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In this paper, a spiral rectangular antenna is designed and implemented for human first stage breast cancer diagnosis. It is optimized
to operate in the Industrial, Scientific, and Medical (ISM, 2.4-2.5 GHz) band. It achieves a reflection coefficient less than —10 dB in air.
The breast model is constructed using five tissues: skin, fat, fibro-glandular, muscle and lymph nodes for a healthy body. The antenna
is implanted on the breast model and investigated for different stages of tumor sizes and locations. All tumor locations and sizes were

found to cause a significant change in the resonance frequency.
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1 INTRODUCTION

One of the largest global health issues is cancer, which resulted in over 20 million new cases and 9.7 million deaths
worldwide in 2022 [10]. Lung, breast, and colorectal cancers are the most prevalent forms and account for a significant
portion of the global health burden. In particular, breast cancer is the most common type of cancer diagnosed in women;
in 2022, it was responsible for over 670,000 deaths worldwide and more than 2.3 million new cases. More research is
required to improve early breast cancer detection, as it greatly increases treatment success. Continuous monitoring is
also needed to track recurrence, making electromagnetic antenna systems a promising solution.

For oral cancer, [6, 7] diagnosed it using spiral patch antennas in the MICS and ISM bands. To obtain a realistic
simulation of the breast, electrical conductivity and permittivity values of the breast tissues were included to achieve an

accurate simulation. These parameters were taken from earlier researches [11]. An obvious dielectric contrast between
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2 Allam et al.

Table 1. Dimensions of the Antenna in Air

Parameter | GW | GH | P1W | P1L | P2W | P2L | P3W | P3L
Value (mm) 20 20 15 4 3.2 11 11.8 2.4
Parameter | PAW | P4L | P5W | P5L | FP SP
Value (mm) | 1.6 | 7.95 5 0.8 13.5 | 1255

malignant and healthy tissues is included. In [9], a 4x4 antenna array was designed to work at 8 GHz. A square patch
antenna was created in [5] to resonate within the ISM band. [12] implemented a square slotted patch antenna with a
modified ground plane to resonate within the ISM band. In [2], a microstrip patch antenna with a truncated ground
was simulated and manufactured, lymph nodes were also included in the simulation. E. Hanafy and A. Allam (2014)
have developed spiral patch antennas to detect breast cancer in both the ISM and MICS bands [3, 4]. Another study [1]
diagnosed stage II cancer in a hemispherical breast model including lymph nodes.

The current study expands on this by including the function of lymph nodes and other structures. Building on recent
insights, this approach seeks to provide a more biologically realistic representation of the breast for improved detection
and monitoring. The paper is organized as follows: section II presents the design, in section III discusses results, and

section IV concludes.

2 DESIGN

This section presents the design of the antenna and breast phantom followed by the design methodology.

2.1 Antenna Design

Fig. 1 and Fig. 2 show the rectangular printed spiral planar antenna developed for this work [4]. The design targets
operation in the ISM band of 2.4-2.5 GHz. The aim is achieving good impedance matching (S11). For this paper, a spiral
planar rectangular antenna is used. It is selected because of its compact size and simple fabrication process, which make
it appropriate for biomedical use [11].

The ground plane, patch, and coaxial feed are implemented using annealed copper with a conductivity of 5.8 x 107
S/m and a density of 8930 k¢/m* . The substrate is made of Rogers 4350B with a relative permittivity of 3.66 and a
conductivity of 0.0037 5/m . The height of the substrate is 1.524 mm. To enhance stability and offer protection, a
superstrate layer of identical material and thickness is added. The 50 Q coaxial feed is designed with an inner diameter
of 0.482 mm, outer diameter of 1.614 mm and outer copper thickness of 0.05 mm. The dielectric material used in the
coaxial feed is PTFE with a relative permittivity of 2.1, a conductivity of 0.0002 $/m , and a density of 2200 ¥/ . The

missing dimensions of the structure are depicted in Table 1.

2.2 Breast Phantom Design

A simplified breast phantom is modeled by a hemisphere of radius 75 mm as depicted in Fig. 3. It contains three different
layers; skin, fat, and muscle. Fibro-glandular tissues and lymph nodes are included in the fat layer as a modification for
the breast model. Three lymph nodes were modeled on either side of the fibro-glandular tissue as spheres with radii of
7.5 mm [8], and a duct is added with a radius of 0.5 mm on each side. The thickness of skin, fat and muscle are 0.7 mm,
85.5 mm, and 25 mm respectively. The properties of all these materials are presented in Table 2. The 3D view of the
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Fig. 1. Antenna design in air
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Fig. 2. 3D view of the antenna and coaxial Feed

Table 2. Properties of Materials

Tissue & o (fm) | p(&m)
Skin 37.9735 1.478 1100
Fat 5.14085 | 0.139 920
Fibro-glandular 57.2 1.99 1050
Muscle 52.668 1.773 1060
Lymph Node 78 0.965 1050
Tumor 46.1 0.68 1050

breast is illustrated in Fig. 4. For the sake of mounting the antenna sensor on the top of the breast, the area of the nipple
is flattened with a suitable area of approximately 530.929 mm? to fit the antenna as shown in Fig. 4a.

The methodology of this research is as follows: the antenna is placed in direct contact with the surface of the phantom
and positioned vertically, similar to the placement of a stethoscope as shown in Fig. 4a. It is optimized to resonate
within the ISM band for a healthy body. The length of the arm, P5W, is changed to 0.7 mm to compensate for the
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Fig. 3. Cross-sectional view of breast phantom

(a) Isometric view (b) Front view

Fig. 4. 3D views of breast phantom with mounted antenna

frequency shift. Moreover, the position of the coaxial feed and shorting pin, FP and SP, were changed to 6 mm and 4
mm, respectively, to improve matching.

To mimic early-stage breast cancer, tumors were introduced in different positions within the fibro- glandular region
and the lymph nodes. In the lymph nodes, the tumors were always arranged in clusters of three to reflect typical
patterns of metastatic spread.

Several scenarios were examined. In the simplest case representing stage IA, a single tumor is placed in the fibro-
glandular tissue as shown in Fig. 5. Subsequent cases representing stage IB considered one tumor in the fibro-gland
along with tumors in two lymph nodes, then tumors distributed in four lymph nodes, followed by four nodes with an
additional fibro-gland tumor. Finally, arrangements involving six lymph nodes alone and six nodes with a fibro-gland
tumor were analyzed. These cases were intended to replicate clinically relevant patterns of tumor growth.

Then, the reflection coefficient (S11) is calculated for each case and compared against the healthy breast model.
Shifts in resonance frequency and changes in impedance matching were carefully examined. As illustrated in Fig.
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Fig. 5. Stage IA
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Fig. 6. Stage IB

11, increasing the number of tumors generally caused the resonance frequency to shift upward and the return loss
magnitude to decrease. The frequency variation remained modest, however, due to limited wave penetration into tissues

at this frequency band.

3 RESULTS

The antenna shown in Fig. 1 was fabricated and measured using a Vector Network Analyzer as shown in Fig. 7. The
simulated and measured reflection coefficient for the antenna in air is shown in Fig. 8, with the simulation producing a
minimum of -17.54 dB at a frequency within the standard ISM band. This is well below the standard -10 dB and shows
good matching. The difference in resonant frequencies between the measured and simulated antennas was considered
negligible for the purposes of this paper and could be improved in future works.
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(a) The spiral design of the antenna (b) The antenna with the superstrate layer

Fig. 7. The antenna designed to work in air being measured
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Fig. 8. Comparison of simulated and measured S;; of antenna in air

Once the antenna is implanted on the breast, the Specific Absorption Rate (SAR) of the breast is measured at a
frequency of 2.45 GHz (the median frequency) averaged over 10 grams. The absolute maximum SAR reached is 0.585
W/ in the region closest to the antenna placement as shown in Fig. 9. This is below the allowed maximum localized
SAR according to the IEEE standard.

Fig. 10 shows the reflection coefficient in the range of 2.4 to 2.5 GHz when implanted in a healthy breast and the
stage IA tumor-containing breast (a single large tumor near the fibro-glandular tissue). The graph indicates that the
presence of the tumor caused the resonance frequency of the antenna to decrease noticeably from 2.4500 healthy breast
to 2.4470 GHz, a shift of 3 MHz.

Fig. 11 shows the reflection coefficient obtained for stage IB breast cancer with 2 groups, 4 groups, and 6 groups of
tumors in lymph nodes with and without the fibro-glandular tissue tumor, respectively, compared to healthy breast.
The resonance frequencies for all cancerous breasts are consistently lower than those of a healthy breast. The resonant
frequencies without gland tumors were 2.4480 GHz, 2.4410 GHz, 2.4400 GHz for 2 groups, 4 groups, and 6 groups,
respectively. With gland tumors, the frequencies are 2.4450 GHz for 2 and 4 groups and 2.4440 GHz for 6 groups. All

shifts are above 2 MHz. Table 3 summarizes the frequency shift for all scenarios adopted in this work.
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(a) Front view (b) Cross-sectional view

Fig. 9. SAR results
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Fig. 10. Stage IA

Table 3. Frequency Shift Caused by Tumors

No. of Groups in Lymph Nodes | 2 | 4 | 6
Frequency Shift without Gland Tumor (MHz) | 2 | 9 | 10
Frequency Shift with Gland Tumor (MHz) | 5 | 5 | 6

These results may still be different from a physical measurement as specific tissnues such as mammary glands
and ducts were not modelled or differentiated from the fibrous tissue. This could lead to some discrepancy between

simulated and measured results in some cases.

4 CONCLUSION

In this paper, a model for the human breast is implemented. An antenna operating in the Industrial, Scientific and
Medical (ISM) band is designed and implemented on CST Microwave Studio. The first stage of human breast cancer is
investigated using different sizes and locations in the glands and lymph nodes. It is found that the different locations

and sizes of the tumors have a significant effect on the resonance of the implanted antenna.
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