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Super wideband (SWB) imaging approach for lung and skin tumor detection evaluated by experimental measurement and image
reconstruction on human torso phantom.

Take-Home Messages

o This paper proposes for the first time a super wideband (SWB) imaging approach for accurate detection of deep-
seated lung and in-situ skin tumors.

e The proposed approach demonstrates a significant enhancement in spatial resolution of tumor imaging over
present ultra-wideband (UWB) approach.

e Our approach targets cancer detection through accurate imaging of early-stage malignant tumors from deep-
seated to superficial locations.

o To the best of our knowledge, we are the first to propose, develop, and experimentally evaluate the SWB
imaging approach for early-stage tumor detection.

e By virtue of the super-wide bandwidth, our approach could help realize a multi-cancer type detection system
for different tumor types and locations in a contactless manner.
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Abstract In this paper, a super wideband (SWB) radio frequency imaging approach is developed and evaluated for detecting
early stages of deep-seated lung and in-situ skin tumors. A life-sized human torso phantom is constructed of tissue mimicking
materials and their dielectric properties are thoroughly investigated over the covered frequency range of 3.1-40 GHz. An array of
custom-designed antenna elements is employed in an imaging setup to assess the detection capabilities of the SWB imaging approach
for both lung and skin tumors. Images reconstructed using the acquired backscattering information and confocal beamforming
algorithms demonstrate a successful detection with accurate tumor size and location estimation. Compared to present ultra-wideband
(UWB) approach, the proposed SWB approach can enhance the spatial resolution of the reconstructed images by up to 84.4%.
This work establishes the foundation for further exploration of SWB imaging in clinical trials, offering the potential to transform

early cancer detection and treatment monitoring.
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. INTRODUCTION

ADIO frequency (RF) based imaging at microwave and
millimeter wave frequencies has seen increased attention
in the past few years. It is considered a promising alternative
to conventional means of detecting cancerous and severe
diseases owing to its being contactless, use of non-ionizing
radiation, relatively low cost, and non-invasive [1], [2]. The
dielectric contrast between healthy and unhealthy tissues
is the basis of RF imaging for detecting cancer [3] such as
breast cancer [4], [5], [6], brain stroke and tumors [7], [8],
[9], [10], and critical health conditions such as chest fluid
accumulation [11], [12], [13].

Lung and skin cancer may represent two extreme cases of
cancer detection in terms of their tumor location: from the
most deep-seated to the most superficial location. Lung cancer
is one of the leading causes of cancer death in the world.
Different stages of this disease are determined according to the
tumor size and spread of the abnormal cell growth in human
organs. On the other hand, melanoma is an acute skin cancer in
which there is uncontrolled growth of pigment cells [14].
The progression of the disease unfolds in stages, commencing
at stage 0 (in-situ) where the tumor is confined to the outermost
skin layer, and advancing to stage 4 where the tumor spread
beyond lymph nodes to other organs [15]. Early detection of
lung and skin cancer is crucial for successful treatment and
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preventing further spread of cancerous tissues. While common
detection methods such as computed tomography (CT) scans
and X-rays are utilized for detection and treatment monitoring,
their cumulative radiation exposure presents inherent health
risks. Consequently, there is an urgent need for a detection
tool that is both safer and more cost-effective for detecting
lung and skin cancers [16], [17], [18], [19].

Several studies have explored RF based imaging for cancer
detection in deep-seated locations [20], [21], [22], [23], [24],
[25]. However, there were limitations. For instance, one study
[20] used low-gain antennas, limiting detection to superficial
locations without size determination. Another study [21] used
non-life-size lung phantom that did not consider the nature of
tissue arrangement, resulting in weak signal penetration and
low-resolution images. In [22], a life-size chest phantom was
employed, but the tissue-equivalent liquids used do not mimic
real tissue properties. Additionally, the work in [23] investigated
lung tumors using unrealistic phantoms, while those in [24]
and [25] used lung phantoms that lacked the rib bone layers.

Research on RF based imaging for skin cancer [26], [27],
[28], [29], [30], [31] has also been conducted. In [26], a system
comprising of four sub-UWB antipodal Vivaldi antennas to
collectively achieve UWB imaging bandwidth is proposed.
Although the system can detect tumors with high resolution,
its achievable accuracy could be limited by the number of
deployable antennas within a finite space, since it takes four
sub-UWB antennas to provide the bandwidth of one UWB
antenna. In [27], a UWB antenna is proposed to detect skin
cancer on a four-layer forearm phantom. The imaging results
demonstrate the effective identification of a 20 mm diameter
tumor on the outermost skin layer. However, the detected
tumor has a thickness comparable to that of the human skin
layer, which implied that the tumor is not in its early stage and
has spread through the whole skin layer. The authors in [28]


mailto:wasan.alamro@autuni.ac.nz
mailto:boon-chong.seet@aut.ac.nz
mailto:wanglulu@sztu.edu.cn
mailto:prabakarparthiban@gmail.com

presented a wearable UWB antenna for skin cancer detection
and used an artificial magnetic conductor to minimize radiation
from the antenna deeper into the human body. It is simulation-
only work with limited discussion on the imaging outcomes.
In [29], a UWB approach was proposed to detect tumors on a
phantom, which used a plastic cylinder to represent the skin
layer without measurement of its dielectric properties in their
frequency range of interest. The authors in [30] successfully
detected tumor within the skin layer of the breast using an
elliptical UWB antenna. However, the used phantom is a
simplified one without representation of the tumor thickness
and placement in the outer skin layer. To overcome the
previously mentioned challenges, we have proposed SWB
imaging for detecting different tumor types in different tissue
layers of a multilayer realistic torso phantom.

Under these contexts, for the first time, we experimentally
investigate the capabilities of the SWB imaging for medical
applications. The imaging setup utilizes our custom-designed
monopole SWB antenna [32], [33] that operates over a super-
wide frequency range from 3.1 to 40 GHz (ratio bandwidth >
10:1). In [32], we studied the key performance parameters of
our proposed SWB antenna in terms of reflection coefficient
(S11), gain, and radiation pattern. In [33], we conducted a
thorough simulation study on utilizing an array of our SWB
antennas for detecting lung tumor of different sizes and at
different locations of the lung tissue. Building on the outcomes
from these previous works, this paper further investigates
experimentally the potential of an imaging system utilizing our
SWB antennas for detecting not only lung, but also skin tumor,
in a custom-built torso phantom composed of several tissue
mimicking materials (TMMs). The specific objectives are to
study the dielectric properties of the TMMs across the SWB
frequency range, detect early stages of both deep-seated lung
and in-situ skin tumors using life-size torso phantoms, and
enhance spatial resolution and signal-to-clutter ratio (SCR)
[34], [35], which are limited in conventional RF imaging
systems due to bandwidth constraints [36].

The main contributions of this paper are:

e Development and experimental validation of a SWB
imaging approach to significantly enhance the detection
of early-stage deep-seated lung tumors. Unlike the
previous studies, our work showcases the capability of
SWB imaging to accurately locate and size early-stage
tumors even in deep regions of a five-layer life-size
torso phantom with thoroughly characterized dielectric
properties across the entire bandwidth.

e Investigating the capability of SWB imaging to locate
and size early-stage in-situ skin tumor in the epidermis
(outermost skin layer) with smaller diameter and
thickness, in contrast to existing studies that focus on
skin tumors located at various depths of the skin or
even extending into the adipose layer.

e  Our work represents the first experimental study on
SWB imaging for the detection of lung and skin
tumors that represent two extreme cases of cancer
detection in terms of their tumor location: from the
most deep-seated to the most superficial location.

e  Our work also represents the first experimental study
on quantifying the change in detection accuracy due
to the switch from UWB to SWB frequency range in
the same imaging application.

The remainder of this paper is organized as follows:
Section |1 details the methods used to measure the dielectric
properties of the torso phantom across the SWB frequency
range. Section 11 discusses the results obtained from imaging
the torso phantom for the detection of lung and skin tumors.
A performance comparison between the SWB and UWB
imaging approaches is presented in Section IV. Finally, the
concluding remarks are made in Section V.

Il. DIELECTRIC PROPERTIES OF TORSO PHANTOM

In order to build a phantom that mimics the composition and
dielectric properties of human torso layers, experiments are
conducted using different mixtures of TMMs [31] across the
operating frequency range of our developed SWB antenna.

Utilizing the free space method [52], two identical antennas,
Tx and Ry, covering the specified frequency range are employed.
The antennas are separated by a distance of 760 mm, which is
larger than the calculated minimum far-field distance. The
measurement entails the utilization of a rectangular block of
Material Under Test (MUT) with dimensions of 120 mm in
length, 80 mm in width, and 40 mm in thickness, erected on a
wooden platform with two antennas oriented towards it, each
connected to a port of the vector network analyzer (VNA). The
measurement involves firstly capturing the S-parameters of an
empty platform positioned equidistantly between the antennas.
The MUT is then placed on the platform with its width in the
upright position, and the S-parameter measurement is repeated.
The effect of the platform can be eliminated by employing a
subtraction technique, allowing MUT’s S-parameters such as
transmission and reflection coefficients to be determined.

To process the measured S-parameters and extract MUT’s
dielectric properties, the Nicolson-Ross-Weir (NRW) method
[37] is implemented. We opted for this method due to its being
most common approach for extracting dielectric values from
complex S-parameters recorded via the transmission/reflection
method using a VNA. We obtained the " (reflection coefficient
at interface) and P (propagation coefficient, a.k.a transmittance
through dielectric layer) from Si; and Sy parameters, which then
enable the extraction of MUT’s complex relative permittivity,
loss tangent, and conductivity [38]. We measured the dielectric
properties of TMMs that constitute the human torso as listed in
Table I. The measurement setup is shown in Fig. 1.

Fig. 2 represents the dielectric properties results of different
TMMs over the frequency range from 1 to 40 GHz, where the
relative permittivity tends to decrease with increasing frequency.
However, the conductivity shows opposite behavior where it
increases with frequency. It should be noted that the measured
dielectric properties of the TMMs are within the range of the
simulated results derived by Cole-Cole model [39], [40] of the
corresponding torso tissues.
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Fig. 1. Setup for free space dielectric property
measurement; (a) without MUT; and (b) with MUT.
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Fig. 2. Simulated Cole-Cole dielectric properties (left column);
Measured dielectric properties (right column).

TABLE |
MEASURED DIELECTRIC PROPERTIES OF THE TORSO PHANTOM

Layers Thickness (L) TMMs (Ratio)
Skin 40 mm Gelatine + Water (1:1.5) [21]
Fat 40 mm Paraffin wax [41], [42]
Rib Bone (Cancellous) 15 mm Plaster of Paris [43], [44]
Muscle 55 mm Gelatine + Water (1:2.5) [21]
Lung (Inflated) 44 mm Gelatine + Water (1:1) [21]

I11. EXPERIMENTAL MEASUREMENTS

A. Deep-Seated Lung Tumor Imaging

For the purpose of detecting lung tumor located deep in the
lung tissue, two human torso phantoms are constructed. One
represents an unhealthy scenario where a tumour is present
in the phantom, while the other represents a healthy scenario
with no tumour present. The tumor is emulated with a 25 mm
diameter red grape, which is considered in literature as a
suitable equivalent to tumor tissue [45], [46]. In the lower
frequency range of 2.45 GHz, the dielectric properties of fresh
grapes are higher than those of healthy tissues, exhibiting a
permittivity of ~ 70, loss factor of 17, and conductivity of 4 S/m.
In comparison, the permittivity of tumors typically falls between
50-80, depending on tumor type and racial factors [47]. In the
lung tissue, cancerous tumor can exhibit a relative permittivity
and conductivity that are 2—3 times, and 1.6—2 times greater,
respectively, than those of normal tissue [48], [49]. A significant
contrast is observed between healthy and unhealthy skins,
with the latter exhibiting permittivity levels 2—10 times higher
than the former [30]. Hence, fresh grapes are considered a
good representative for lung and skin tumors.

In Fig. 3, the dimensions of the constructed phantom and
inserted tumor are shown. To set up for imaging, the phantom
is positioned on a rotatable platform with a radius of 131 mm.
A circular array of 8 elements of our custom-designed SWB
antenna is positioned around the constructed phantom, each
separated by an angle of 45°. A 10 mm separation is maintained
between each element and phantom. The setup in Fig. 4 involves
connecting port 1 of the VNA to an antenna element that
functions as the transmit antenna, while port 2 is permanently
connected to the common port of an electromechanical RF
switch. By manual actuation of the electrical contact
between the switch’s common port and the port of each
antenna element that functions as the receive antenna,
backscattered signals received from the other 7 antenna
elements connected to the RF switch are then recorded.
Next, another antenna element is manually configured as
the transmit antenna, and the measurement repeats until all
elements have taken turns to function as the transmit antenna.
Each measurement is repeated three times, and averaged value
is used in the subsequent processing.

This process is executed for both healthy and unhealthy
phantoms. The overall scan time of each phantom takes around
10-15 minutes. Following this, the recorded signals obtained
using the healthy phantom are subtracted from those using
the unhealthy phantom. The backscattered signals acquired
from all antenna elements are compared over the operating
frequency range of 3.1 to 40 GHz of our SWB antenna. The
outcomes of this comparison are depicted in Fig 5.

The results indicate that the signals obtained from the
unhealthy phantom exhibit higher reflection than those from
the healthy phantom. This observation aligns with the expected
behavior due to the higher dielectric properties of cancerous
tissues caused by their higher water content. Notably, this
distinction is most prominent at the initial resonant frequencies.
In addition, a slight shift in frequency is observed, particularly



at the first resonance. As we sweep to higher frequencies, there
is a decrease in signal penetration and increase in attenuation,
which affect the signal behavior of both phantoms.

The recorded signals obtained from the antenna array are
further processed using two beamforming algorithms: Delay
and Sum (DAS); and Delay Multiply and Sum (DMAS). DAS
is based on the coherent addition of the backscattered signals
collected at different antenna positions, while DMAS is based
on the antenna pair multiplication before the summation of
reflected signals measured at different antenna positions [50].
Fig. 6 and Fig. 7 show the resulting reconstructed 2D images
of the healthy, and unhealthy phantom, respectively, using
DAS and DMAS, demonstrating the successful detection of
the deep-seated tumor using both algorithms.

The size of the detected tumor is determined from the
reconstructed images by identifying regions that represent
high signal scattering, indicated in red on both color maps
generated using DAS and DMAS algorithms. Generally,
DMAS is found to yield a higher image resolution and more
precise estimation of the tumor size compared to DAS, as
detailed in Table II.

@ (b)
Fig. 3. Constructed phantom of human torso: (a) phantom
dimensions; and (b) inserted tumor.

Fig. 4. Imaging setup for lung tumor detection.
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Fig. 5. (a) Comparison of measured reflection coefficients
between healthy phantom (without lung tumor) and unhealthy
phantom (with lung tumor) from all 8 antenna elements; (b)
zoom-in view at first resonant frequency; (c) zoom-in view
at second resonant frequency.
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Fig. 6. Reconstructed 2D images of healthy phantom using:
(a) DAS; and (b) DMAS beamforming algorithms.
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Fig. 7. Reconstructed 2D images of unhealthy phantom with
lung tumor using: (a) DAS; and (b) DMAS beamforming
algorithms.

TABLE Il
PERCENTAGE ERROR OF LUNG TUMOR DETECTION USING DAS AND DMAS

Beamforming Real tumor Detected tumor Percentage
algorithm diameter diameter Error
DAS 25 mm 27.5mm 10%
DMAS 25 mm 24 mm 4%

B. In-Situ Skin Tumor Imaging

The same phantom composition for lung tumor detection is
utilized to assess the SWB imaging approach in detecting in-
situ skin tumor. As shown in Fig. 8, the measurement similarly
involves the use of a healthy phantom and an unhealthy one
with tumor inserted in the outermost skin layer of the torso
phantom. The tumor is a grape slice of 20 mm diameter and
1 mm thickness. The corresponding imaging setup is illustrated
in Fig. 9. The acquired reflection coefficient from the antenna
directly facing the tumor (labeled Antenna 1) in the unhealthy
phantom is compared with that from the healthy phantom as
shown in Fig. 10. The results similarly show that the signals
from the unhealthy phantom exhibit higher reflection than that
from healthy phantom, and have their frequencies slightly
shifted to a lower band, in particular at the first two resonances.

(@) ®)
Fig. 8. Constructed torso phantom: (a) healthy phantom; and
(b) unhealthy phantom with skin tumor inclusion.

Fig. 9. Imaging setup for skin tumor detection.
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TABLE I
PERCENTAGE ERROR OF SKIN TUMOR DETECTION USING DAS AND DMAS
Beamforming Real tumor Detected tumor Percentage
algorithm diameter diameter error
DAS 20 mm 18 mm 10%
DMAS 20 mm 19 mm 5%

The corresponding reconstructed images in Fig. 11 clearly
demonstrate the successful detection of skin tumor using both
beamforming algorithms. Table Il further shows that DMAS
estimates the tumor size more accurately than DAS, proving
again its capability in producing higher image resolution.

IV. SWB vs UWB IMAGING

In this section, we evaluate the impact of an antenna’s
bandwidth on the imaging performance by comparing the
outcomes of utilizing super-wide imaging bandwidth to that
of utilizing ultra-wide imaging bandwidth for lung tumor
detection. We chose to compare in the context of detecting
lung tumors as this type of cancer presents more detection
challenges due to their deep-seated location. To enable a direct
comparison between the two cases, instead of using a separate
representative UWB antenna to perform UWB imaging that
could be affected by the different design and construction of
the antenna and not just its bandwidth, the same imaging setup
for SWB imaging is employed for UWB imaging, and the
same subtraction technique is utilized where the recorded
signals obtained using the healthy phantom are subtracted
from those using the unhealthy phantom. However, the
range of frequency sweep is changed to reflect an ultra-wide
bandwidth. Specifically, we utilize the following frequency
ranges: (i) 3.1-40 GHz with 171.23% fractional bandwidth
(FBW) for SWB imaging as in our earlier sections; and (ii)
3.1-10 GHz with 105.3% FBW for UWB imaging in this
work. This choice of frequency range for UWB imaging is
based on recommendations from previous studies on lung
and other deep tumor detection [33], [51]. The designed
SWB antenna has an impedance bandwidth of 36.9 GHz
(IS11] < —10 dB), peak realized gain of 3.5 — 6.2 dBi, stable
omnidirectional radiation pattern, 97% radiation efficiency,
and low cross-polarization level (< —40 dB) within the
selected ultra-wide bandwidth.

For a proper comparison between images reconstructed
using different imaging bandwidths (SWB and UWB), we
employ the SCR metric, which is defined as the ratio of tumor
intensity to the clutter intensity in the reconstructed image.
Fig. 12 and Fig. 13 show the reconstructed images of both cases
by DAS, and DMAS algorithm, respectively. The images by
SWB imaging have clearer tumor indication and less clutter
(light blue and green shades) than those by UWB imaging,
affirming that the super-wide bandwidth has enhanced the
spatial resolution of the images.

The results in Table 1V quantify this enhancement. It shows
that SWB imaging can outperform UWB imaging in terms of
SCR by up to 84.4%.

.05 0.1 005 0 0.05 0.1 0I5 015 0.1 005 0 005 0.1 0.15
X(m)

(@) (b)
Fig. 12. Reconstructed images of lung tumor using DAS
by: (a) SWB imaging; and (b) UWB imaging
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Fig. 13. Reconstructed images of lung tumor using DMAS
by: (a) SWB imaging; and (b) UWB imaging

TABLE IV
SCR oF SWB AND UWB IMAGING OF LUNG TUMOR
Beamforming SCR of SWB SCR of UWB Percentage
algorithm (dB) (dB) Improvement
DAS 13.97 9.5 47.1%
DMAS 26 14.1 84.4%

V. CONCLUSION

This paper investigates the capabilities of the SWB imaging
approach for tumor detection at different depths, including
deep-seated lung and in-situ skin tumors. Additionally, it
investigates the dielectric properties of tissue-mimicking
materials across the SWB frequency range of 3.1 to 40 GHz.
Experimental measurements conducted using a life-size torso
phantom with five tissue layers demonstrated the successful
detection of lung and skin tumors. Furthermore, the imaging
results show 47.1% and 84.4% enhancement in SCR over the
UWB imaging approach when reconstructed using the DAS,
and DMAS algorithms, respectively.

While our approach has shown promise, we acknowledge
that there are limitations to this work. Firstly, the constructed
phantoms do not entirely replicate the heterogeneous nature
of the human torso. For instance, other anatomical structures
such as the pleura and blood vessels are not mimicked in our
torso model. Furthermore, we have not evaluated the detection
of multiple tumors at different locations. Hence, as future work,
we plan to address these limitations. We also plan to conduct
animal testing and clinical trials to further prove the efficacy
and safety of our SWB imaging approach.
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