrated human skins with
the tumor phantoms. The distinguishable and consistent trends
in different skin conditions showed robust performance by the
tuned loop resonator. This work mainly focused on validating
the feasibility of a noninvasive skin cancer screening tool with a
tuned loop sensor. Phantoms were created because it is difficult
to obtain controlled cancerous or benign tissue samples from
biopsies. Therefore, future works need to focus on how to create
quantifiable and uniform cancerous and benign tumor samples
in a repeatable fashion and strategies toward clinical in vivo
measurements in patients.
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