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implantable multi-element sensor in sub-THz range
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ABSTRACT
In this article, a new biodegradable and easily implantable multi-element sensor is presented
for early-stage breast cancer screening within the Sub-THz frequency range. The evolution
of the sensor begins with the development of a single element. Once the desired operating
frequency of operation is accomplished by the single element it is transformed into a multi-
element configuration. The sensor is implemented on a compact size (20,000× 20,000 µm2)
easily biodegradable cordura substrate. The sensor performance is evaluated in terms of in-band
reflection, directivity and surface current. The sensor is offered Factional Bandwidth (FBW), aver-
age directivity and surface current density 115.15%, 10.5 dBi and 20A/m, respectively. The breast
phantom screening is carried out for normal and malignant phantoms of (Tis, N0, M0), (T1, N0,
M0) and (T2, N1, M0) using the proposed Multi-Element Sensor (MES). The Principal Component
Analysis (PCA) results, error bar and sensitivity parameters are accounted for in the analysis to
discriminate the normal phantom frommalignant phantoms. The sub-THz range of operation of
the proposed sensor has opened a new research scope for medical screening applications and
theproposedmethod comparatively, offers awide rangeofmeasurements for tumourdetection.
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1. Introduction

Cancer is a leading cause of human mortality globally.
As per recent global cancer patient statistics released
by the International Agency for Research on Cancer
(IARC), an estimated 19.23 million people were diag-
nosed with cancer, while 9.9 million lost their lives to
the disease [1]. Among all types of cancer, breast can-
cer is a challenging disease for women’s lives. As per
the latest report of Globocan, about 2.3 million women
have been diagnosed with breast cancer worldwide and
684,996 have lost their lives. As illustrated world mor-
tality statistics in Figure 1 are due to all types of cancer
detected among the women. The mortality percentage
due to breast cancer is higher than that of other cancers.

Early warning signs of breast cancer, often detected
by both patients and healthcare providers, include
changes in breast shape, unexpected discharge, discom-
fort, nipple rash and swollen armpits. In some cases,
lumps were also found in the breast. The study revealed
that, aside from other symptoms, breast lumps were
present in a subset of participants. Breast cancer pri-
marily develops in the epithelial cells lining the ducts
(85%) or lobules (15%) of the breast’s glandular tissue
[2]. Cancerous tissue initially grows around ducts or
lobules. In the initial phase, no significant symptoms
are observed and spreading rate is too slow [3]. Initially,
cancerous cells spread surrounding breast tissue (inva-
sive stage), subsequently, they may spread further to

regional lymph nodes (regional metastasis) or even dis-
tant organs in advanced cases [4]. Unfortunately, many
women receive breast cancer diagnoses in stage 3 or 4.
This delay often proves fatal as the cancer becomes diffi-
cult to treat. Early detection is crucial, as breast cancer’s
high mortality rate of 15% testifies [5]. Ignoring seem-
ingly trivial symptoms can have dire consequences, so
promptmedical attention and early diagnosis are key to
reducing the risk of death.

Existing breast cancer detectionmethods like X-rays
and mammograms pose radiation risks for younger
women [6,7]. While MRI offers safer and more pre-
cise imaging, its cost and accessibility limitations leave
a gap. Additionally, even advanced mammograms and
MRIs struggle to pinpoint tiny, early-stage tumours
(T1) in dense breast tissues [8]. Machine learning has
played a pivotal role in enhancing the accuracy of
medical imaging (X-ray, mammogram, MRI) through
post-processing techniques, as explored in [9–11].

The potential of sub-THz microwave sensors for
tumour detection has sparked intense scientific inquiry
over existing modalities. In the sub-THz range (0.002
–0.3 THz), these sensors offer superior signal penetra-
tion through human tissue [12], enabling better differ-
entiation of small tumours from healthy tissues. Exten-
sive research has yielded various microwave sensor
designs for tumour detection in different organs, as
detailed in references [13–18]. The authors in reference
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Figure 1. Estimated female mortality statistics worldwide due
to all types of cancer [1].

[13] employed dielectric spectroscopy at 0.5–10GHz
using a Keysight probe and tissue phantoms to anal-
yse the properties of skin and fat. To mimic breast
tissue and detect tumours, an ex-vivo microwave imag-
ing system, based on a double ridge waveguide sen-
sor, has been implemented in [14]. This system uses
a special signal processing technique to reconstruct
images and successfully detect tumours based on their
electrical properties. However, the diagnostic setup
and microwave sensor were not conducive to ensur-
ing patient comfort. The Vivaldi microwave antenna
sensor, introduced in [15], underwent a simulation
study in which a phantom model was employed for
tumour detection. The sensor was constructed using a
non-biodegradable material consisting of copper and
dielectric, with dimensions of 73× 42mm⊃2. A novel
convex optimization approach for focusing electrical
fields at 30GHz was showcased in [16]. This innova-
tive technique enabled deeper penetration of EMwaves
into breast tissue, making it valuable for accurate scans
of dense breast tissue. However, the study utilized a
rectangular phantom, potentially causing discrepan-
cies between the measured field strength and that of
a more realistic, anatomically shaped breast phantom.
The microwave sensor was developed on the Roger
non-disposable and non-biodegradable substrate size
of 130mm× 130mm. The ring resonator array devel-
oped in [17] presented a captivating approach for non-
invasive breast tumour detection using metamaterials.

Further optimization is necessary to streamline the
implementation, enhance patient comfort and explore
the possibility of disposable substrates for a more
user-friendly experience. Several recent studies [18–21]
tried to match these specific requirements. In [18]
presents a high-frequency microwave breast imag-
ing system (16–20GHz) operating on a rectangu-
lar phantom (178× 50× 36mm) made from a non-
disposable hard Roger substrate. Tumour detection

relies on backscattered signal analysis via the root
mean square method. While the reported method suc-
cessfully locates tumours, its validity in realistic sce-
narios with complex tissue properties needs further
validation. Researchers in [19,20] developed a non-
disposable UWB-MIMO antenna sensor and tested its
performance on three realistic breast phantoms: nor-
mal, single tumour and multiple tumours. In [21], a
flexible non-disposable sensor is even tested on an
actual human subject. Although the sensor is reusable,
patients use the same undergarment during testing,
raising hygience concerns. A THz sensor using a tree-
slotted metamaterial was developed by G. Rajalakshmi
et al. [22] for detecting 25-mm tumours. The sensor res-
onated at 2.04 THz frequency but, it was implemented
on the non-biodegradable substrate. A graphene-based
circular ring resonator THz sensor has been developed
for cancer screening in [23]. Graphene is also a biocom-
patible material but not biodegradable and this study
only analysed reflection results on the interaction of
cancerous cells with sensors. Kritika Singh et. al. devel-
oped a rectangular patch of gold, and an array of Split
Ring Resonator (SRR) etched in the ground plane [24].
The cancerous sample was placed between two anten-
nas for measurement. The reported method has two
limitations: firstly, it utilizes expensive metal i.e. gold
and is fabricated on a non-biodegradable substrate.

Current breast cancer detection methods often use
reusable sensors, raising hygiene concerns. Despite the
flexibility and biocompatibility of sensors reported in
[17,18], the intricate evaluation process of sensors has
limited their practical application. Additionally, most
existing sensors operate at GHz frequencies, limiting
their ability to distinguish between healthy and can-
cerous tissues. This study introduces a new, disposable
sub-THz sensor specifically designed for breast cancer
detection. Sub-THz waves offer better tissue penetra-
tion and contrast than GHz frequencies, leading to
more accurate detection of malignant tumours.

This work is contributed in terms of the following
major points:

(1) Propose a new, low-cost, disposable (single use),
easily implantable and (biodegradable) environ
ment-friendly multi-element THz sensor.

(2) To test and analyse the sensor behaviour in the
sub-THz operating frequency range and finalize
the most suitable biodegradable substrate for the
sensor development.

(3) To test the sensitivity and accuracy of the sensor
by the placement of it over healthy and malig-
nant breast phantoms in different measurement
scenarios.

Reminder of the article is organized in the follow-
ing sections: Section 2 includes sensor development
methodology and substrate selection analysis, sensor
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Figure 2. Design configuration of the proposed multi-element
sensor, L = 20,000 µm, W = 20,000 µm, Gw = 10,000 µm,
Gs = 1500 µm, G1 = 2000 µm,Wf = 1000 µm, R = 2000 µm.

performance is evaluated in Section 3 and Phantoms
design and modelling are defined in Section 4. The
phantom analysis using sensors for tumour identifi-
cation is described in Section 5, and finally work is
concluded in Section 6.

2. Sensor development methodology

The proposed sensor is developed. In the first step, a
single element is developed to accomplish the desired
frequency band of sub-THz band. Furthermore, the
single elements are orthogonally arranged on the Cor-
dura flexible substrate with a dielectric constant of 1.1,
a thickness of 1mm and a loss tangent of 0.0098. The
proposed multi-element sensor design configuration is
depicted in Figure 2. A detailed discussion about sensor
development is further explained in the next section.

Figure 3. Step-wise development of a single element of the sensor.

Figure 4. The reflection coefficient results from the stepwise
evolution of the single element.

2.1. Single-element evolution of the sensor

The evolution process of the single element begins
with an octagon-shaped patch created on the small
size (10,000× 10,000μm2) Roger 5880 substrate with
a dielectric constant of 2.2 and a loss tangent of 0.0009.
A partial ground plane is also created on the top of the
substrate along with the patch. Six design steps are fol-
lowed to achieve the desired operating bandwidth (sub-
THz range) of the single element. The stepwise develop-
ment of the sensor element is shown in Figure 3. In the
second step, another octagon-shaped structure is over-
lapped on the previous patch and the operating band-
width results of each step are monitored and shown in
Figure 4.
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2.2. Substrate selection and analysis

The flexible and comfortable substrate with better
biodegradable disposability is an essential criterion of
the proposed sensor development. The performance
characteristics of the sensor are substantially depend-
ing upon the permittivity and thickness of the substrate
[25]. Better performance can be accomplished with low
relative permittivity, low dielectric loss and high ther-
mal conductivity at the cost of increased overall size
of the sensor. Therefore, miniaturization of the sensor
without compromising their performance is also a con-
siderable design challenge for researchers and Radio
Frequency (RF) Engineers.

Given the above-discussed design constraint, four
types of substrate included in the analysis i.e. Cot-
ton, Jeans, Paper and Cordura with a permittivity of
1.6, 1.5, 2.3 and 1.1, respectively. The multi-element
proposed sensor is designed on these selected sub-
strates in the Computer Simulation Technology (CST)
microwave studio design environment. The reflection
coefficients and gain performance of the sensor with
various substrates are analysed, as shown in Figure 5.

The reflection coefficient results of the proposed sen-
sor with different substrates and selected a constant
thickness of 1.5mm. The calculated results as shown
in Figure 5(a), a sensor with the jeans and the cot-
ton substrate has in-band reflection (S11 < −10 dB)
for the frequency range of 0.066–0.24 THz. The paper
substrate is offered in-band reflection (S11 < −10 dB)
for the frequency range of 0.05–0.23 THz. However, the
sensor designed on theCordura substrate offers the best
operating bandwidth among all other substrates with
in-band reflection (S11 < −10 dB) for the frequency
0.0074–0.265 THz. Undoubtedly, the operating band-
width of the sensor with Cordura is better than that
of the other substrates, but sensor performance is also
analysed in terms of their gain to select the perfect

substrate. As shown in Figure 5(b), the gain of the sen-
sor with jeans and the paper substrate is approximately
the same and it is more than 10 dBi for the frequency
0.03–0.3 THz. The cotton substrate is offered a gain
of 10 dBi for the range of 0.06–0.3 THz. However, the
gain of the Cordura substrate is less than 10 dBi for
the 0.03–0.2 THz frequency range and for the rest fre-
quency range ismore than 10 dBi. Although the gain for
jeans and the paper substrate is relatively higher than
for the Cordura substrate, operating bandwidth of jeans
and the paper substrate is limited to 0.066–0.24 THz
and 0.05–0.23 THz, respectively. Therefore, the gain
and operating bandwidth criteria of the Cordura sub-
strate are the best choice among the other substrates.

The sensor performance is further determined by
different thicknesses of the Cordura substrate, as shown
in Figure 6. The reflection results indicated that the
in-band reflection (S11 < −10 dB) performance of
the sensor is appropriate with the 1.0mm-thick sub-
strate which is offered an operating frequency range of
0.007–0.26 THz.

3. Performance analysis of the proposed
sensor

The performance of the proposed sensor is evaluated in
terms of directivity, surface current and s-parameters.
While the phantoms are exposed through the sensor,
the radiation intensity is an important parameter which
defines the signal penetration quality. The directivity of
the sensor is defined as the radiation intensity in a cer-
tain direction. The directivity of the sensor is evaluated
at 0.06 and 0.1 THz frequency across the excited port
1 and port 2. The 3D patterns of evaluated directivity
for port 1 and port 2 are shown in Figure 7; however,
due to the symmetrical configuration of the other ports,
assumed to offer similar results. The directivity offered
by port 1 and port 2 at 0.06 THz frequency is 11.6

Figure 5. Substrate analysis results with different substrates, (a) Reflection Coefficient and (b) Gain.
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Figure 6. Reflection results of the sensor with different thicknesses of the substrate.

Figure 7. 3D Radiation pattern of the proposed sensor (a) at 0.06 THz, port 1 (left), port 2 (right) and (b) at 0.1 THz, port 1 (left), port
2 (right).

and 11.7 dBi, respectively. However, at the frequency
0.1 THz, both ports are offered the same directivity with
the value of 10.1 dBi. Offered directivity by the pro-
posed sensor has sufficient strength to penetrate in the
breast phantoms.

The surface current distribution is another perfor-
mance parameter of the sensor which is described as
the port isolation among the sensing element. The eval-
uated surface current of the sensor is shown in Figure 8.
The current density is observed across the non-excited

port and the amount of coupling is evaluated due to
the induced current. The surface currents are moni-
tored for port 1 and port 2 at 0.1 THz, 0.14 and 0.2 THz
frequency, respectively, while one port is excited and
the other terminated with a matched load of 50Ω. The
results as monitored in Figure 8(a) with the port 1
excited and other remains non-excited, the maximum
current density is observed around excited port 1; how-
ever, induced current across non-excited port is min-
imum. Similarly, Figure 8(b) with the port 2 excited
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Figure 8. Surface current distribution across the sensor elements (a) at port 1 and (b) port 2 [The results monitored at 0.1 THz, 0.14
and 0.2 THz start in each row from left to right].

Figure 9. S-parameters of the proposed sensor.

and other remains terminated which also offered min-
imum current density. This self-isolated phenomenon
of the sensor showed less coupling effect without intro-
ducing any decoupling mechanism resulting in the size
miniaturization of the sensor.

S-parameters of the proposed sensor are depicted
in Figure 9, the reflection result (S11) exhibits a wide
operating bandwidth from 0.007 to 0.026 THz fre-
quency. However, isolation parameters (S21, S31 and
S41) exhibited port isolation of more than −30 dB for
the desired operating frequency range. Although port
isolation is a significant performance parameter in the
communication systems, here we utilized this parame-
ter as a phantom-sensing characteristic when the sensor
interacted with different breast phantoms.

4. Phantoms design andmodelling

According to the medical terminology, breast cancer
is categorized and based on the (T, N and M) staging

systems. “T” stands for tumour size, “N” is the spread-
ing stage around the lymph nodes and “M” is known
as metastases, which refers to the spreading stage of the
tumour in other body organs. Based on the (T, N and
M) level cancers usually divide into Stage 0, Stage I,
Stage II, Stage III and Stage IV [26]. Stage III and IV
fall under the severe category in which clear evidence
of the tumour can be easily assessed by conventional
screening tools (X-ray, Mammogram and MRI). How-
ever, the assessment of the primary stages of the tumour
is often difficult with these tools. Sometimes, dense
breasts can not be examined through existing screening
models, and need to pass through pathological exami-
nation through biopsy. However, biopsy is harmful and
gives patients discomfort. Therefore, this study covers
the primary stages of the tumour i.e. Stage 0 (Ductal
carcinoma in situ), Stage I and Stage II. The categories
of these models are described in [27] and defined in
Table 1. The breast model with the cancerous tissue is
shown in Figure 10.

Based on the investigation criteria of tumour as sum-
marized in the above table, a normal breast phantom
model and three malignant phantom-layered models
replicate in the bio-exposure environment of CST. The
phantom model parameters are considered, as [29]
described in Table 2. Once these models are prepared,
further these models are evaluated using the proposed
sensor for tumour analysis.

5. Tumoyr analysis using the proposed sensor

The tumour analysis is carried out using the proposed
sensor, the sensor which is excited with ultra-impulse
signal interacts in the near-field region with different
breast phantom models, as described in section 4. The
reflected and transmitted signals of the sensor exhib-
ited a contrast due to different dielectric properties of
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Table 1. Types of cancer asses in this study and their modelling.

Stage of cancer Tumor size (mm) Category Spreading status

Stage-0 5 (Tis, N0, M0) Present in the duct, symptoms are very low & non-invasive
Stage-I 15 (T1,N0,M0) Small tumour, invasive & not spread to lymph nodes
Stage-II 35 (T2,N1,M0) Tumour is spread in lymph nodes

Figure 10. Breast Models (a) Breast anatomy [28] and (b) Equivalent layered structure [19].

Table 2. Phantommodel parameters.

Breast layer
Radius of the
layer (mm)

Relative
permittivity

(εr)

Relative
conductivity (σ )

(S/m)

Skin r1 = 55 36.5 4
Fat r2 = 50 10 0.4
Glandular tissue r3 = 45 10–16 0.5
Tumour 5, 15, 35 50.5 0.9

the phantommodels over the frequency 0.002–0.3 THz.
While the radiated signal from the sensor is incident on
the phantom, the phantom has experienced two major
electrical property changes, as described in [30] and
permittivity (ε) changes arementioned in Equation (1).

ε = (εs − jεl) (1)

where εs stored energy across the sample under test and
εl imaginary part is known as energy losses across the
sample and defined in Equation (2).

εl = (σ/ωε0) (2)

where (σ ) is the conductivity, (ω) is known as the angu-
lar frequency and (ε0) is a free space permittivity. The
relative permittivity change is responsible for to change
in sensor impedance and the cause of the deviation of
reflection and transmission coefficient of the sensor.
The evaluated reflection and transmission coefficient
of the sensor without tumour and with tumour (5, 15,
35 mm) is shown in Figure 11. The minimum value
of the reflection coefficient for normal phantom and
malignant phantoms (5 mm tumour, 15 mm tumour
and 35mm tumour) are (−23.65) dB, (−20.65,−43.33,
−39.75 dB), respectively. The difference in this value
of reflection coefficient without tumour and (with 5
mm tumour, 15 mm tumour and 35mm tumour) are
3, 19.68 and 16.1 dB, respectively.

The minimum value of transmission coefficient
for normal and malignant phantoms (5, 15, 35 mm
tumour) are −112 dB and (−64, −76.55, −72.65 dB),
respectively. The difference between the normal and
malignant phantom (5, 15, 35mm tumour) transmis-
sion coefficient values are 48, 34.45 and 39.35 dB,
respectively. These findings exhibited a sufficient con-
trast to separate healthy and malignant tissue of the
breast.

5.1. Principal component analysis of
S-parameters results

Even though the previous section carried out S-
parameter analysis for normal and malignant breast
phantoms to separate them from each other. But
this evaluation process is limited by a single-valued
function (Only considered minimum values of S-
parameters for each case) out of 3001 observation
points. Furthermore, Principal Components Analysis
(PCA) is taken into account [31], which can include all
observation points in tumour assessment and offers a
more conclusive decision about breast tumour for each
case. The PCA is amultivariate statistical tool to analyse
a such large dataset of S-parameters effectively based
on the correlation between the data points. The reflec-
tion and transmission coefficients for without tumour
and with 5, 15 and 35 mm tumour are processed using
PCA in XLSTAT (the trial version of the Microsoft
Excel application). The PCA for reflection coefficient
results is shown in Figure 12. The PC1 and PC2, the two
main components, are used to explore how correlations
change with and without tumour data for each case (5,
15 and 35 mm).

The correlation of principle components for with-
out tumour and 5 mm tumour has PC1 and PC2 values
of 69.51% and 30.49%, respectively. These components
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Figure 11. Tumour analysis on the interaction of the sensor with different phantoms (a) Reflection results and (b) Transmission
results.

Figure 12. PCA results of reflection parameters [Analysis exhibits without tumour comparison with 5mm tumour, 15 mm tumour
and 35 mm tumour].

(PC1 and PC2) for 15 and 35 mm tumour cases are
(79.5%, 20.5%) and (75.11%, 24.89%), respectively. The
PCA components for the transmission coefficient are
shown in Figure 13. The principal components (PC1
and PC2) for without tumour and 5mm-tumour are
(81.51% and 18.49%); however, these components for
15 and 35mm tumour are (79.5% and 20.5%) and
(75.11% and 24.89%), respectively.

From these results, we observed that for tumour
cases, the principal components (PC1) are higher

than the principal component (PC2) for those without
tumour cases.

5.2. Sensitivity analysis of the sensor

The sensitivity of the sensor was determined by calcu-
lating the statistical parameter (error bar) from the S-
parameter results and considering the sensor’s resonat-
ing effects when interactingwith normal andmalignant
phantoms containing tumours of varying sizes. These
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Figure 13. PCA results of transmission parameters [Analysis exhibitswithout tumour comparisonwith 5mmtumour, 15mmtumour
and 35 mm tumour].

Figure 14. Error bar plots (a) for the peak value of reflection results and (b) for the peak value of transmission results.

analyses significantly confirmed the sensor’s sensitiv-
ity. Each measurement is discussed in detail in the
following sections.

The sensor is placed over malignant phantoms (with
tumour size of 5, 15, 35 mm) in the near-field region
at various heights (h = 5, 15, 20 and 25 mm), as

shown in Figure 14. For these four measurement trails,
peak values of reflection and transmission results are
observed and an error bar is drawn for both results.
The error bar shows the deviation in the values for
each case and the cause of the high sensitivity of the
sensor.
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Table 3. Sensitivity analysis of the sensor in different measurement scenarios.

SUT (f r−max) (GHz) (f r−min) (GHz) � f r (GHz) S21min (dB) S21max (dB) �S21 (dB) Sensitivity (%)

Free space 282 28 254 −66.89 −18.86 48.03 19
Without tumour 240 25 215 −112 −15.8 96.2 45
5 mm tumour 235 26 209 −64.5 −18.55 45.95 22
15 mm tumour 252 19 233 −76.55 −16.74 59.81 26
35 mm tumour 183 19 164 −72.65 −17.21 55.44 34

Table 4. The computational complexity of the proposed experimental analysis, [Run on HP-made i-7 machine, with 16 GB RAM].

Simulation state of the sensor Optimization environment of CST
Number of
mesh cells

Maximum
solver run

Total
simulation Cost

Free space Transient solver for planar device design 525,769 4054 4 h, 26 m, 5 s
Without tumour Transient solver for biomedical exposure environment 985,953 6456 7 h, 34 m, 52 s
With tumour Transient solver for biomedical exposure environment 995,789 6897 7 h, 54 m, 32 s

Sensor sensitivity is also evaluated by S-parameter
results (S11 and S21) as described in [32] and defined
by Equation (3). The sensitivity is evaluated for differ-
ent cases (free space, without tumour, 5 mm tumour,
15 mm tumour, 35 mm tumour). The sensitivity results
are summarized in Table 3.

S(%) =
(

ΔS21
Δfr

)
× 100 (3)

where (S) is the sensitivity, (ΔS21 = difference of
S21min and S21max) and (Δfr) is the difference between
relative resonate frequency for these (min) and (max)
values.

Evaluated sensitivity for free space, without tumour,
with 5mm tumour, 15 mm tumour and 35mm tumour
is 19%, 45%, 22%, 26% and 34% respectively. In the CST
simulation environment, the sensor placement over the
breast phantoms was exact as described in the second
paragraph of this section. However, a potential source
of error may arise while these measurements are car-
ried out in practical scenarios. In practice, to avoid such
constraints, systems must develop with an adjustable
sensor holder with a (mm) scale.

5.3. Computation complexity of the executed
analysis

The computational complexity for simulations in the
CST environment with body phantoms is heavily influ-
enced by machine specifications, frequency of opera-
tion and the size of the chosen human body model.
To achieve faster results, high-performance hardware is
typically necessary. Table 4 provides a summary of the
computational challenges encountered in this analysis.

5.4. Comparative study of the proposed sensor

A comparative analysis with existing work is discussed
in terms of sensor disposability, operating frequency
range, employed measurement techniques, assessment
of tumour size, sensor type, sensitivity and sensor sub-
strate used. Table 5 shows all the related details of

these parameters. Comparatively, the proposed multi-
element sensor has a wider operating range than the
sensors implemented in [13–18] and in [21,33] which
can provide a broad range of dielectric characterization
of the phantom models. However, measurement tech-
niques of [16,21,33] can more effectively localize the
tumour position.

In terms of assessing tumour size or stages, the
claimed works in [13,15,17,18] assessed the single stage
(i.e. stage-0) tumour; however, the proposed sensor
assessed several early stages of the tumour (i.e. stage 0,
stage 1 and stage 2). Works implemented in [21,33] uti-
lized flexible and biocompatible substrates for sensor
fabrication. In comparison, the proposed sensor sub-
strate has biodegradability and flexibility, which ismore
environment-friendly andmaintains patient hygiene by
single-used property of the sensor. Overall, the sensi-
tivity and assessment approach of the proposed sen-
sor has wide applicability to early-stage breast cancer
screening.

6. Conclusion

In this work, early-stage breast cancer screening has
been successfully carried out using a newmulti-element
biodegradable sensor. The sensor performance is veri-
fied in terms of operating frequency range, gain, direc-
tivity and surface current distribution. The sensor offers
a 0.007–0.26 THz operating frequency range, more
than 10 dBi gain and good directivity and is most suit-
able for breast phantom evaluation. Three stages of the
tumour (Stage 0 to Stage 3) are analysed using the
proposed sensor. The reflection and transmission coef-
ficient analysis are carried out and these results are well
separate from the normal andmalignant cases. Further-
more, amore accurate assessment of the tumour in each
case is defined by the carried out PCAanalysis. The pro-
posed sensor sensitivity is evaluated by performing var-
ious experimental trials by changing the gap between
the sensor and SUT in terms of error bar. The offered
sensitivity for free space, without tumour, with 5 mm
tumour, 15 mm tumour and 35 mm tumours is 19%,
45%, 22%, 26% and 34%, respectively. Comparatively,
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se the proposed sensor has low cost, biodegradability and

multi-stage tumour assessment capability considered
an alternative solution in breast cancer diagnosis. In
this work, results are analysed by variation of distance
between the sensor and SUT. For a more accurate diag-
nosis, the sensor should be rotated 360◦ over the breast
along with distance. In future, a realistic setup can
be designed which can scan the breast in a realistic
environment using a proposed sensor.
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