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ABSTRACT:Malignant breast tumors differ greatly from healthy tissues in terms of their electrical properties. The specific absorption rate
(SAR), which utilizes dielectric properties, including conductivity and permittivity, is a crucial metric for identifying malignant tissue.
The use of narrow-band radar technology has shown promise in this regard. In this study, a mono-static, narrow-band, high-directivity
printed patch antenna was designed and fabricated on a Rogers RO4350B substrate (εr = 3.48, loss tangent = 0.0037) with dimensions
of 70 × 55 × 1.52mm3 and a 50Ω feed line, operating at 2GHz to ensure an optimal balance between penetration depth and spatial
resolution. A three-dimensional breast phantom (radius 50mm) was modeled in CSTMicrowave Studio to evaluate the SAR distribution
under microwave exposure. The results consistently showed elevated SAR values in malignant regions, with a direct correlation with
tumor size, enabling accurate tumor localization based on the coordinates of the maximum SAR. Crucially, the maximum SAR values
(4.3708W/kg for 1-g and 2.4388W/kg for 10-g tissue) remain within the IEEE controlled-environment safety limits. Powered by the
proposed antenna, this SAR-based approach offers a safe, non-ionizing, and potentially effective technique for detecting small or deeply
located breast tumors, confirming that diagnostic capability is achieved without any compromise to patient safety.

1. INTRODUCTION

The high incidence of breast cancer is projected to reach
316,950 new cases in the United States alone. Women in

2025 highlight the critical need for advanced diagnostic tech-
nologies [1]. Approximately 42,170 deaths from female breast
cancer are projected for the same year. On a global scale, cancer
remains one of the leading causes of mortality, accounting for
millions of deaths annually according to theWorldHealthOrga-
nization (WHO) [2]. Among the various diagnostic platforms,
medical imaging modalities are key components in cancer di-
agnosis and treatment, as they provide otherwise unobtainable
internal information and high-resolution imaging of anatomical
structures.
Breast imaging systems generally comprise the most widely

used diagnostic techniques for breast tumor detection, includ-
ing mammography [3], magnetic resonance imaging (MRI) [4],
ultrasound (US) [5], optical imaging (OI), and photo-acoustic
imaging (PAI), with the latter three modalities further explain-
ing recent devices in [6]. The shortcomings of these conven-
tional techniques have led to intensive research on the develop-
ment of newmicrowave-based techniques [7] and portable non-
invasive technologies [8]. Recently, smart graphene-enhanced
ceramic material refractive index sensors optimized with ma-
chine learning have been proposed for highly sensitive breast
cancer detection [9]. Owing to their noninvasive nature and
* Corresponding author: Rachida Boulerbah (rachida.boulerbah@univ-
djelfa.dz).

the absence of ionizing radiation, microwave imaging (MWI)
techniques may be a promising option for breast cancer detec-
tion [10].
Narrow-band radar techniques are gaining prominence in

breast cancer detection, offering advantages in terms of system
simplicity, directional operation, and tissue penetration over
ultra-wideband systems [11]. This study employed a 2GHz
narrow-band design to optimize the microwave-tissue interac-
tion. Although the 2.45GHz Industrial, Scientific, andMedical
(ISM) band provides regulatory advantages [12], its higher at-
tenuation and susceptibility to interference from common wire-
less devices reduce the penetration depth and detection sensi-
tivity. The implemented microstrip patch antenna features a di-
electric substrate with a radiating patch and a ground plane [13],
avoiding thin substrates with high transmittance to maintain ef-
ficiency. Specific Absorption Rate (SAR) is a crucial diagnos-
tic metric, enabling tumor localization by detecting elevated
energy absorption in malignant tissue. The selected 2GHz op-
erating frequency represents an optimal compromise between
the spatial resolution and penetration depth for effective SAR-
based breast tumor imaging.
Although ultra-wideband (UWB) systems are widely em-

ployed in microwave breast imaging to achieve high spatial
resolution [11], narrow-band operation offers specific advan-
tages that justify its selection in this study [12]. The compar-
ative trade-offs are as follows: First, at 2GHz, electromag-
netic waves penetrate deeper into biological tissues than the
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FIGURE 1. Evolution of the proposed antenna through successive design stages (a), (b), (c), (d), (e) to the final suggested design.

(b)(a)
w 

L 

L1 

W8 

W9 

W10 L8 

L3 

L4 
L5 

L6 

L2 

W3 

W4 
W5 

W6 

W2 

L7 W7 
   X 

Y  

   Z 

W1 

FIGURE 2. Configuration of the designed patch antenna at 2GHz: (a) View from the front and (b) view from the back.

higher frequencies (e.g., 3.1–10.6GHz) used in UWB systems,
a critical feature for detecting deeply seated tumors. Second,
narrow-band systems require simpler electronics, lower sam-
pling rates, and less complex signal processing, facilitating
the development of portable and low-cost diagnostic devices.
Third, narrow-band signals are less susceptible to frequency-
dependent dispersion in lossy breast tissue, a phenomenon that
degrades range resolution in UWB systems. Fourth, our detec-
tion method relies on dielectric contrast rather than the time of
flight resolution. Fifth, the 2GHz band experiences reduced
external interference compared to more congested frequencies.
The primary trade-off is lower spatial resolution relative to
UWB, which is acceptable given the diagnostic objective of tu-
mor presence detection and coarse localization.
While SAR-based breast tumor detection has been explored

in prior literature, the present work introduces several distinct
contributions that advance the state of the art. First, unlike most
existing narrow-band systems operating at 2.45GHz or in the
UWB range, we employ a 2GHz operating frequency, provid-
ing deeper tissue penetration and reduced external interference.
Second, the proposed patch antenna achieves a compact foot-
print of 70× 55× 1.52mm3 with a simulated gain of 3.71 dBi,
and experimental validation of S11 shows good agreement with
simulations. Third, we demonstrate a direct SAR to tumor lo-
calization method requiring no complex beamforming, achiev-
ing lateral accuracy within 23mm. Fourth, we quantify SAR
sensitivity for tumors as small as 5mm in radius. Fifth, we
quantify a systematic axial displacement of 6.89mm, attributed
to wave refraction, demonstrating spatial correlation of SAR
with tumor position. Collectively, these contributions establish

the proposed 2GHz antenna as a practical solution for breast
tumor detection.
The remainder of this paper is organized as follows. In Sec-

tion 2, we describe the antenna design and fabrication pro-
cess, followed by an explanation of the design of the breast-
simulating phantom, including the permittivity and conductiv-
ity of its tumor and layers. In Section 3, we compute and ana-
lyze the SAR for tumors of different sizes and positions, as well
as the spatial precision in tumor detection and localization. The
performance of the proposed antenna is compared with that of
existing antennas. Finally, we conclude the paper by summa-
rizing the key findings in Section 4.

2. METHODOLOGY

2.1. Antenna Performance Analysis
The suggested antenna was designed using a Rogers 4350B
substrate, which has a dielectric constant of 3.48 and tan δ =
0.0037. Both sides of the substrate were laminated with
0.035mm copper layers. A 50Ω impedance feed line was inte-
grated into the design as the feeding port. The substrate thick-
ness is 1.52mm, and the antenna dimensions were optimized to
70× 55mm2 using CST Microwave Studio for simulation and
design. Based on this design, Fig. 1 shows the progression of
the proposed antenna through the design stages, while Fig. 2 il-
lustrates the geometric configuration of the narrow-band patch
antenna optimized for operation at 2GHz, with its dimensional
parameters detailed in Table 1. The corresponding reflection
coefficients for the different designs are shown in Fig. 3.
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TABLE 1. Optimized dimensions of the suggested antenna in mm.

Parameter W L W1 L1 W2 L2 W3 L3 W4 L4

Value (mm) 70 55 3.3 18.6 14.5 3 11 5 4 8.2
Parameter W5 L5 W6 L6 W7 L7 W8 L8 W9 W10

Value (mm) 3 3.36 3 4.6 4.8 15 23.6 9.6 6.8 3
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FIGURE 3. Comparison of the reflection coefficient of the suggested
antenna with the initial reference antennas.

FIGURE 4. Current distribution on the suggested antenna at 2GHz.

To further evaluate the antenna’s behavior, Fig. 4 illustrates
the surface current distribution of the proposed directive an-
tenna at 2GHz, revealing that the strongest currents are concen-
trated along the feed and patch edges — an indication of effi-
cient excitation of the radiating element. The corresponding re-
alized gain, shown in Fig. 5, is approximately 3.709 dBi. More-
over, Fig. 6 shows the simulated H–plane and E-plane radia-
tion patterns, demonstrating a highly stable directional main-
lobe and low side-lobe levels, which corroborate the antenna’s
suitability for focused MWI interaction with the breast tissue.

2.2. Antenna Fabrication and Experimental Validation
Following the design phase, the antenna was fabricated to val-
idate its performance through empirical measurements. The
prototype, photographed in Fig. 7, was realized using an LPKF

FIGURE 5. Gain of the suggested antenna.
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FIGURE 6. Simulated radiation patterns of the suggested antenna (H-E
plane) at 2GHz.

Proto Mat E44 system on a 1.52mm-thick Rogers 4350B sub-
strate, with final board dimensions of 70×55mm2. The exper-
imental setup for assessing the reflection coefficient in a free-
space environment, based on an R&S®ZNB Vector Network
Analyzer, is illustrated in Fig. 8. The measured results were
then compared with the simulated data, as shown in Fig. 9. The
close alignment between the two curves indicates the high fi-
delity of the simulation model to the physical reality. Quantita-
tively, the measured impedance bandwidth was 30MHz (1.96
to 1.99GHz), which showed a good correlation with the sim-
ulated 22MHz bandwidth (1.99 to 2.012GHz). The slight
frequency shift and bandwidth variation are within acceptable
margins and are commonly caused by minor imperfections in
the fabrication process and the influence of the SMA connector.
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(a) (b)

FIGURE 7. Fabricated model of the suggested narrow-band patch antenna: (a) front and (b) back perspectives.

FIGURE 8. Reflection coefficient setup measurement of the antenna
2GHz in free space.
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FIGURE 9. Simulated and experimentally obtained reflection coeffi-
cients of the suggested antenna in free space.

2.3. Breast Phantom Model
Several breast models have been developed to simulate the het-
erogeneous nature of human tissues [14]. As different tissues
possess different electrical properties and absorb microwave
energy at varying levels, differences in operating frequency sig-
nificantly influence the dielectric behavior of biological media.
Quantitative MWI estimates the dielectric parameters using the
contrast in complex permittivity. To address the complex com-
position and structure of biological tissues, a widely adopted
four-Cole-Cole model was developed. This parametric model
describes four different mechanisms of dispersion within bio-
logical tissues, characterizes frequency-dependent permittivity
and conductivity across a broad spectrum [15], from hertz to
gigahertz, and is expressed as Eq. (1):

ε(ω)=ε′(ω)+jε′′(ω)=

4∑
n=1

ε∞+
∆εn

1+(jωτn)
1−αn

+
σi

jωε0
.

(1)

The loss factor represents a material’s ability to absorb mi-
crowave energy, whereas the real part corresponds to its ca-
pacity to store microwave energy. The dispersion magnitude is

expressed as:
∆εn = εs − ε∞,

where ε∞ is the permittivity at high frequency, εs the static
permittivity, ω the angular frequency (rad/s), τ the relaxation
time constant (s), σi the static ionic conductivity (S/m), α the
distribution parameter, and ε0 the permittivity of free space.
The fundamental principle of MWI breast cancer detection

is based on the high contrast between the dielectric properties
of normal and malignant tissues [16]. This technique involves
the use of a monostatic radar imaging system with a single an-
tenna acting as both the receiver and transmitter to detect tu-
mors. The antenna emits microwave pulses that penetrate the
breast, allowing multiple points within the breast phantom to
be scanned by the antenna. The interactions thus generated are
analyzed in the form of SAR distributions [17], which highlight
areas of high energy absorption that correlate with potential tu-
mor sites, enabling more precise and noninvasive tumor local-
ization.
A multilayer hemispherical breast model composed of skin,

fatty tissue, and glandular tissue was simulated, as illustrated
in Fig. 10, in contrast to another study [18] that used voxel
data in CST. The proposed multilayer model, while not captur-
ing all anatomical complexities such as irregular glandular dis-
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FIGURE 10. 3-D hemispherical breast model with radii r1 = 50mm, r2
= 46mm, and r3 = 30mm, including variable tumor size.

tributions or Cooper’s ligaments, represents a well-established
compromise between anatomical realism and computational ef-
ficiency. The dielectric properties of each layer (skin, fat, fi-
broglandular) are frequency-dependent and derived from the
four-Cole-Cole model [15], ensuring electromagnetic accuracy.
The antenna is positioned D = 20mm away from the breast.
The model has a total height of 50mm, with layer radii defined
as r1 = 50mm, r2 = 46mm, and r3 = 30mm. Malignant
tumors are represented as spherical layers with different radii,
providing a more anatomically realistic representation than ho-
mogeneous models. The dielectric properties of each layer are
detailed in Table 2 [19]. This configuration reduces edge re-
flections and maintains a uniform antenna-to-tissue distance by
approximating the natural breast curvature. Consequently, the
resulting scattering parameters and SAR distributions offer a re-
alistic evaluation of the antenna’s tumor detection performance.
However, a key simplification in the present study is that the di-
electric properties of the malignant tumor were taken as fixed
values from the literature, corresponding to a generic cancerous
state. This is an important caveat because, in reality, the permit-
tivity and conductivity of breast tumors vary with the degree of
pathology, depending on factors such as cellular density, necro-
sis, fibrosis, and tumor grade. Beyond this dielectric simplifi-
cation, the magnetic permeability of all tissues is assumed to be
that of free space, with relative permeability equal to 1, which
is standard for non-magnetic biological tissues at microwave
frequencies.

TABLE 2. Breast phantom tissue characteristics at 2GHz [19].

Tissue σ (S/m) ε ρ (kg/m3) R (mm)
Skin 3.6 38 1010 50

Fat 0.2 11 928 46

Fibro-gland 0.8 18 1030 30

Tumor 4.0 56 1100 Variable

3. RESULTS AND DISCUSSION

3.1. Specific Absorption Rate (SAR) Evaluation
To assess its application in breast cancer detection, the pro-
posed antenna was integrated into a numerical imaging system.
The key metric for evaluating patient safety in such systems is
the SAR. According to the IEEE standard, SAR quantifies the
rate at which energy is absorbed per unit mass of biological tis-
sue [20]. Formally, it is defined as the time derivative of the in-
cremental energy (dW ) absorbed by an incremental mass (dm)
contained in a volume element (dV ) of density (ρ) as follows:

SAR =
d

dt

(
dW

dm

)
=

d

dt

(
dW

ρdV

)
(2)

SAR is used to diagnose abnormalities in human breast tissue
by quantifying the electromagnetic energy absorbed by the bio-
logical tissues. Locationswith high SARvalues indicate the po-
tential presence of a tumor and assist in identifying the location
where it occurs. Tissue heating is caused by absorbed energy,
and SAR is used to directly measure the heating. Thus, the as-
sessment is aimed at regions of maximum absorption due to the
presence of tumors. This method highlights the effectiveness
of using peak SAR coordinates to find tumor positions within
the breast. The absorbed power was compared between nor-
mal breast tissue and breast tissue with tumors using the max-
imum SAR values obtained for various tumor positions, and
frequency ranges [21]. The SAR expression is provided in Eq.
(3).

SAR (W/Kg) =
σ|E|2

ρ
(3)

Here, SAR denotes the Specific Absorption Rate (W/kg),
σ the tissue conductivity (S/m), E the internal electric field
(V/m), and ρ the mass density (kg/m3). In this study, however,
SAR is employed as an electromagnetic diagnostic metric for
tumor localization based on dielectric contrast, rather than as a
predictor of thermal elevation. Temperature rise simulation is
beyond the scope of this detection-focused investigation.
Table 3 summarizes the regulatory limits for local SAR, in-

cluding whole-body SAR (SARWB), 1 g, and 10 g of tissue
for both controlled and uncontrolled exposure environments.
These regulatory limits are essential points of reference to en-
sure that the diagnostic and therapeutic applications of electro-
magnetic fields, such as breast cancer detection equipment, op-
erate according to the required safety standards.

3.2. Analysis of Tumor Location Detection and SAR Perfor-
mance
The homogeneous breast phantom was illuminated with a
narrow-band excitation from the suggested antenna, and the
maximum SAR, together with the 1-g and 10-g averaged
SAR values and their spatial coordinates, was evaluated at
2GHz. The results, summarized in Table 4, compare the SAR
distribution between normal and tumor-bearing breast models.
In the simulations, the tumor was positioned at (0, 0, 30)mm;
the distance between the antenna and breast phantom is
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TABLE 3. SAR exposure limits in different conditions (WB = whole body, 1-g and 10-g tissue) [21].

Controlled Environment
(W/kg)

Uncontrolled Environment
(W/kg)

SARWB 0.4 0.08

SAR1-g 8.0 1.6

SAR10-g 20.0 4.0

TABLE 4. Comparison of SAR distribution between healthy and tumor-bearing breast models as a function of tumor size at 2GHz, with the tumor
positioned at (0, 0, 30)mm.

Tumor Radius 10-g Analysis 1-g Analysis
Max SAR
(W/kg)

Max Location (x, y, z)
[mm]

Max SAR
(W/kg)

Max Location (x, y, z)
[mm]

Without Tumor 0.6857 (3.10,−2.24, 23.56) 1.5184 (3.10,−6.71, 23.56)

5mm 1.5738 (0.27, 0.31, 32.79) 3.3508 (0.27, 0.31, 26.70)

6mm 1.6095 (0.27, 0.30, 21.89) 3.3923 (0.27, 0.30, 26.70)

7mm 1.6690 (0.27, 0.30, 32.79) 3.5555 (0.27, 0.30, 26.70)

8mm 1.7126 (0.27, 0.30, 32.79) 3.6615 (0.27, 0.30, 26.70)

12mm 1.8328 (0.27,−0.26, 21.89) 3.7171 (0.27, 0.30, 21.89)

14mm 1.9411 (0.27, 0.30, 21.89) 3.7681 (0.27, 0.30, 26.67)

15mm 2.0196 (0.27, 0.30, 21.89) 3.8838 (0.27, 0.30, 26.65)

16mm 2.1569 (−0.27, 0.30, 21.89) 4.1222 (0.27, 0.30, 21.89)

17mm 2.2275 (0.27, 0.30, 32.68) 4.2167 (0.27, 0.30, 26.68)

18mm 2.3079 (−0.27, 0.30, 21.89) 4.2961 (0.27, 0.30, 26.65)

19mm 2.3901 (−0.27, 0.30, 21.89) 4.3713 (−0.27,−0.26, 21.89)

20mm 2.4388 (0.27, 0.30, 32.49) 4.3708 (0.27, 0.30, 26.68)

D = 20mm; and the computed SAR peak locations were
analyzed. The findings clearly indicate that the presence of a
tumor results in significantly higher SAR values compared to
the tumor-free case. For the healthy breast model, the highest
SAR values were 0.6857W/kg (10 g) and 1.5184W/kg (1 g).
In contrast, for tumor-bearing models with radii ranging from
5 to 20mm, the maximum 10-g SAR values increased from
1.5738 to 2.4388W/kg, while the corresponding 1-g SAR
values ranged from 3.3508 to 4.3708W/kg. In [22], a voxel-
based breast phantom was used to investigate SAR distribution
at 2.45GHz using an aperture-coupled patch antenna under
standards of 1-g and 10-g average. The study demonstrated
a monotonic increase in SAR with tumor growth, increasing
from 2.2636W/kg (1 g) and 0.9599W/kg (10 g) in the absence
of a tumor to 6.2252W/kg and 3.4429W/kg, respectively, for
a tumor radius of 20mm.
Furthermore, when the tumor was located at (0, 0, 30) mm

in the present study, the SAR distribution exhibited a strong
spatial correlation with the implanted tumor. In Table 4, the
maximum SAR in the tumor-free breast appeared at the dis-
placed coordinates, whereas in the tumor-bearing models, the
SAR hotspot consistently coincided with the tumor position.
Specifically, for 10-g averaging, the maxima were concentrated
near (0.27, 0.30, 21, or 32) mm, while for 1-g averaging, they
were observed around (0.27, 0.31, 21, or 26) mm. This spatial
correspondence between the tumor location and SAR maxima
validates the potential of SAR-based analysis as a reliable tool
for tumor localization.

Figures 11 to 14 illustrate the SAR distributions for cases
without and with tumors of different radii. Specifically, Fig. 11
presents the healthy breast case (no tumor); Fig. 12 corresponds
to a tumor radius of R = 5mm, Fig. 13 to R = 15mm, and
Fig. 14 to R = 20mm. In each figure, the two subgraphs
show the 10-g and 1-g averaged SAR distributions, respec-
tively, where the highest SAR is represented by the red region
localized at the tumor center. A comparative plot of these re-
sults is provided in Fig. 15, further confirming enhanced en-
ergy absorption in the tumor-bearing tissue. This confirmation
is based on simulated SAR distributions, whereas the experi-
mental validation is focused on the reflection coefficient. Con-
sequently, the SAR distributions and tumor localization per-
formance are evaluated through simulations, as the dedicated
field-mapping setups required for experimental verification are
not part of the present investigation.
Comparing the simulated SAR values in Table 4 with

the IEEE exposure limits summarized in Table 3, the max-
imum 10-g SAR value (2.4388W/kg for a 20mm tumor)
remains below both the uncontrolled (4.0W/kg) and controlled
(20.0W/kg) environment limits. The maximum 1-g SAR
value (4.3708W/kg) is below the controlled environment limit
(8.0W/kg) but exceeds the uncontrolled limit (1.6W/kg). This
is acceptable for clinical diagnostic applications, where the
device operates in controlled settings (trained personnel, lim-
ited patient exposure duration, typically a few minutes). Thus,
the proposed microwave-based detection method satisfies
recognized safety standards for controlled environments.
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FIGURE 11. SAR healthy breast phantom.

FIGURE 12. SAR breast with tumor radius R = 5mm.

FIGURE 13. SAR breast with tumor radius R = 15mm.

3.3. Spatial Precision in Tumor Detection and Localization

The spatial targeting performance of the system was evalu-
ated under controlled conditions with a fixed tumor radius of
R = 10mm and a constant separation of 20mm between
the antenna and breast phantom surface. As evidenced by
comprehensive testing across multiple tumor coordinates, the

configuration demonstrates reliable detection capability despite
the inherent challenges of focal depth control. The consistent
antenna-to-phantom distance ensured stable wave propagation
characteristics, whereas the standardized tumor size provided
a uniform reference for assessing localization accuracy across
varying spatial positions.

380 www.jpier.org



Progress In Electromagnetics Research C, Vol. 171, 374–383, 2026

FIGURE 14. SAR breast with tumor radius R = 20mm.

FIGURE 15. SAR values corresponding to different tumor radii (1 and
10-g analysis) for a tumor located at the coordinate (0, 0, 30).

FIGURE 16. Comparison between defined and simulated locations for
R = 10mm tumor radius.

TABLE 5. SAR-based tumor localization: displacement between defined and simulated focal points.

Defined tumor coordinates (mm)
10-g Analysis 1-g Analysis

Max SAR (W/kg) Max at (x, y, z) [mm] Max SAR (W/kg) Max at (x, y, z) [mm]
(2, 8, 15) 2.324 (−0.27, 5.14, 21.89) 4.022 (1.37, 5.75, 21.89)

(2, −2, 15) 2.453 (−0.27, −1.21, 32.49) 4.336 (1.37, −1.21, 21.89)

(0, −2, 15) 2.435 (−0.27, −1.21, 21.89) 4.309 (0.27, −1.21, 21.89)

(−5, −10, 15) 2.087 (−0.82, −4.99, 21.89) 3.521 (3.62, −1.26, 21.89)

(−5, 10, 15) 2.174 (−0.82, 5.73, 21.89) 3.667 (−3.11, 6.95, 21.89)

The analysis of resulting energy deposition patterns in Ta-
ble 5 reveals a consistent spatial relationship between intended
tumor locations and detected positions. The system success-
fully identifies tumor presence across all tested coordinates,
with lateral detection accuracy within 2–3mm of target po-
sitions in both x and y dimensions. However, a systematic
axial displacement is observed, with the focal point consis-
tently appearing at approximately 21.89mm depth rather than
the intended 15mm target depth. This reproducible 6.89mm
depth offset occurs despite the fixed antenna placement and tu-
mor dimensions, suggesting a predictable refraction or focus-

ing artifact within the phantom medium. The combination of
fixed tumor size and standardized antenna distance provides
valuable insights into the system’s beam-forming characteris-
tics. The consistent lateral accuracy coupled with predictable
depth displacement indicates that the observed targeting error
is systematic rather than random, making it amenable to cor-
rection through computational refinement of the focusing algo-
rithm. These findings confirm the system’s fundamental detec-
tion capability while highlighting the importance of account-
ing for depth-specific propagation effects in treatment plan-
ning, particularly given the fixed geometrical constraints of the
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TABLE 6. Performance and feature comparison with state-of-the-art breast cancer detection antennas.

Aspect Aldhaeebi et al. [23] Mahfuz et al. [24] Elsaadi et al. [25] Bhavani et al. [26] Proposed Work
Antenna Type 1× 4 Loop Tuning Fork Rectangular Patch QMSIW Microstrip Patch

Frequency (GHz) 1.108 5.8 2.45 2.6 2.0
Substrate RO4003C Jeans FR-4 RT Duroid 5880 RO4350B

Antenna Size (mm2) 125× 51 40× 45 50× 50 33× 26 70×55
Gain (dBi) N/A N/A N/A 3.46 3.71
Breast Model Numerical Multilayer Multilayer Multilayer / Fabricated Multilayer

Detection Metric S11 S11, SAR SAR S11, SAR SAR
Max. SAR (W/kg) N/A < 2 < 2 < 2 < 2

Tumor Radius (mm) 7, 15, 20 10, 20, 30 10, 50 6, 7, 8, 10 5

experimental setup. Subsequent investigations will incorpo-
rate patient-derived tumor morphologies (irregular, spiculated,
and lobulated shapes) and heterogeneous breast phantoms with
glandular structures to validate the generalizability of the SAR-
based detection method.
A comparative analysis between the actual tumor coordinates

and simulated maximum absorbed power locations, as visual-
ized in the two-dimensional representation of Fig. 16, revealed
a robust but imperfect localization capability. The system con-
sistently detected the general vicinity of the tumor, with the fo-
cal point of energy deposition reliably appearing in close lat-
eral proximity to the intended target, typically within a few
millimeters of the target. However, a systematic and repro-
ducible axial displacement was observed, where the depth of
the simulated hotspot consistently deviated from the prescribed
tumor depth. This predictable spatial offset, evident acrossmul-
tiple tumor positions, indicates a correctable error in the beam-
forming algorithm, which is likely attributable to wave propa-
gation effects within the heterogeneous phantom medium. The
results conclusively demonstrate the system’s fundamental ca-
pacity for accurate tumor detection while precisely characteriz-
ing a deterministic targeting error that can be mitigated through
subsequent algorithmic calibration, thereby enhancing preci-
sion for noninvasive therapeutic applications.

3.4. Comparative Evaluation
The designed antenna was compared with some recently devel-
oped breast cancer detection antennas to assess its performance
in terms of SAR distribution, tumor detection accuracy, and
operating frequency. The suggested antenna is more sensitive
to small tumors than conventional designs, as it creates an im-
proved SAR contrast betweenmalignant and normal tissues. Its
monostatic form and small size provide greater coverage with
lower patient exposure. In addition, simulation results demon-
strate that the newly designed antenna exhibits robust SAR lo-
calization for tumors of varying sizes and positions, outper-
forming existing designs in terms of detection reliability. Table
6 lists important parameters, such as frequency band, detection
thresholds for different tumor sizes, maximum SAR, and over-
all detection efficiency, demonstrating the proposed antenna’s
excellence in real-world applications and safety.

4. CONCLUSION
This study has presented a directional 2GHz narrow-band an-
tenna on Rogers RO4350B for breast cancer detection. A
multilayer hemispherical breast phantom was developed, and
simulations confirmed tumor detection via absorbed power
comparison. Maximum SAR coordinates reliably indicate tu-
mor position (lateral accuracy 2–3mm, axial displacement
≈ 6.89mm due to refraction). 2-D SAR visualizations fur-
ther confirm tumor-induced perturbation. Crucially, maximum
SAR values (4.3708W/kg for 1 g, 2.4388W/kg for 10 g) re-
main within IEEE-controlled environment safety limits, en-
suring patient safety. A heterogeneous breast model is rec-
ommended for future validation. These contributions, includ-
ing narrow-band 2GHz design, an SAR-based metric, quan-
tified localization, and 2-D visualization, distinguish our ap-
proach from prior UWB-dominated literature. However, the
present study is simulation-only; clinical claims are prema-
ture. Future work will incorporate frequency-dependent Cole-
Cole models with stage specific parameters to assess SAR sen-
sitivity to tumor dielectric variations, include varying tumor
positions and patient-derived tumor morphologies (irregular,
spiculated, lobulated), employ realistic phantoms with glan-
dular and heterogeneous tissue properties, include robustness
analysis with random permittivity/conductivity variations and
different glandular distributions, develop a detailed method-
ology for extracting SAR maxima (e.g., peak detection, co-
ordinate refinement), analyze potential false-positive scenar-
ios (e.g., skin-layer focusing, glandular clusters, benign le-
sions), define normal-tissue absorption thresholds, conduct ex-
perimental SAR verification and clinical validation, and inte-
grate machine learning-optimized sensors for improved accu-
racy.
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