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A Compact Sub-THz Horn-Based Imaging System
with Potential Application to Non-invasive

Contactless Skin Cancer Detection
Stefano Moda, Student member, IEEE, Fabio Paonessa Member, IEEE, Jorge A. Tobón Vasquez Member, IEEE,

Giuseppe Virone Senior Member, IEEE and Francesca Vipiana, Senior Member, IEEE

Abstract—Terahertz waves have attracted increasing interest
in the research community for skin cancer diagnosis owing to
their sensitivity to water molecules, typically more abundant in
tumors than in healthy tissues, and their non-invasive nature.
In this work, a compact, contactless continuous-wave system em-
ploying a diagonal horn antenna is introduced and experimentally
assessed in the 500 − 750GHz band. The system capabilities
are experimentally quantified using dedicated phantoms that
reproduce the dielectric contrast between basal cell carcinoma
and healthy skin. To this end, a methodology for dielectric
characterization in the 500− 750GHz band and the fabrication
of solid, easily reproducible phantoms is presented, integrating
experimental and numerical data via dedicated look-up tables.
The obtained experimental results, supported by detectability and
measurement uncertainty analyses, indicate promising capabili-
ties of the proposed compact contactless system for sub-THz skin
imaging applications.

Index Terms—Biomedical applications of radiation, Dielectric
Measurement, Phantoms, Terahertz wave imaging.

I. INTRODUCTION

SKIN cancer, in its widest definition, is regarded as the
most common form of cancer, encompassing melanoma

and non-melanoma types. According to the American Cancer
Society, more than 100,000 cases of melanoma and approx-
imately 5.4 million cases of Basal Cell Carcinoma (BCC)
and Squamous Cell Carcinoma (SCC) were diagnosed in
the United States in 2025 [1]. Given current epidemiological
trends, early diagnosis and effective treatment are essential to
address the growing global incidence and the associated health
and socioeconomic burden [2], [3].

Biomedical imaging and sensing devices constitute a sine
qua non in modern clinical practice. Although skin cancer
diagnosis primarily relies on visual inspection, non-invasive
optical imaging techniques, including Reflectance Confocal
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Microscopy (RCM), Optical Coherence Tomography (OCT)
and dermoscopy, are employed. However, these modalities
primarily provide morphological or structural information
and may suffer from limited penetration depth due to op-
tical scattering and absorption in tissue. As a result, lesion
characterization largely relies on the visual interpretation of
morphological features and clinician expertise. Consequently,
histological examination of biopsy samples remains the gold
standard for definitive diagnosis, despite its invasive nature.

Terahertz (THz) and sub-THz waves, on the other hand,
provide functional contrast by probing tissue water content,
making them increasingly attractive for biomedical imaging
[4], [5]. Their high sensitivity to tissue water content arises
from their interaction with collective motions in the hydrogen
bond network of water molecules [6]. Since malignant tissue
generally exhibits higher water content than healthy tissue,
this difference constitutes an intrinsic contrast mechanism
for lesion detection. Their wavelengths ranging from tens
of micrometers to millimeters, also enable higher spatial
resolution than microwave-based approaches, while their low
photon energy makes them intrinsically non-ionizing.

The first experimental studies on the interaction of THz
waves with healthy and diseased skin were reported about
two decades ago in [15], [16], where reflection-geometry Time
Domain Spectroscopy (TDS) enabled the first ex vivo and
in vivo imaging of BCC lesions by exploiting the intrinsic
contrast associated with tissue water content. TDS illuminates
the material under test (MUT) with trains of picosecond pulses
containing a broad frequency distribution centered around
1THz, providing coherent amplitude and phase measurements
over a wide bandwidth and yielding spectral information
across multiple frequencies simultaneously [17]. However, for
the application addressed in this work, the dielectric contrast
between BCC and healthy skin has been reported to reach its
maximum in the 500 − 700GHz range (Fig. 1) [18], [19]. In
TDS systems, multiple time domain acquisitions are typically
averaged to improve the signal-to-noise ratio (SNR), with the
acquisition time depending on the selected averaging settings.
TDS systems have traditionally relied on free-space optical
configurations, while recent fiber-coupled architectures have
enabled more compact handheld probes, including systems
employed for in-vivo skin investigations [12]. However, these
implementations generally remain contact-based, with refer-
ence windows, often made of quartz, placed directly against
the skin. More recently, even smaller TDS probes have also
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TABLE I
COMPARISON WITH RELATED WORKS ON SKIN SENSING AND IMAGING

Ref. Frequency range System type Contactless Sensor type
[7] 12− 110GHz CW, VNA Yes four Vivaldi antennas
[8] 15− 110GHz CW, VNA No dielectric-filled open waveguide
[9] 94− 104GHz CW, VNA No near-field probe
[10] 140− 210GHz CW, VNA No horn antenna with quasi-optical system
[11] 90− 300GHz CW, VNA No glass-filled open waveguide
[12] 0.1− 1THz THz-TDS No handheld optical system
[13] 1.39THz, 1.63THz CW, laser Yes optical system
[14] 2.85THz CW, laser No optical system
[15], [16] 0.1− 3THz THz-TDS No optical system
This work 500− 750GHz CW, VNA Yes diagonal horn antenna

emerged [20], although their application to clinical skin in-
vestigations remains unexplored. When the probe is pressed
against the skin, hydration accumulates in the upper cutaneous
layers due to porous obstruction, altering the natural water
content and affecting the measurements [21].

Unlike TDS techniques, continuous-wave (CW) systems
employ single-tone signals swept over a defined frequency
range, enabling a high SNR. The acquisition time is de-
termined by the selected sweep parameters, intermediate-
frequency (IF) bandwidth, and averaging settings and can
therefore be tailored to the specific application. CW systems
also readily operate in a monostatic configuration, providing
the potential for the RF hardware to be integrated into compact
measurement probes. Nevertheless, many implementations re-
main contact-based, bulky, or rely on high-power sources (e.g.,
laser-based systems), limiting their applicability in practical
scenarios. Table I summarizes representative works on THz
and sub-THz techniques for skin sensing and imaging, illus-
trating the diversity of approaches in the current landscape.

In this study, we present a compact CW horn-based system
with a 250GHz bandwidth covering the 500−750GHz range.
To assess its potential in skin cancer detection, we develop a
dedicated, easily fabricated and reproducible phantom mim-
icking a BCC embedded into a healthy skin background, and
we propose a methodology for solid material characterization
at these frequencies, aiming to replicate dielectric contrasts
consistent with those reported in the literature for biological
tissues. To the best of the authors’ knowledge, this is the first
system combining a compact-probe contactless VNA-based
setup with reflection-mode operation above 110GHz for skin
cancer applications (see Table I). Differently from pulsed TDS
systems, which typically rely on bulky optical setups, and from
CW laser-based systems, which require high-power sources
unsuitable for clinical use, the proposed system is based on
a vector network analyzer (VNA) architecture and emits less
than 70 µW at the small probe aperture (3 mm), enabling a
compact and intrinsically safe configuration.

The present article is organized as follows. Section II
presents the phantom design and fabrication methodology
for the 500 − 750GHz band, including the characterization
procedure of the constituent materials and the verification
of consistency with the natural contrast measured on real
skin samples. Section III describes the designed measurement

system, detailing its components, operational principles, and
the acquisition parameters. Section IV reports the experimental
results obtained from the proposed phantoms, highlighting the
contactless system’s potential to detect BCC regions in skin
tissue. Finally, in Sect. V the work conclusion and perspectives
are reported.

Preliminary numerical investigations have been performed
in the recent conference paper [22].

II. PHANTOM FABRICATION AND CHARACTERIZATION

The use of phantoms that mimic the physical properties of
biological tissues is, for ethical and practical reasons, essential
during the experimental phases of developing new biomedical
detection techniques. A tissue-mimicking phantom, that is easy
to fabricate and reliably reproducible, plays a key role in
the validation and design of any new system. In the con-
text of microwave and millimeter-wave–based technologies,
phantoms must reasonably emulate the dielectric properties
of tissues, such as relative permittivity (εr) and electrical
conductivity (σ). Pathology-driven changes in these properties
yield distinct electromagnetic signatures, enabling detection of
the underlying condition.

A. Healthy Skin and BCC Dielectric Contrast

Relatively few studies report measurements on human sam-
ples in the sub-THz range, and even fewer focus on tumor
tissues [23]. At such high frequencies, the strong dependence
of dielectric properties on water content means that factors
such as temperature, anatomical site, subject age, and whether
the sample is measured in-vivo or ex-vivo contribute signif-
icantly to the variability and uncertainty of reported data.
Skin structure itself varies across anatomical locations within
the same individual, and its hydration level likewise differs,
typically decreasing with age. Since measurements performed
on in-vitro cultured skin samples under controlled conditions
minimize extrinsic variability, allowing the observed dielectric
differences to be more confidently attributed to the pathology
itself, we rely on the permittivity and conductivity values of
healthy and BCC-affected skin reported by Nourinovin et al.
[18], [19], obtained through transmission TDS. As shown in
Appendix A, these measurements reveal differences between
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Fig. 1. Dielectric contrast between basal cell carcinoma (BCC) and healthy
skin (HS), indicated in red, and between 5% and 0% graphite-loaded silicone
rubber (SR), indicated in cyan.

the two conditions, whose frequency-dependent dielectric con-
trast can be quantified as

C(f) =

⃓⃓⃓⃓
ε̃bg − ε̃tg

ε̃bg

⃓⃓⃓⃓
, (1)

where ε̃bg and ε̃tg denote the complex permittivity of the
background (i.e., healthy skin) and the target (i.e., basal
cell carcinoma), respectively. Figure 1 shows the dielectric
contrast between the BCC target and the healthy-skin (HS)
background, computed from the values in [18], [19] (also
reported in Appendix A). The contrast reaches its maximum
around 550GHz. The average contrast (dash-dotted line in
Fig. 1) shows a maximum region in the 500–750GHz band.
This result stimulated the selection of such a frequency band
in the present research activity.

B. Phantom and Samples Fabrication

Phantoms can be produced in liquid, solid, and semi-
solid formats. Liquid phantoms are easy to prepare but are
prone to degradation due to evaporation, resulting in a limited
lifetime. Mirbeik-Sabzevari et al. in [24] proposed a semi-solid
skin-mimicking phantom composed of water, oil, and gelatin,
characterized up to 50GHz only. By adjusting the relative
proportions of its ingredients, this phantom can also emulate
BCC-affected skin. However, this type of phantom requires a
complex preparation process and specific precautions to ensure
long-term stability.

Among solid phantoms, those made from silicone- or
urethane-based rubber materials stand out for their ease of
preparation and long lifetime, and are widely used for mi-
crowave applications [25]. Christ et al. in [26] employed a
graphite-loaded silicone rubber phantom produced by SPEAG
and characterized it up to 110GHz.

In this work, we develop an easily reproducible skin model,
extending the dielectric characterization of silicone–graphite
mixtures up to the WR-1.5 band (500 − 750GHz), corre-
sponding to the frequency range where the contrast between
BCC and healthy skin (HS) is maximum (see Sect. II-A).

(a) (b)

Fig. 2. The making of the silicone samples. (a): pouring of the silicone
rubber and graphite mixture into the molds; (b): dried sample extracted from
the mold (b).

To this end, a set of resin molds are 3D-printed to provide
the desired geometry to the silicone mixtures during the
curing phase. The silicone material comes as a bicomponent
liquid formulation that polymerizes into a solid elastomer once
mixed. The amount of graphite added to the mixture prior to
curing allows tuning of the resulting dielectric properties. For
dielectric characterization, one pure-silicone sample and two
additional samples, containing 5% and 10% graphite percent
weight respectively, are prepared. To improve mixing effi-
ciency and ensure sample homogeneity, the graphite powder is
first blended with one of the two silicone components before
the two parts are mixed together. Particular care must be taken
at this step to ensure a homogeneous compound, which is then
poured into the molds once properly blended, as shown in
Fig. 2(a). The viscosity of the mixture can hinder the release of
entrapped air bubbles; therefore, the use of a vacuum chamber
improves the efficiency of degassing. After the two silicone
components are combined, the samples cure in approximately
four hours and, thanks to the intrinsic stability of the material,
are not susceptible to degradation over time. An example of a
final sample is shown in Fig. 2(b).

C. Phantom Dielectric Characterization

To characterize the dielectric properties of the fabricated
silicone samples in the 500 − 750GHz band, we assemble
a measurement setup consisting of a WR-1.5 waveguide
section (see Fig. 3) connected to a VDI WM-380 VNAX
extension module [27], which is in turn connected to a Rohde
& Schwarz ZNA67 VNA [28]. In this configuration, the
extension module is mounted vertically and held in place
by a support stand. A one-port offset-short, short, matched-
load (OSM) calibration is performed at the waveguide out-
put flange. The graphite-silicone samples are positioned on
a height-adjustable laboratory jack and raised into contact
with the waveguide, enabling acquisition of the reflection
coefficients (S11) [Fig. 3(a)].

Since an open-ended waveguide pressed against a soft
and elastic material (i.e. the graphite-silicone sample) may
cause the sample to protrude into the aperture and affect the
measurement [29], we record the reflection coefficient (S11)
while varying the applied force. This is achieved by placing
an electronic scale between the elevation jack and the sample



4

(a) (b)

Fig. 3. Dielectric characterization of the silicone rubber samples. (a): close-
up of an open-ended WR-1.5 waveguide in contact with the MUT; (b):
measurement electronic scale on the elevation jack used to monitor the sample
contact force.

to monitor the load between each acquisition, as shown in
Fig. 3(b). The electronic scale is zeroed with the weight of
the sample under test, so that a reading of 0 g corresponds
to a no-pressure contact between the sample surface and the
waveguide aperture. Figure 4 reports the magnitude and phase
of the measured S11 for a pure silicone-rubber sample under
different applied pressures; we can observe that no significant
variations are present within the applied range of pressure.
This behavior is likely attributable to the mechanical properties
of the sample combined with the small dimensions of the
waveguide aperture (380× 190µm). It should be pointed out
that the negative force values are achieved due to slight short-
term adhesive properties of the silicone rubber (i.e., the scale
is pulling the sample). After removing the visible outlier (blue
curve in Fig. 4) acquired right after sample–probe separation,
the remaining measurements are averaged to denoise the data,
leaving only calibration-related residuals. Such results are
shown in Fig. 5 (black lines).

A numerical model of the probe–sample interaction is
developed in CST Studio Suite [see Fig. 6(a)] to accurately
represent the open-ended waveguide in contact with the MUT.
After confirming through preliminary simulations that the
probe flange does not perturb the field distribution, the model
size is minimized using symmetry planes and reflection-
free boundaries, thereby reducing computational cost without
compromising accuracy.

Such a model is then employed to perform parametric full-
wave simulations with parametric variations of the MUT per-
mittivity and conductivity. The resulting data are used to con-
struct look-up tables that capture the transfer function of the
system, showing how changes in dielectric properties translate
into corresponding variations of the measured S11. Figure 7
presents the look-up table computed at 625GHz. The response
is sufficiently monotonic with nearly orthogonal iso-εr and

de
g
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e,
 g

Fig. 4. Reflection coefficients of a pure silicone rubber sample at varying
contact pressures with the open-ended waveguide; negative force values
indicate persistent contact caused by the sample’s adhesive behavior while
lowering the laboratory jack, with detachment at −30 g.

de
g

Fig. 5. Reflection coefficients averaged over applied pressure, measured with
an open-ended waveguide in contact with a pure silicone rubber sample (black
lines) and obtained from fitted full-wave simulations (red lines).

Normalized electric fieldCAD design 

MUT PEC

(a) (b)

Fig. 6. Numerical model used for parametric full-wave simulations. (a): CAD
design; (b): normalized electric field distribution.

iso-σ contours, ensuring a unique correspondence between the



5

10%5%0%

Fig. 7. Look-up table at 625GHz showing the transfer function of the
open-ended waveguide for MUT characterization: the orange and blue curves
represent the magnitudes and phases of the reflection coefficients, respectively.
The regions highlighted in red, green and blue have been determined as an
envelope of the measured S11 values of the silicone rubber samples with 0%,
5%, and 10% graphite percent weight, respectively.

measured coefficients and the underlying dielectric parameters.
Figure 7 also shows three colored regions corresponding to
the measured S11 values of the silicone rubber samples with
0%, 5%, and 10% graphite weight, respectively. The extension
of the regions is determined considering repeatability of the
measurements, which is mainly due to residual calibration
errors and slight non-uniformity of the samples.

For the case of a pure silicone rubber sample (i.e., 0% of
graphite), the numerical response computed by assigning the
extracted dielectric properties to the full-wave model is also
reported in Fig. 5 with red lines. The agreement with measured
data is remarkable within the full frequency band. In the fitting
we assume constant dielectric properties across the frequency
range given the water-free and homogeneous nature of our
phantoms. Similar level of agreement is obtained also for the
other samples.

The contrast determined from measured 5% graphite-loaded
silicone (SR5%) and the pure silicone (SR0%) samples in the
WR-1.5 band is also reported in Fig. 1 with the cyan curve.
It falls within the range defined by the maximum and mini-
mum BCC–HS contrasts reported in the literature and closely
matches the average value. Accordingly, the adopted phantom
materials are consistent with the average dielectric contrast
between BCC and HS. A more realistic representation of the
layered, heterogeneous, dispersive, and hydration-dependent
behaviour of biological skin will be considered in future work.

Based on these results, a set of skin phantoms is fabricated
using SR0% as the background and SR5% as the target,
to replicate the scenario of a BCC lesion embedded within
healthy skin. These structures can be easily cast into different
geometries, with the target shape and size determined by
the prepared molds. The set of skin phantoms is fabricated
with both smooth and rough surfaces and with increasing

target size to assess the system imaging and detectability
performance. Figure 8(a) depicts an example of such skin
phantoms featuring a rough surface and a target with nominal
dimension of 1mm, while Fig. 8(b) shows the corresponding
surface images of a smooth-surface skin phantom set acquired
using a Mitutoyo Quick Vision Active measurement system.
Similar data were obtained for the rough samples.

III. HORN-BASED CONTACTLESS MEASUREMENT SYSTEM

As mentioned in the introduction, a compact antenna is
used to perform contactless reflectivity measurements of the
skin phantom samples. Such a probe is a WR-1.5-fed diagonal
horn, featuring a nominal gain of 26 dBi and a full half-power
beamwidth (FHPBW) of approximately 10◦. The size of the
waveguide flange, shown in Fig. 9, is 19mm, whereas the
horn itself fits within an envelope of 9× 9× 27 mm3. The
aperture size is 3mm only, therefore, further miniaturization
is still possible to achieve even more compact and portable
solutions.

As shown in Fig. 9, the horn is mounted to the extender
flange, corresponding to the calibration plane, and oriented
downward to achieve a monostatic configuration. The sample
under test is positioned below the horn at a distance of about
13mm, so in a contactless configuration. It should be noted
that such a value is smaller than the Fraunhofer distance
(38mm at 625GHz), therefore, the sample lies in the near-
field of the horn. This condition has been set up to achieve a
more focused field distribution on the sample, leading to better
lateral resolution with respect to the far-field condition.

A tilt stage is used to hold the sample and set the angle-of-
incidence of the impinging wave. It is mounted on a laboratory
jack, which is in turn installed on a motorized linear translation
stage, providing a repeatability of 6µm and a maximum travel
range of 300mm [30]. The combined use of the tilt stage
and the elevation jack enables the exploration of different
configurations in terms of angle-of-incidence and stand-off
distance. During each acquisition session, the linear stage
executes a scan of 20mm with a step size of 300µm. For each
sample position, the VNA performs a frequency sweep over
the full module operating band 500−750GHz. Software-based
triggering is implemented to ensure consistency between po-
sition and reflection measurements.

Each acquired S11 trace consists of 1001 uniformly-spaced
frequency points. The adopted frequency step corresponds to
a maximum unambiguous range of about 600mm, which,
combined with the inherently high propagation losses in the
500− 750GHz range, ensures effective suppression of unde-
sired multipath contributions and multiple-reflection artifacts
in the measured response.

The VNA is configured with a 1 kHz IF bandwidth to
achieve a proper trade-off between dynamic range and sweep
time. A dwell time of 0.7 s is inserted between the end of
each frequency sweep and the subsequent stage movement to
allow data transfer at each scan position. The combination of
the scanning mechanism and VNA settings provides an overall
scan time of about five minutes.

A standard OSM calibration is performed directly at the
extender flange prior to each measurement session, establish-
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5 mm

Target (SR5%)

Background (SR0%)

(a) (b)

Fig. 8. Silicone-based skin phantoms. (a): Rough-surface phantom mimicking a basal cell carcinoma of 1 mm size, surrounded by healthy skin; (b): set of
smooth-surface phantoms mimicking basal cell carcinoma with increasing target size and varying shapes, embedded in a healthy skin background.

Fig. 9. Measurement setup for skin phantoms mimicking basal cell carcinoma
comprising a VNA, the compact probe held vertically by a metal stand, the
tilt stage, the elevation jack, and the high-precision linear stage. Close-up: the
horn antenna scanning a phantom.

ing the reference plane at the waveguide aperture. The horn
antenna and the subsequent free-space propagation path are
therefore included in the measurement, and the acquired re-
flection coefficients represent the overall system response. The
data are then processed in the spatial domain, as discussed in
Sect. IV, to extract reflectivity profiles, enabling the separation
of contributions associated with different propagation paths
and the identification of the air–phantom interface response.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The reflection coefficients from the skin phantoms, fabri-
cated as described in Sect. II-B, are measured in the whole
frequency band (500−750GHz) using the system proposed in
Sect. III. From the pointwise measured reflection coefficients,
the axial reflectivity profiles, R[n], are obtained to investigate
the capability of identifying the presence of a BCC lesion
surrounded by healthy skin. The data are transformed from
the frequency domain to the spatial domain, yielding the
backscattered response as a function of propagation depth.
To this end, a cos3-shaped tapering window is applied to the
complex reflection coefficients prior to the inverse fast Fourier
transform (IFFT) to reduce truncation effects and improve the
representation of the scattered contributions:

R[n] = IFFT {w[k]S11[k]} , (2)

where k and n denote the discrete frequency and spatial
indices, respectively, and w[k] is the adopted tapering window.
The combination of the total available bandwidth and the
selected window yielded an equivalent axial resolution of
approximately 1.2mm.

The axial reflectivity profiles exhibit distinct features asso-
ciated with the propagation path, as shown in Fig. 10, where
the profiles for all scan positions across a phantom surface
are displayed. The origin of the depth axis corresponds to the
calibration plane, indicated with (A) in Fig. 10. Instead, the
peak labeled as (B) in Fig. 10 refers to the horn aperture. As
expected, the region between (A) and (B) shows a consistent
morphology across all acquisitions because it refers to inner
part of the horn. The peaks corresponding to the air-phantom
interface are labeled as (C) in Fig. 10. Their varying amplitudes
arise from the variation of the dielectric contrast during the
linear scan near the target. The distance between peaks (B)
and (C) in the axial reflectivity profiles is consistent with the
actual separation between the horn aperture and the phantom
surface (stand-off distance). Finally, the peaks appearing be-
yond 50mm in depth are attributed to reflections between the
bottom surface of the phantom and the metallic surface of the
elevation jack. Although very low in amplitude, their presence
indicates that the wave propagates through the entire thickness
of the phantom, which is a homogeneous medium. Multiple
reflections from the horn aperture, its flange and the phantom
interface also occur after 50mm.



7

A

B

C

Fig. 10. Axial reflectivity profiles highlighting the calibration plane (A), antenna–air interface (B), and air–phantom interface (C), with each color corresponding
to a distinct point along the scanning trajectory.

A. Configuration Study

The contactless system is evaluated under different geomet-
ric configurations to assess the effects of both the incidence
angle of the impinging wave and the antenna–phantom stand-
off distance. For both investigations, the same phantom is
employed, featuring a target with a characteristic size of
1mm and a smooth surface. By means of the tilt stage in
Fig. 9, the phantom can be oriented from normal incidence to
higher incidence angles while maintaining a constant stand-off
distance.

The reflectivity values at the air–phantom interface [see
zone (C) in Fig. 10] can be represented as a function of the
lateral scan position, yielding a lateral reflectivity profile. In
this representation, the target response is centered at 0mm.
For example, Fig. 11 shows lateral reflectivity profiles over
a 12mm scan for increasing angles of incidence up to 25◦.
The scattering background at −72 dB becomes visible from
25◦. Therefore this value has been considered as the maximum
incidence angle for this work.

To quantitatively assess detectability, a
signal-to-background ratio (SBR) is introduced, defined
as the ratio between the average magnitude of the lateral
reflectivity within the region of interest centered on the
target peak and the average background level evaluated
over symmetric regions along the scanning trajectory. With
reference to Fig. 11, a higher SBR is observed at larger
incidence angles, reaching 13.6 dB and 21.7 dB for 20◦

and 25◦, respectively, despite an overall reduction in the
signal level. This behavior is attributed to the locally smooth
surface of the phantom, which produces predominantly
specular reflections. As the incidence angle increases,
the specular component is progressively redirected away
from the antenna, reducing the background level, while
the target, due to its dielectric discontinuity, continues to
contribute to the backscattered signal. This also explains

Fig. 11. Lateral reflectivity profiles at the air–phantom interface as a function
of lateral position over a 12mm scan across the target, centered at 0mm, for
different angles of incidence.

the slopes occasionally observed in the background regions
which are related to the planarity error of the phantoms.
Under normal incidence, the SBR is approximately 0.6 dB,
indicating limited contrast between target and background. A
background subtraction technique can enhance detectability
in this configuration; however, this is not investigated in this
work, since an incidence angle of 20◦ already provides high
performance, especially for smaller targets.

Motivated by the higher contrast observed around 20◦,
measurements are performed at different antenna-sample dis-
tances, while keeping the incidence angle fixed at 20◦. The
lateral resolution is estimated from the 3 dB width of the
scattering peak, i.e., the full width at half maximum (FWHM)
of the target response under near-field conditions. The ob-
tained values range from approximately 1.5mm at a stand-
off distance of 7mm to about 4mm above 30mm. Within
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Fig. 12. Normalized lateral reflectivity profiles at the air–phantom interface
for a 1mm target, as a function of lateral position for different stand-off
distances between the horn aperture and the phantom surface.

the investigated range, no abrupt degradation is observed,
although the spatial extent of the response associated with the
target of 1mm size increases progressively with distance, as
shown in Fig. 12. At the same time, shorter stand-off distances
lead to increased sensitivity to positioning errors. Therefore,
a distance of 13mm is selected as a trade-off between lateral
resolution and positioning repeatability.

B. Detectability Analysis

Phantoms with targets of increasing size are investigated
under different measurement configurations, as well as smooth
and rough surface conditions. These phantoms are scanned at a
fixed stand-off distance of 13mm under both normal and 20◦

incidence. The corresponding lateral reflectivity profiles are
shown in Fig. 13, while in Fig. 14 the signal-to-background
ratio versus the target size is reported.

The measured profiles confirm the analysis presented in
Sect. IV-A, showing that oblique scanning enhances detectabil-
ity by reducing the specular background contribution. Under
these conditions, a smooth-surface phantom with a target
diameter of 0.5mm yields an SBR of 16.4 dB, indicating a
very well-defined contrast against the background, whereas
for the smallest scanned target (0.3mm in size) the SBR
decreases to about 3 dB, indicating reduced separation from
the background level [see the green and yellow solid lines,
respectively, in Fig. 13(a), and the red solid line in Fig. 14].
For the 3mm target, the lateral reflectivity profile exhibits
two distinct peaks associated with the target boundaries, rather
than a single central maximum. This leads to a lower SBR,
despite a broader spatial response, highlighting a limitation
of peak-based SBR metrics for targets larger than 3mm size.
This effect can be attributed to the finite beam footprint, which
becomes smaller than the target size, resulting in a dominant
contribution from edge scattering.

For phantoms with rough surfaces, the increased scattering
introduces additional background fluctuations. Under oblique

incidence, the SBR is about 10.5 dB for the 0.5mm target
and 4.7 dB for the 0.3mm target [see the green and yellow
solid lines, respectively, in Fig. 13(b), and the blue solid line
in Fig. 14].

For the considered dielectric contrast, consistent with that
reported in the literature between BCC and HS, these results
indicate that the detectability threshold is approached for target
sizes around 0.3mm, while 0.5mm targets remain clearly
detectable.

C. Uncertainty Budget

Measurement uncertainty analysis is performed to quantify
the impact of different error sources on the system perfor-
mance. In particular, three main contributions are considered:
calibration uncertainty, system drift, and position repeatability.
Each contribution is evaluated separately in order to isolate its
effect and avoid cross-dependencies between different error

0°
20°

0°
20°

(a)

(b)

Fig. 13. Lateral reflectivity profiles at the air–phantom interface as a function
of lateral position over a 12mm scan across the target, centered at 0mm, for
phantoms with decreasing target size and different surface conditions: (a)
smooth surface and (b) rough surface.
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0°
20°

Fig. 14. Signal-to-background ratio versus target size for smooth and rough
surface phantoms under normal (0◦) and oblique (20◦) incidence.

sources. All tests are performed using the same configuration
and sample, consisting of a smooth-surface phantom with a
target of nominal size 0.5mm, scanned at a fixed stand-off
distance of 13mm and an incidence angle of 20◦. The
corresponding measurements are reported in Fig. 15, where
the results are grouped according to the three considered
contributions.

Since the system is designed to detect relative contrast
between target and background, the impact of each uncertainty
source is quantified in terms of the variability of the SBR. For
each test, repeated measurements are carried out by varying
the relevant parameter (position, time, or calibration), and the
standard deviation of the resulting SBR values is used as a
metric of uncertainty.

To estimate the calibration uncertainty on the reflection
coefficient S11, an analytical model of the one-port VNA
calibration error is employed, leading to the de-embedding
equation [31]:

S11 =
S11m − e11
e22S11m −∆

, (3)

where S11m is the raw (uncalibrated) reflection coefficient
measured by the VNA, e11 is the directivity error, e22 the
source match, and ∆ the reflection tracking. These error
terms are determined from measurements of the calibration
standards. A set of 27 independent calibrations is obtained
by combining three repeated measurements for each of the
three calibration standards. Each calibration is then applied
offline to the same raw scan of the phantom, and the resulting
lateral reflectivity profiles are processed to compute the SBR.
As shown in Fig. 15 (see blue lines), the resulting SBR values
cluster into three distinct groups, indicating a high level
of repeatability. This clustering is consistent with the three
repeated measurements of the offset short standard, which
appears to be the dominant source of variability among the
calibration standards. In particular, the offset short introduces
a phase delay along the waveguide and, with its high reflection,

Fig. 15. Lateral reflectivity profiles at the air–phantom interface as a function
of lateral position over a 12mm scan across the target, with measurements
grouped according to the investigated uncertainty contributions: calibration
(blue), positioning (yellow), and system drift (green).

it is more sensitive to alignment tolerances. The SBR values
obtained across all calibration combinations exhibit a standard
deviation of 2.8 · 10−4 dB, indicating a negligible overall
impact of calibration uncertainty.

Then, the system drift is evaluated through 20 scans of
the same phantom acquired at a fixed position at 30-minute
intervals (see green lines in Fig. 15). The standard deviation of
the SBR over the 10-hour measurement period is 6.4·10−3 dB,
indicating good stability over the considered time interval.

Finally, positioning uncertainty is evaluated through 10
scans acquired under identical geometric conditions and cal-
ibration, with the phantom repositioned around the same
location under the antenna. In this case, we can recognize
a vertical shift in the measured lateral reflectivity of the order
of a few dB (see yellow lines in Fig. 15), although without
significantly modifying neither the profile shape nor the SBR,
providing a SBR standard deviation of 3.5 · 10−2 dB.

Table II summarizes the standard deviations of the SBR
associated with the considered uncertainty sources, along with
the maximum relative error, defined as the maximum absolute
deviation from the mean SBR, expressed in dB. Among the

TABLE II
SIGNAL-TO-BACKGROUND RATIO UNCERTAINTY BUDGET

Contribution Standard deviation, dB Error max, dB

Positioning uncertainty 3.5 · 10−2 7.2 · 10−2

System drift 6.4 · 10−3 1.5 · 10−2

Calibration uncertainty 2.8 · 10−4 5.2 · 10−4

considered contributions, positioning uncertainty represents
the dominant source of variability, exceeding the other terms
by at least one order of magnitude. However, its absolute
value remains limited, indicating that the overall measurement
uncertainty is low and that the system can provide stable and
repeatable measurements in prospective clinical scenarios.
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D. B-scan Images

By arranging the depth-resolved axial reflectivity profiles
in sequence along the linear scanning direction and mapping
their amplitude to a colormap, the data can be visualized
as a B-scan image. This representation is shown in Fig. 16,
where each column corresponds to a single A-scan (i.e., one
axial reflectivity profile), while the color encodes the signal
intensity, producing a two-dimensional image in which spatial
position and propagation depth are jointly displayed. In these
images, acquired from phantoms with a target size of 0.5mm
under 20◦ incidence, the targets are clearly distinguishable at
the correct spatial locations. This confirms the capability of the
CW system to accurately differentiate a potential BCC from
the surrounding healthy skin in the WR-1.5 band. For smooth-
surface samples [Fig. 16(a)], the response is dominated by the
target contribution, which appears clearly localized along the
scanning direction. In contrast, phantoms with rough surfaces
[Fig. 16(b)] exhibit localized intensity variations due to diffuse
scattering from surface irregularities. Nevertheless, the target
response remains clearly visible in both cases.

(a)

(b)

Fig. 16. B-scan images, obtained as a sequence of consecutive axial
reflectivity profiles, of silicone rubber phantoms featuring a central target
mimicking a skin lesion of 0.5mm in size, surrounded by healthy skin,
acquired with the contactless system at 20◦ incidence. (a): smooth-surface
phantom; (b): rough-surface phantom.

V. CONCLUSION AND PERSPECTIVES

This work presented a compact contactless CW system for
generating bio-images and detecting cancer-related localized
dielectric variations.

The marked dielectric contrast between BCC and healthy
skin observed in the 500 − 750GHz range was exploited
to develop dedicated skin phantoms. An open-ended waveg-
uide, combined with full-wave numerical simulations, was

employed to characterize solid materials in this frequency band
and guide the fabrication of phantoms reproducing the average
dielectric contrast between BCC and healthy skin. Based on
this methodology, a series of graphite-loaded silicone-rubber
phantoms with different target sizes and surface conditions was
fabricated and used to assess the capabilities of the proposed
CW system under different measurement configurations, in-
cluding varying incidence angle and stand-off distance. The
SBR was adopted as a quantitative metric to evaluate target
detectability and measurement repeatability throughout the
study. The horn antenna ensured fully contactless operation,
while the overall system successfully generated B-scan images
that clearly detected the synthetic lesions embedded in the
phantom. The obtained results further support the potential of
sub-THz CW systems for detecting localized dielectric targets,
demonstrating the feasibility of CW imaging in the upper
sub-THz band.

When considering clinical applications, additional factors
may influence the measured contrast, including variability in
tissue hydration, the multilayer structure of the skin, and
subject motion during acquisition. Variations in hydration may
affect the absolute dielectric properties of both target and
surrounding tissue; however, the proposed approach relies on
relative contrast, which may mitigate the impact of uniform
shifts in dielectric properties. The presence of multiple skin
layers may introduce additional reflections and modify the
overall response; nevertheless, since such contributions vary
smoothly over the scanned region, they are expected to act
as a common factor and have a limited impact on the relative
contrast. Real skin lesions may not be perfectly planar and may
exhibit local protrusions or curvature. Under such conditions,
part of the scattered field is redirected away from the antenna
due to local variations in surface orientation. This phenomenon
may alter the measured response since surface morphology
can influence the backscattered signal in addition to dielectric
contrast. A possible mitigation strategy, to be investigated in
future work, consists of combining scattered signals acquired
under different angles of incidence. Finally, motion effects
can be minimized by decreasing the acquisition time through
appropriate selection of measurement parameters, enabling
faster scanning procedures compatible with clinical use.

The next step of the work is the experimental validation
of the proposed system on ex-vivo and subsequently in-
vivo human skin malignancies under clinically representative
conditions.

APPENDIX A
SKIN DIELECTRIC PROPERTIES

At THz frequencies, the dielectric response of skin is influ-
enced by water content and tissue composition. However, mea-
sured dielectric properties may significantly vary depending
on the adopted measurement technique, sample preparation,
and biological conditions. Skin dielectric properties vary not
only among individuals, but also across anatomical regions
of the same subject. In addition, the skin hydration level
is affected by several physiological factors, including age
and perspiration activity, which may also be influenced by
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mental stress conditions [32]. Overall, many factors contribute
to the variability of the measured dielectric response, while
only a limited number of THz dielectric characterizations of
skin, especially for pathological conditions such as BCC, are
currently available in the literature. For this reason, in the
present work, the dielectric properties reported by Nourinovin
et al. [18], [19] for healthy skin and BCC, obtained from
controlled organotypic skin models in the 0.4−1.6THz range,
are adopted as reference values, since such models provide
improved repeatability and reduced biological variability. The
corresponding complex permittivity and dielectric contrast are
reported in Fig. 17.

Fig. 17. Dielectric properties of cultured basal cell carcinoma and healthy
skin measured via THz-TDS.
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