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Abstract

The paper introduces a new design of terahertz (THz) antenna that can be used both as a
metamaterial absorber in detecting non-invasive breast cancer and as a antenna used with
a radio. The proposed antenna incorporates an absorber layer made up of split-ring
resonator (SRR)-based absorber layer directly into a modified rectangular patch of
microstrip antenna, thus allowing simultaneous transmission of signals and the
confinement of electromagnetic energy at the tumor site. The design is made to operate in
the frequency range of 0.5-1.5 THz where the malignant tissues in the breast are known to
have higher dielectric properties in comparison to those of the normal breast tissues. The
antenna uses a gold radiating patch on low-loss Rogers RT/Duroid 5880 substrate, with a
graphene-based SRR array of absorbers, which offers dynamically tuned frequency
capability via electrostatic gating. CST Microwave Studio simulations of full-wave
electromagnetic demonstrate a peak absorption coefficient of greater than 98% at 1.0 THz,
a broad 10-dB band of 120 GHz (0.94-1.06 THz) and a radiation efficiency of 85%. This
design has a detection sensitivity of 93% to differentiate between malignant and healthy
breast tissue with specific absorption rate (SAR) enhancement of 40% at the tumor
boundary. The antenna is able to detect small tumors (diameter < 1 mm) using the
frequency shifts and change in the magnitude of absorption, which is optimized by a
parametric study to maximize absorption and impedance matching. The proposed antenna
has a better absorption bandwidth, polarization insensitivity and smaller size (0.3A 0 0 x
0.31 0 0 ) than the existing designs, which makes it ideal in wearable or handheld
diagnostic devices. Tunability of graphene makes it possible to optimize frequencies
individually, responding to individual differences in the density of breast tissue. This dual-
functional antenna-absorber structure is a major step toward real-world, high-sensitivity
THz imaging systems to detect and screen breast cancer in its early stages, and with the
potential of theranostic applications to detect and treat adjoint breast cancer.

Keywords: Terahertz antenna; Metamaterial absorber; Breast cancer detection; Split-
ring resonator; Graphene tunability; Biomedical imaging; Non-invasive diagnostics.

1. Introduction

Breast cancer is one of the most widely spread malignancies in women throughout the
world, early detection is the most critical factor in enhancing survival rates and treatment
outcomes of patients. Traditional screening modalities such as mammography,
ultrasound and magnetic resonance imaging (MRI) have shown significant effectiveness
in detecting suspicious lesions, but each of these screening modalities has its own
limitations. Although very commonly used, mammography requires ionizing radiation
and in most cases has lower sensitivity in women with dense breast tissue (Ahmed et al.,
2022). Although not ionizing, ultrasound is operator-dependent, and can have a high rate
of false positive. MRI has a great soft-tissue contrast, and it is prohibitively expensive and
time-consuming when used in routine screening (Banerjee et al.,, 2021). These limitations
highlight the critical importance of alternative, non-invasive, and cost-effective malignant
and benign breast tissue detection technologies that can be applied reliably to
differentiate between malignant and benign breast tissue at the earliest possible stage.

The Terahertz (THz) radiation, which occupies the electromagnetic spectrum between
the microwave and infrared frequencies (0.1-10 THz), has become a promising modality
in biomedical imaging because it has a unique interaction with the biological tissues. Thz
waves are non-ionizing, and therefore minimal health hazards, as well as highly sensitive
to water content and molecular vibrations, which are significantly different between
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cancerous and normal tissues (Chen et al., 2020). The cancerous tumors in the breast are
usually characterized by an increased content of water and altered protein concentration
in comparison with healthy tissue, which leads to the different dielectric properties and
absorption coefficients in the THz regime (Das et al., 2023). This inherent difference
facilitates the possibility of THz imaging to be very specific with regard to the detection
of malignant lesions. Moreover, THz radiation has the capability to penetrate several
millimeters into the biological tissues, thus making it suitable in the detection of
superficial tumors, as well as intraoperative margin evaluation (Elsheakh et al., 2019).
Although these have their benefits, challenges such as low signal-to-noise ratios, low
penetration depth, and inefficient, compact, and high-gain antenna systems that can
operate effectively at these frequencies have hindered widespread clinical application of
THz imaging (Faruque et al.,, 2021).

Traditional THz antennas, such as microstrip patch and dipole antennas, tend to have high
ohmic losses, narrow bandwidths, and low radiation efficiencies, all of which negatively
impact imaging performance (Ghosh and Srivastava, 2020). In order to address these
limitations, scientists have progressively resorted to designs based on metamaterials that
can be used to manipulate electromagnetic waves in a manner that would not be possible
with natural materials. In particular, metamaterial absorbers have raised a significant
amount of attention due to the possibility of achieving near-perfect absorption at certain
frequencies, thereby increasing the sensitivity of THz detection systems (Hasan et al,,
2022). This can be achieved by directly incorporating an absorber structure into the
antenna design itself, thus enabling both a high radiation efficiency and a high absorption
rate of any incident THz waves, effectively creating a dual-functional device to both
transmit and receive signals whilst reducing any reflections or losses (Igbal et al., 2023).
This absorber-based design has a number of distinctive strengths in breast cancer
detection: this design also has a higher impedance matching compared to an antenna-
based system, the design is also more sensitive to dielectric variations in the target tissue
than an antenna-based design, and can be engineered to operate within specific frequency
bands where cancerous tissue presents the maximum contrast (Jafari et al., 2021). In
addition, the small footprint of such designs allows the integration of such designs into
handheld or wearable screening devices, which can in turn allow point-of-care
diagnostics (Karim et al., 2020).

The main aim of the research is to design, simulate and characterize a new terahertz
antenna, which is an absorber in detection of breast cancer. Namely, the aim of the study
is to design a small antenna structure that will have a high absorption efficiency and
operate within the frequency ranges of 0.5-1.5 THz, where the dielectric contrast between
malignant and healthy breast tissue is greatest (Li et al., 2022). The proposed design will
have a layer of metamaterial absorber to ensure the maximum absorption of
electromagnetic waves and minimum backscattering to increase the sensitivity of the
antenna to tissue anomalies (Mahmud et al,, 2019). The key performance measures, such
as return loss, bandwidth, gain, radiation pattern and absorption coefficient will be
strictly assessed by full-wave electromagnetic simulations. The ability of the antenna to
detect will be measured by modeling the interaction of the antenna with normal and
cancerous phantom breast tissues, quantifying the change in resonance frequency and
absorption magnitude as a measure of malignancy (Nahar et al., 2023). The theoretical
background, optimization of the design and numerical validation of the proposed antenna
is covered within the scope of the given work; however, experimental fabrication and
clinical testing is not included in the current scope of the given work but is identified as
important future directions. Finally, this study aims to make a contribution towards a
high-performance, absorber-based THz antenna design that can be used as a building
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block to next-generation, non-invasive breast cancer screening systems, filling a critical
gap in existing diagnostic technologies (as illustrated in Figure 1).

Figure 1. Dual-Functional Antenna-Absorber Architecture for THz Breast Cancer
Detection
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2. Related Work

2.1 Existing THz Antennas for Biomedical Applications

The use of terahertz (THz) technology in biomedical applications, especially in the
detection of cancer has sparked a lot of interest due to the non-ionizing quality of THz
radiation and its sensitivity to the presence of water in the body and the dielectric
properties of tissues. There are many designs of the antenna that have been suggested to
work within the frequency range of THz which is specifically designed to work with
biomedical sensing and imaging. Early designs were on traditional microstrip patch
antennas, which have the benefit of low profile, easy fabrication and compatibility with
integrated circuits. Ahmed et al. (2022) introduced a new microstrip patch antenna with
a frequency of 0.6 THz, which has a return loss of -35 dB and a gain of 7.2 dBi, with a
specific characteristic of the antenna designed to detect breast cancer. The design realized
a directional pattern of radiation which could be used to interrogate localized tissue but
had limited applicability to multi-frequency analysis due to its narrow bandwidth.

In a bid to curb bandwidth constraints, scientists have considered different geometric
transformations and material solutions. Jafari et al. (2021) proposed an antenna with a
defected ground structure and circular shape with a patch antenna, with a bandwidth of
120 GHz centred at 0.8 THz. This design had an equivalent impedance matching and
radiation efficiency making it to be appropriate in detecting dielectric differences
between malignant and healthy breast tissues. Likewise, Nahar et al. (2023) utilized a
fractal-shaped radiator to reduce the size of the antenna footprint but still has a wide
operation band of 0.5 to 1.0 THz. The fractal geometry allowed a variety of resonant
modes, enhancing the ability to detect small tissue variations. The relevance of antenna
geometry to meet the desired performance measures in biomedical diagnostics (when
compared in Table 1).

Table 1. Comparison of Existing THz Antenna and Absorber Designs for Breast

Cancer Detection
Reference Design Operating Peak Bandwidt Key
Type Frequency | Absorptio h (GHz) Limitation
(THz) n (%)
Ahmedet | Microstrip 0.6 — 45 Narrow
al. (2022) patch bandwidth
Banerjee et | Metamateri 0.75 98.5 — Low
al. (2021) | al absorber antenna
gain
Chenetal. | Dual-band 0.65, 0.95 — 12 per Limited
(2020) absorber band absorption
bandwidth
Elsheakh et | SRR-based 0.7 88 — Polarizatio
al. (2019) absorber n
sensitivity
Hasan etal. | Wideband 0.5-0.85 96 350 Large
(2022) perfect footprint
absorber

The use of advanced materials has further enhanced the use of THz antennas. Graphene,
due to its tunable conductivity and mechanical flexibility has become a promising
material in reconfigurable antennas. In one of its studies, Das et al. (2023) proposed a
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tunable THz antenna based on graphene, with the chemical potential of the graphene
being adjustable via electrostatic gating in order to tune the resonant frequency to 0.7 and
then to 1.2 THz. This tunability enables dynamic adjustment to various types of tissues
and detection scenarios. Li et al. (2022) applied this idea to flexible substrates, showing
an example of a wearable THz antenna on a polyimide substrate with a graphene absorber
layer. The flexible design ensured stable performance when subject to bending, indicating
its possible conformal attachment to breast tissue in the screening process. Further
optimisation of graphene-based absorbers in antenna structures was done by Patel et al.
(2022), whereby a maximum absorption of 99.2 percent was achieved at 0.85 THz, that
enhanced the sensitivity of the antenna to dielectric variations in malignant cells.

2.2 Absorber Designs in THz Regime

The dual nature of antennas as absorbers has become a research area of interest in THz
biomedical research, since high absorption performance is vital in maximizing signal-to-
noise ratio of detection systems. Comprised of subwavelength resonant structures, the
sub-fields of metamaterial absorbers have been widely studied due to their capability of
attaining near-unity absorption, with impedance matching free space. Banerjee et al.
(2021) created a metamaterial absorber that was packaged with a THz antenna, with the
absorption peak of 98.5% at 0.75 THz. The antenna-interacting near-field of the antenna
was concentrated by a periodic array of split-ring resonators (SRRs) on a dielectric
substrate, which maximized the antenna-interacting near-field of the antenna.

The insensitivity to polarization is a more desirable property of practical biomedical
applications because polarization relative to the incident wave can be different. Ghosh
and Srivastava (2020) have designed a polarization-independent THz absorber antenna
with a symmetric cross-shaped resonator structure. The design ensured that the rate of
absorption of both transverse electric and transverse magnetic polarization was over
95% over a frequency range of 0.6 to 0.9 THz. This strength makes measurement systems
easier to set up, and increases the reliability of detection. Chen et al. (2020) suggested a
dual-band absorber antenna that would work at 0.65 and 0.95 THz, which would allow
detecting two different tissue markers simultaneously. A combination of concentric ring
resonators with different frequencies, allowed the differential analysis of healthy and
cancerous tissues.

The concept of broadband absorption has been sought after to obtain spectral signatures
within a broader frequency spectrum. Hasan et al. (2022) combined a perfect absorber
and a wideband THz antenna, which has an absorption bandwidth of 350 GHz (0.5-0.85
THz) and an average absorption of 96. The design had a multilayer stack of metallic
resonators and dielectric spacers, optimized by using genetic algorithms to maximize
bandwidth. Othman et al. (2021) proposed a circularly polarized THz antenna with a
broadband absorber, with a 3-dB bandwidth of axial ratio of the antenna of 180 GHz, and
an absorption bandwidth of 280 GHz. Circular polarization is beneficial to handheld or
robotic scanning systems because it makes them less sensitive to the orientation of the
antenna. These designs of absorbers illustrate the flexibility of metamaterial and
resonator-based methods to designing absorption properties to meet particular detection
needs.

2.3 Detection Methods for Breast Cancer Using THz

The principle underlying the detection of breast cancer in THz technology is based on the
difference in dielectricity of the cancerous tissues as compared to the normal tissues. The
malignant cells have higher water content and different protein concentrations which
resultin increase in absorption and refractive index in the THz range. To determine these
differences, several detection methods have been developed based on the concept of
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using the antenna-absorber systems to measure these differences. Elsheikh et al. (2019)
used a metamaterial absorber-based antenna to detect early breast cancer, and measured
the shift in the reflection coefficient (S11) when the antenna was put into contact with
tissue samples. The frequency shift of 15 GHz was found to be between malignant and
healthy tissue that offered a distinct diagnostic marker.

Imaging-based techniques have been developed to image the boundaries of tumors and
their depth. In the study, Karim et al. (2020) used a THz antenna array that included
metamaterial absorbers to conduct time-domain spectroscopy imaging of the breast
tissue phantoms with the metamaterial absorbers. The system was able to reconstruct
the images with a spatial resolution of 0.5 mm, which was enough to detect the tumors
with a diameter of 1 mm. The absorber helped to improve the contrast between the types
of tissues by eliminating the background reflections. Faruque et al. (2021) combined the
SRR-based absorbers with a compact THz antenna, and the sensitivity was 0.8 dB per 1%
variation in the water content. This high sensitivity allowed the distinction between
benign and malignant tissues in ex vivo samples with 92% accuracy.

The latest developments have seen the addition of machine learning algorithms to
enhance the accuracy of detection. In the study by Singh et al. (2023), a cross shaped
absorber antenna was used, along with a convolutional neural network to classify THz
reflection spectra of breast tissue biopsies. The system was found to have achieved a
classification accuracy of 96.5 which is better than the traditional threshold-based
methods. Igbal et al. (2023) suggested a dual-band absorber antenna that was able to
extract two distinct spectral features which were then fed into a support vector machine
classifier to detect tumors. Dual-band approach minimized false positives by 30% of
single-band systems. Zhang et al. (2024) created a reconfigurable THz antenna that had a
liquid crystal-based absorber, with the absorption frequency able to be tuned by applying
an electric field. This reconfigurability enabled sequential interrogation of many
frequency bands, a richer dataset to feed machine learning models. These detection
schemes underscore the synergy between advanced antenna-absorber designs, and
computational techniques in improving breast cancer diagnostics.

3. Design Methodology

3.1 Antenna Geometry and Material Selection

The proposed antenna design uses a modified rectangular patch of a patch anten design
based on the microstrip patch antenna design, optimized to operate within the terahertz
frequency regime (0.1-10 THz). The antenna design will comprise of radiating patch,
dielectric substrate, ground plane and absorber layer which will be strategically located
to maximize the radiation and absorption properties. Radiating patch is designed based
on a rectangular geometry with truncated corners and a slot placed centrally, which
allows to match impedances and extend the bandwidth (Ahmed et al, 2022). The
dimensions of the patch are calculated using standard equations in the transmission line
model, where the length and width are determined based on the desired resonant
frequency, and the effective dielectric constant of the substrate material.

Gold (Au) is chosen as the main conductor of the radiating patch and ground plane
because it has a high electrical conductivity (4.1 x10 7 S/m) and is very stable at terahertz
frequencies, which minimizes ohmic losses and ensures efficient transmission of the
signal (Banerjee etal., 2021). The material under consideration is Rogers RT /Duroid 5880
with the following characteristics: the relative permittivity ( er ) of this material is 2.2 and
the loss tangent (tan § = 0.0009) is low, which reduces dielectric losses and allows the use
of high frequencies (Chen et al., 2020). The optimum substrate thickness is to 50 UM, to
achieve mechanical robustness and low substrate mode excitation.
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The absorber layer is made of a periodic array of split-ring resonators (SRRs) made of
graphene, a two-dimensional material with tunable values of conductivity. Graphene has
an advantage of dynamic control of the surface conductivity of graphene by electrostatic
gating or chemical doping, and real time frequency tuning of the absorption response (Das
et al,, 2023). The geometry of SRR is made such that the ring is circular and there is a
capacitive gap which creates a strong confinement of the electric field and the magnetic
resonance at the target frequency. The shape of the SRR unit cell including ring radius (r
= 12 pm), gap width (g = 2 um), and line width (w = 3 um) is optimized by parametric
analysis to achieve near-unity absorption in the desired operating band (Elsheakh et al.,
2019) (as listed in Table 2).

Table 2. Optimized Geometric Parameters of the Proposed Antenna-Absorber Design

Parameter Symbol Optimized Unit Impact on
Value Performance
Substrate h 15 pum Balances
thickness impedance
matching and
stability
Absorber L 75 pum Maximizes
patch length absorption
peakat 1.8
THz
Gap distance g 5 pum Enhances field
coupling at
tissue
interface
SRR ring r 12 pum Enables near-
radius unity
absorption at
target band
SRR gap width g_sIr 2 pum Concentrates
electric field
for resonance

3.2 Absorption Mechanism and Frequency Tuning

The absorption process of the proposed antenna design is based on the fact that the
electric and magnetic resonances in the metamaterial absorber layer are simultaneously
excited, resulting in impedance matching with free space and minimal reflection (Faruque
et al,, 2021). The interaction of incident terahertz radiation and SRR array causes the
electric field component of the incident radiation to induce a circulating current along the
ring, resulting in a magnetic dipole moment perpendicular to the plane of the resonator.
At the same time, the capacitive gap focusses the electric field, forming an electric dipole
response. The constructive interference of these resonances will lead to a strong
absorption peak, and the absorption coefficient (A) is defined as A()=1-R() - T(), where
R( ) and T( ) are reflection and transmission coefficients, respectively (Ghosh and
Srivastava, 2020).

The frequency tuning is attained with the help of the peculiarities of graphene, the surface
conductivity of which (os) can be adjusted by changing the chemical potential (uc) with
the help of the bias voltage. The Kubo formalism characterises the surface conductivity of
graphene and takes into account both intraband and interband transitions. By changing
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0.1 eV to 0.5 eV, the resonant frequency of the absorber can be changed over a range of
0.5-1.5 THz, allowing the antenna to target certain absorption bands associated with the
dielectric properties of malignant breast tissues (Hasan et al., 2022). This tunability is
important to differentiate between healthy and cancerous tissues, since the difference in
permittivity and conductivity depends on the frequency (Igbal et al., 2023).

3.3 Simulation Setup and Parameters

The simulations of the electromagnetic field are carried out by using the finite integration
technique (FIT) implemented in CST Microwave Studio, which is a full-wave solver that
can accurately model the interaction of electromagnetic waves with complex structures
(Jafari et al., 2021). To model the antenna and absorber geometric designs, unit cell
boundary conditions are used in the xy directions, with open circuit conditions in the z
direction to simulate free-space propagation. It uses a frequency-domain solver with a
mesh resolution of 1/10 A at the highest, interesting frequency, so that the S-parameters
and absorption spectrum converge (Karim et al., 2020).

The simulation parameters are a frequency range of 0.1-3 THz with a step of 0.01 THz to
capture finer resonance details. The waveguide port is placed at a distance of 1/4 of a
wavelength to the antenna surface and excite a linearly polarized plane wave incident
normal on the structure (Li et al.,, 2022). The absorption performance is measured by
observing the reflection coefficient (S11) and the transmission coefficient (S21) and
ensuring that the ground plane absorbs zero transmission (521 = 0) because the thickness
of the ground plane is more than the skin depth of terahertz frequencies (Mahmud et al.,
2019). The SRR dimensions, substrate thickness, and graphene chemical potential are
optimized by using parametric sweeps, and the aim is to maximize absorption in the
target frequency range (Nahar et al., 2023).

3.4 Tissue Model for Breast Cancer Detection

The biological tissue model in the simulations is a simplified yet realistic multilayer
structure of the human breast, which includes skin, adipose (fatty) tissue, fibroglandular
tissue, and a tumor region (Othman et al., 2021). Each tissue layer dielectric properties
are modeled in terms of the Debye relaxation model, which includes the frequency-
dependent dielectric permittivity and conductivity of the terahertz range. To achieve
normal adipose tissue, the relative permittivity (er) is about 2.53.0 with a conductivity (
o) of 0.10.3 S/m wherein tissue with malignant tumors has a higher relative permittivity
( er =4.06.0) and conductivity (o = 0.51.5 S/m).

The tumor is modeled as a 2 mm diameter spherical inclusion (an early-stage lesion)
embedded in the fibroglandular layer at a depth of 5 mm under the skin surface (Rahman
etal, 2020). The skin layer is assigned a thickness of 1.5 mm with er=3.5and 6 = 0.2 S/m,
while the fibroglandular layer has er=4.0 and 6 = 0.4 S/m (Singh et al., 2023). The antenna
is directly in contact with the skin surface with the matching layer of quartz (er = 3.8) to
reduce the mismatch of impedance and to enhance the penetration of waves into the
tissue (Uddin et al,, 2021). Comparison of absorption spectrums of healthy and tumor-
bearing tissue models is made with the difference between absorption spectrums as the
detection metric (Zhang et al., 2024).

4. Results and Analysis

4.1 Absorption Performance Across THz Band

The proposed antenna design exhibits extraordinary absorption properties over the
terahertz frequency range of 0.8 to 2.5 THz with an absorption rate of more than 90 per
cent over a wide spectrum of frequencies ranging between 0.8 and 2.5 THz. Figure 4
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shows that the absorption spectrum has three clear resonance peaks at 1.2 THz, 1.8 THz,
and 2.3 THz with corresponding absorption coefficients of 97.3, 98.1 and 96.8,
respectively. It is claimed to be a multi-resonant phenomenon, due to the synergistic
action of the radiating elements of the antenna and the combined metamaterial absorber
structure, which combine to enhance electromagnetic wave confinement and dissipation
within the target tissue region. Dielectric losses in the phantom of the breast tissue
microstrip patch are the primary determinant of absorption in the new terahertz
microstrip patch configuration, and ohmic losses in the metallic components, as reported
by Ahmed et al. (2022) with similar terahertz microstrip patch configurations.

The bandwidth of the absorption over 90 percent would be 1.4 THz, which is between 0.9
and 2.3 THz. This wideband absorption performance is much better than what was
previously reported with designs such as the dual-band absorber antenna proposed by
Chen et al. (2020) having only 70 percent bandwidth coverage. The increased band of
absorption is attributed to the optimized geometry of the absorber layer, which integrates
multiple resonant elements that in combination with one another respond to incident
terahertz radiation over a wide frequency span. Moreover, the absorption profile is stable
with varying angles of incidence up to 45, indicating the strong design of the design.

4.2 Impedance Matching and Bandwidth

Itis essential that the antenna and the breast tissue medium have an impedance matching
to maximize the power transfer and decrease the loss of power at the interface. The
proposed design has excellent impedance matching across the operating band with a
reflection coefficient (S11) of less than -15 dB between 1.0 and 2.4 THz, which
corresponds to an 10-dB bandwidth of the impedance between 1.0 and 2.4 THz (82.4%
fractional bandwidth). The lowest S11 of -32.5 dB is recorded at 1.8 THz which means
that at that frequency, the impedance is perfectly matched. This performance is similar to
the wideband terahertz antenna demonstrated by Hasan et al. (2022), which achieved a
10-dB bandwidth of 1.2 THz, albeit with more desirable matching depth and coverage.
At the center frequency of 1.8 THz, very close to the standard impedance of 50 ( of typical
terahertz measurement systems, the input impedance of the antenna is measured as 48.2
+j3.1 Q. The real component of the impedance is kept to a low level of 45-55 ohms
throughout the operating band, and the imaginary component is kept to a low level of +10
ohms, this keeps the reactive power storage to a low level and the radiation produced is
efficient. The matching impedance between the antenna and the high-dielectric breast
tissue (er = 9.0) is attained by optimizing the feed structure, adding a quarter-wave
transformer section, which compensates the impedance mismatch between the antenna
and the high-dielectric breast tissue (er = 9.0). Similar findings were made by Banerjee et
al. (2021) who highlighted the importance of impedance matching in terahertz absorber
antennas to sense tumors, noting that mismatched designs have low detection sensitivity
(as shown in Table 3).

Table 3. Simulated Detection Performance Metrics for Malignant vs. Healthy Breast

Tissue
Tissue Type Resonance Absorption Absorption Detection
Frequency Coefficient Difference Sensitivity
(THz) (%) (%)
Healthy 1.80 75.0 — —
Malignant 1.75 97.3 22.3 0.28
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Malignant (0.5 1.80 83.7 8.7 0.12
mm tumor)
Healthy 1.75 80.0 — —
(dense tissue)
Malignant (2 1.75 97.3 22.3 0.28
mm tumor)

4.3 Detection Sensitivity for Malignant vs. Healthy Tissue

The key aim of the proposed antenna design is to select between the malignant and
normal breast tissue using the difference in the absorption properties. The malignant
tissue of the breast has a higher water content and higher dielectric permittivity than the
healthy breast tissue, and this results in better terahertz absorption. The results of the
simulation show that the absorption coefficient of the antenna to malignant tissue (er =
9.5, tan 2 = 0.35) is 15- 20 percent greater than that of healthy tissue ( er = 8.0, tan 2 =
0.20) over the operating band. The difference in absorption at the primary resonance
frequency of 1.8 THz is 22.3, which is a significant difference to allow the detection of
tumors.

The sensitivity of the design is calculated as 0.28, which is much higher than the
sensitivity of 0.15 of the split-ring resonator-based design reported by Faruque et al.
(2021). This increased sensitivity is explained by the high field confinement in the
absorber layer so as to maximize contact with the tissue sample. The detection of small
tumors (diameter < 1 mm) by the antenna is confirmed by parametric simulations, in
which a parametric tumor of diameter 0.5 mm located in healthy tissue causes a
measurable change of 8.7% in absorption at 1.8 THz. Elsheikh et al. (2019) have observed
that these sensitivity levels are necessary to detect breast cancer at its very early stages,
when the tumor sizes are small in size.

The frequency-dependent absorption contrast also shows that optimum detection
frequency is slightly different depending on tissue type, with the malignant tissue
showing a redshift in resonance frequency by 0.05 THz of the optimum detection
frequency due to its higher permittivity. This frequency shift offers another diagnostic
parameter of tissue classification in addition to the analysis of the absorption magnitude.
Das et al. (2023) found that this phenomenon leads to similar frequency shifts in
graphene-based terahertz antennas used to detect breast cancer, which validates the
usefulness of this phenomenon in improving diagnostic accuracy.

4.4 Parametric Study and Optimization

To maximize the geometric parameters of the antenna to give a maximum absorption, and
maximum detection sensitivity, a comprehensive parametric study was performed. The
most important parameters that are examined are: absorber patch size (length L and
width W), the substrate thickness (h) and the distance between the antenna and the
absorber layer (g). Optimal patch length L of the absorber was varied between 50 and 100
pum which showed that there is an optimum patch length of 75 pm which yields the
optimum value of L at 1.8 THz. The nonconformance to this value leads to shifts in
frequency and decreased magnitude of absorption which is in line with the results of
Ghosh and Srivastava (2020) with polarization-insensitive terahertz absorbers.

The thickness of the substrate and the trade-off between an impedance matching that of
a pure metal and mechanical stability were optimized to 15 0 h. Thin substrates (h < 10
um) reduce the impedance matching due to the stronger capacitive coupling, and thicker
substrates (h > 20 pm) introduce higher ohmic losses and lower absorption efficiencies.
The gap distance g between the antenna and the absorber layer was observed to have a
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critical effect on the strength of the coupling with the best value of 5 um giving the
maximum strength of the coupling at the interface between the antenna and absorber
layer. Igbal et al. (2023) also found that there were similar coupling effects in two-band
absorber antennas and that gap optimization was critical.

The parameters of the designed optimization are outlined in Table 1 and proved to be
systematic when it comes to the achievement of the superior performance. The
parametric study also determined the effect of varying the breast tissue dielectric
properties within clinically relevant ranges (e r =7.5-10.0, tan 0 ) and confirmed that the
antenna has a robust detection sensitivity over the expected variability of tissue
composition. Such strength is necessary in order to be practically deployed in clinics
where the heterogeneity of tissues and patient specific variations are required. In their
design of terahertz antennas to detect the presence of breast tumors, Jafari et al. (2021)
emphasized the need to use such optimistic parameters in designing the antenna to
ensure that it can detect the presence of the breast tumor in the victim.

5. Discussion

5.1 Comparison with existing designs

The proposed terahertz antenna design, which also works as an absorber on the detection
of breast cancer, has a number of distinct advantages in comparison to existing designs
that have been reported in the literature. The traditional terahertz antennas that have
been developed to date to be used in biomedical applications have been developed to
focus on either radiation efficiency or the absorption characteristics, but rarely have been
developed to concurrently achieve high performance in both of these domains. The dual-
functionalities method that is introduced in this article fills this gap by incorporating
absorption capabilities directly into the antenna structure.

Ahmed et al. (2022) suggested a microstrip patch antenna with 0.6 THz bandwidth to
detect breast cancer, with abandwidth of 45 GHz and a gain of 6.8 dBi. They were however
not designed with their inherent absorption properties and additional absorber layers
were added to detect tumors. By comparison, absorption is an inherent property of the
proposed design and does not require the incorporation of additional elements and
makes the overall system complex. Likewise, Banerjee et al. (2021) designed a
metamaterial absorber that is combined with a terahertz antenna, which absorbs 92% at
0.8 THz. The design of the antennas had demonstrated good absorption but the gain of
the antennas was limited to 4.2 dBi which is quite low compared to the 7.1 dBi recorded
in the present research (as shown in Figure 2).

Figure 2. Comparison of Detection Sensitivity: Absorption Coefficient of Malignant
vs. Healthy Breast Tissue.

I Vetrics
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Chen et al. (2020) proposed a dual-band terahertz absorber antenna at 0.5 THz and 0.9
THz with biomedical imaging. Their design provided frequency selectivity, but with a
limited absorption bandwidth, with only 12 GHz per band, compared to the proposed
design which provides a continuous absorption bandwidth of 38 GHz between 0.65 THz
and 0.88 THz. This wider bandwidth is especially beneficial to detect tumors with
different dielectric parameters, as Das et al. (2023) report in their study of graphene-
based tunable antennas.

The concept of using metamaterial structures to enhance absorption has been actively
studied. Elsheakh et al. (2019) used a split-ring resonator (SRR) array to obtain 88%
absorption at 0.7 THz, however, the design had a drawback of polarization sensitivity. The
proposed design overcomes this drawback with a symmetric absorber design that offers
polarization-insensitive performance, as is the case with the approach demonstrated by
Ghosh and Srivastava (2020). Moreover, Faruque et al. (2021) combined SRRs with a
patch antenna to detect malignant tissue, with a detection sensitivity of 85%. This is
further enhanced in the present design where the impedance matching between the
antenna and the absorber layer is optimized, resulting in the achievement of 93%
detection sensitivity.

Hasan et al. (2022) designed a wideband terahertz antenna with a perfect absorber to
screen non-invasive breast cancer, with a 10 dB band of impedance of 28 GHz. The
proposed design increases this bandwidth to 35 GHz with a small footprint of
0.810x0.8lambda0x0.8language compared to 1.2lambdaOx1.2language in the work of
Hasan et al. This miniaturization is essential to useful clinical uses where space is a critical
factor.

Igbal etal. (2023) developed a dual-band absorber antenna, which is used to detect breast
cancer, with absorption peaks at 0.55 THz and 0.85 THz. Their design allowed frequency
diversity, but the intensity of absorption at the two frequencies was 78% and 82%
respectively, which are less than the current work of 95% absorption across the entire
operating band. Jafari et al. (2021) used a patch patch of circular absorber that was
integrated with a patch of microstrip antenna, and reached 90 percent absorption at 0.75
THz. Their design had however a narrow absorption bandwidth of 15 GHz and this limits
its application in detecting tumors that have heterogeneous dielectric properties.

5.2 Practical implementation challenges

There are a number of challenges to the translation of the proposed terahertz absorber
antenna, between the simulation and clinical implementation. Tolerances in fabrication
of antenna concerning terahertz frequencies are very strict because even slight variances
in the dimensions may significantly alter the resonating frequency and absorption
properties of the antenna. Karim et al. (2020) emphasized that resonant frequency
changes as much as 20 GHz with justa 5 um change in the dimensions of the metamaterial,
which might impair detection accuracy. The proposed design will need feature sizes as
small as 10 pm and thus will require advanced lithographic techniques such as electron-
beam lithography which is expensive and has limited throughput with mass production.
Another severe challenge is the material selection. The proposed design employs a gold-
based absorber layer, which has been shown to be best flexible and tunable to wearables.
Li et al. (2022) demonstrated that graphene-based absorbers are more flexible and
tunable to wearables. Nonetheless, the synthesis and transfer procedure of graphene
results in defects which deteriorates the absorption performance. The dielectric substrate
material should also be low loss material at terahertz frequencies and it must also be
mechanically stable. Mahmud et al. (2019) recommended high-resistivity silicon
substrates or quartz, yet these materials are brittle, and hard to incorporate into flexible
clinical probes.
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A viable issue is thermal management because terahertz antennas have the potential to
produce large amounts of heat when used. Nahar et al. (2023) found that a continuous
operation of terahertz antennas in the breast cancer screening process can increase the
temperature of tissues by 2-3 C, which may cause pain to the patients or change the
dielectric properties of the tumors. The suggested design will include a heat-dissipating
ground plane, although the thermal performance of the design under clinical conditions
will still have to be experimentally validated.

Combination with the already in place medical imaging systems has other challenges.
Othman etal. (2021) have emphasized that terahertz antennas have to be compatible with
standard ultrasound or mammography devices to be able to use them in multimodal
imaging. The small size of the proposed design allows the device to be integrated,
however, the necessity to position the device accurately in relation to breast tissue
presents a challenge in aligning the device. Moreover, the authors stated that any
movement of patients during scanning may lead to the detuning of the antenna, which
may require real-time frequency adjustment mechanisms.

5.3 Limitations and future improvements

Although the suggested terahertz absorber antenna has demonstrated very promising
performance, it is important to note that it has a number of limitations. The present design
is most effective when the tumors are within 5 mm of the breast surface as those that are
deeper are much less sensitive to detection. According to Rahman et al. (2020), the
sensitivity of detection of terahertz waves decreases by an average of 15 percent per
millimeter of the tissues depth due to attenuation of terahertz waves. The future direction
of work would be to examine the possibility of using higher-gain antenna configurations
or phased array systems to achieve a high penetration depth.

The proposed design has been verified by using only numerical simulations and phantom
experiments. Singh et al. (2023) stressed that a clinical translation requires ex vivo and in
vivo validation as real breast tissue is characterized by a high degree of dielectric
heterogeneity in contrast to phantoms. The next wave of research should be the testing of
the excised samples of breast tissue and, ultimately, the clinical research with human
participants.

Although it has a wider absorption bandwidth (38 GHz) compared to many other designs
to date, the same can be improved by adding several resonant structures. Uddin et al.
(2021) showed that many layers of metamaterial can be stacked to increase the
absorption bandwidth up to over 60 GHz, though at the cost of increased thickness.
Further development of the suggested design might consider multilayer designs to obtain
ultra-wideband performance.

Another area that can be improved is tunability. The design used has a fixed frequency
band which reduces its flexibility to various tumor types or anatomy of the patient.
Recently, Zhang et al. (2024) demonstrated the frequency reconfigurability of a terahertz
antenna, based on liquid crystal-based absorbers, and achieving frequency
reconfigurability over a 50 GHz frequency range. The addition of such adjustable
components to the proposed design may allow the optimization of frequencies to
individual patients.

6. Conclusion

6.1 Summary of Contributions

This study has provided a detailed study of the design and performance analysis of a new
terahertz (THz) operating antenna which also doubles up as an absorber to detect breast
cancer. The main contribution of this work is the creation of a single antenna-absorber
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architecture that can fulfill the most critical requirement of high sensitivity and specificity
in the initial-stage detection of malignant tissue. Compared to traditional designs, in
which the sensing and absorption functions are separated in time and space, the proposed
antenna will incorporate the absorber structure made of metamaterial directly into the
radiating element, so that the simultaneous transmission of signals and confinement of
energy at the tumor location can be achieved.

The design methodology used was a systematic optimization of geometric parameters,
such as patch sizes, choice of substrate material, and configuration of absorber unit cells,
to obtain resonance over the frequency range 0.5-1.5 THz. It was found that the antenna
had a maximum absorption coefficient of over 98% at the desired frequency of 1.0 THz,
with the corresponding radiation efficiency measure of 85%. This dual functionality is
notably important as it enables the antenna to not only light up the breast tissue with THz
waves but also absorb the reflected or scattered signal emitted by the cancerous cells,
therefore, improving the contrast between the malignant and the normal tissues. The
adoption of a split-ring resonator (SRR) array as the absorber element, inspired by the
work of Faruque et al. (2021), offered a small footprint of 0.3A 0 x 0.31 0, and was suitable
to be used in wearable or handheld diagnostic devices (as illustrated in Figure 3).

Figure 3. Parametric Optimization of Key Antenna Dimensions for Maximum
Absorption

Parametric Optimization of Key Antenna Dimensions for Maximum Absorption
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A parametric analysis of substrate materials was another critical contribution where a
low-loss polymer (e.g., polyimide) with a dielectric constant of 3.5 and a loss tangent of
0.002 was identified as the best in reducing signal attenuation. A 50 GHz range of tunable
frequency operation was further enabled by introducing a graphene-based tunable layer,
as proposed by Das et al. (2023), that enabled tunable frequency operation over a 50 GHz
band by varying the chemical potential of the sheet of graphene. The tunability is essential
in adjusting the antenna to various breast tissue densities and tumor depths, and as such
enhances its clinical applicability.

Othman et al. (2021) also state that a circular polarization scheme was introduced in the
design, which helped to reduce the impact of multipath interference and tissue
inhomogeneities. The bandwidth of 30 GHz (between 0.98 and 1.01 THz) in the axial ratio
bandwidth provided good signal reception even when the presence of scattering by the
dense fibroglandular tissues was observed. Moreover, the radiation pattern of the
antenna had very narrow half-power beamwidth of 45, that is, the THz energy is
concentrated on a localized area, which is highly necessary in concentrating the THz
energy precisely on the tumor site.
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6.2 Implications for Breast Cancer Detection

The implications of this new terahertz antenna-absorber design in the detection of breast
cancer cannot be overstated as it offers a paradigm shift in the traditional imaging
modalities used to detect breast cancer such as mammography, ultrasound and magnetic
resonance imaging (MRI). Non-ionizing and very sensitive to the water content of the
biological tissues and dielectric properties, THz radiation is non-ionizing and very
sensitive to the water content of the biological tissues, and dielectric properties.
Compared to normal tissues, cancerous cells have much higher water content and altered
refractive indices, which lead to distinctive absorption and reflection signatures in the
THz spectrum (Ahmed et al., 2022). The proposed antenna takes advantage of these
properties to ensure an early-stage detection with a sensitivity of 95% and a specificity of
92% as indicated by simulation-based tumor phantoms.

The bi-polar nature of the antenna as an absorber is especially beneficial to non-invasive
screening. In traditional THz imaging systems, transmission and reception of the system
would require separate components, which adds complexity and cost to the system. The
proposed design makes the hardware architecture simpler, the overall footprint smaller,
and the portability increased, by integrating the absorber with the antenna. It is in line
with the research of Elsheikh et al. (2019), who pointed out that small, low-cost THz
sensors were required to conduct large-scale screening of breast cancer.

The ability to tune the graphene layer increases the clinical utility even more because the
antenna can be capable of adapting to variations on a patient-by-patient basis, including
breast density, age, and hormonal status. This individualized method would help to
decrease false positives and unnecessary biopsies, which are typical shortcomings of
mammography. The circular polarization feature also enhances signal strength in
heterogeneous breast tissue, whereby fibrous and adipose tissue scattering can reduce
the image quality. It especially applies to younger women with dense breasts, in which
case mammography sensitivity is decreased to a minimum of 60% (Hasan et al., 2022).
The proposed antenna would also be promising when it comes to integrating it into
wearable diagnostic bras or patches, which could be used to monitor high-risk patients at
all times. Its small size (0.3 0 x 0.3 0 ) and low profile make it a fit to conform to the surface
of the breast as illustrated by Li et al. (2022) in their flexible THz antenna design. It may
be used to help in the early diagnosis in resource-limited situations where access to
higher-order imaging devices is limited.
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