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Abstract: Cancer is one of the most frequent causes of death 

around the world. Brain tumour is a critical and dangerous type 

and have a few difficulties with the techniques used for their 

detection; it is hard to determine their location when it is small at 

an early stage. The purpose of this work is to design a low-cost 

microstrip patch antenna sensor suitable for detecting brain 

cancer tumours. The computer simulation technology CST Studio 

Suite 3D EM simulation and analysis was used to create a patch 

antenna with different frequencies of 2.8 GHz, 3.9 GHz, 5 GHz, 

and 5.6 GHz to diagnose brain tumours. A comparison study 

between these resonance frequencies (lower-band (L-B) 2 GHz, 

middle-band (M-B) 3.9-5 GHz, and upper-band (U-B) > 5 GHz) 

has been performed using a six-layer brain phantom consisting of 

fat, dura, brain, skin, CSF (Cerebrospinal Fluid), and skull. The 

designed patch sensor was assessed in both scenarios, with and 

without a tumour cell, on a brain phantom. Three parameters have 

been observed: the frequency phase shift, the depth of reflection 

return loss, and power absorption, which were used to indicate the 

presence of tumour cells. This study concludes that the middle -

band (M-B) results in good penetration and a better return loss 

depth of around -20 dB. Meanwhile, the higher band provides a 

high resolution of 21 MHz phase shift, but with only a depth value 

of difference return loss of -0.1 dB. The proposed work could 

provide a pathway for designing patch sensors for biomedical 

applications. 

Keywords: Antenna; Specific Absorption Rate; Brain Tumour; 

Phase Shift; Return Loss. 

I. INTRODUCTION

Cancer is the most prevalent disease over the last five

decades and can affect other standard body parts. Brain 

tumours, however, are one of the most dangerous diseases 

internationally, as they can affect different tissues in the 

human body. In the USA, in 2017, around 23,800 patients 

were diagnosed with brain tumours, and about 16,700 died in 

the same year [1]. The standard methods utilized to detect 

cancer are positron emission tomography (PET), X-ray 

screening, ultrasound imaging, computed tomography (CT) 

scan and magnetic resonance imaging (MRI) scanning [2]. 

Despite the variance of these techniques and their accuracy, 

most of them are complicated, expensive, and bulky.   

Manuscript received on 24 January 2024 | Revised Manuscript 

received on 30 January 2024 | Manuscript Accepted on 15 

February 2024 | Manuscript published on 28 February 2024. 
*Correspondence Author(s) 

Abdullah Alzahrani*, School of Electrical and Electronic Engineering, 

Taif University, Al Hawiyah, E-mail: aatyah@tu.edu.sa, 
ennnnng@gmail.com, ORCID ID: 0000-0002-2490-1466 

© The Authors. Published by Blue Eyes Intelligence Engineering and 
Sciences Publication (BEIESP). This is an open access article under the 

CC-BY-NC-ND license http://creativecommons.org/licenses/by-nc-nd/4.0/ 

One method of diagnosing brain cancer is ultrasound 

imaging; however, this method suffers from the quality of the 

images, which sometimes cannot be clearly distinguished 

between a healthy cell and a modified cell in its initial stage 

[3]. In addition, this method could cause the worsening of the 

patients’ lives due to misdiagnoses and inaccurate results in 

the first check [4]. The most advanced technique for 

examining brain cancer is magnetic resonance imaging 

(MRI), which is one of the most sensitive techniques 

available for imaging dense tissues. Despite the sensitivity of 

MRI, it is costly and complicated. In addition, the tumour 

cannot be detected accurately by using this method, which 

may lead to a mismatch in the extraction or could cause other 

complications [5]. 

In previous techniques, there are still some limitations, such 

as localisation issues, inaccurate results, bulky equipment, 

and complicated and expensive techniques. Thus, a new 

method has been introduced to detect brain cancer, which 

utilises microwaves. This will allow a non-invasive test, low 

in cost, less time and accuracy [6]. Microwave technique is 

considered to be an active wave-based nonionizing 

electromagnetic and noninvasive wave which enters human 

tissues without initiating health risks [7]. The main principle 

of using microwave technology is based on the electrical 

properties between normal and cancerous tissues [8]. Radar-

constructed technique is a desirable technique because it 

considers and focuses on the electrical properties of the 

tumour [9].  

The antenna is the most significant element in determining 

the quality of brain tumour detection; therefore, appropriate 

antenna requirements should be considered. Such a system 

should cover several factors, including compactness, 

simplicity of combination, ease of geometric construction, 

enhanced bandwidth, tiny size, gain, and directivity [10]. All 

the constraints can be implemented by creating a microstrip-

patch antenna with light mass, low profile, planar 

construction, and low production cost [11].  

Early-stage detection can reduce the treatment phase and 

cost [12]. Therefore, early diagnosis can save lives and 

achieve a 97% survival rate [4]. However, conventional 

microstrip patch antenna design requires adaptations for 

reliable wave transmission and reflected signal collection for 

brain malignant tumour detection. Thus, the goal of this 

research is to: (1) design confirmation of a low-cost and 

reliable microstrip patch antenna and (2) detect a tumour cell 

within the brain. In this approach, the design is presented 

numerically as a new microstrip patch antenna specifically 

designed for the detection of brain cancer. The structural 

design provides a consistent and competent way to identify 

brain tumours at an early stage.  

This study could be useful for 

biomedical applications. 
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II. METHOD 

The basic principle of this work is to design a microstrip 

patch antenna for observing reflected signals and 

distinguishing between the different electrical properties of 

cells. Normal and cancerous cells can be distinguished, as 

they exhibit different electrical properties. The patch antenna 

is the most essential element that needs to be considered in 

the system.  

The basic principle is that the antenna transmits a 

microwave electromagnetic signal to a specific part of the 

body. Some of the signal scatters back to the antenna, 

depending on the dielectric properties of the cell. According 

to studies [13], the dielectric property of a healthy cell is 

lesser than a cancerous cell. Thus, it can be easily 

distinguished by using a backscattered signal to indicate the 

presence of a cancerous cell. Furthermore, further data can be 

obtained from the scattered back signal, which is valuable 

evidence, such as the depth of return loss and phase shift, 

revealing the existence of a cancer cell.  

The direction of the radiation pattern (directivity), gain, 

matching feed-in, resonance frequency, efficiency and 

specific absorption rate SAR radiation are crucial parameters 

for our design to detect brain cancer cells firmly. All these 

parameters are taken into account in the design of the antenna. 

In this model, we focus on the antenna design, head phantom 

modelling, and the tumour located inside the brain. The phase 

shift and SAR values of the human head model were taken 

into consideration.  

A. Antenna Patch Section Formula 

All the requirements for designing the patch antenna were 

considered, including small size, light weight, cost-

effectiveness, and ease of microstrip configuration. The 

design utilises flame-retardant epoxy resin and glass fabric 

composite (FR4) as the substrate, with εr = 4.3, a thickness of 

h = 1.6, and a loss tangent of 0.025. Additionally, a copper 

ground layer is used, with a thickness of 0.035 mm. The line 

feed of the microstrip is built as a central feeding procedure 

to match 50 Ω. The formula of the patch’s dimension is given 

as [14]:  

Length of patch:  

L =
1

2𝑓𝑟√ε𝑟𝑒𝑓𝑓√𝜇0ε0
= −2𝛥𝐿                                      (1) 

Where h is substrate thickness: 
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Wide of patch (Wp):  

     w=
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where ɛr = dielectric constant of substrate  

εreff = Effective dielectric constant  

Wp = Width of the patch 

B. Substrate and Ground Planes 

Length of substrate plane (Ls):  

𝐿𝑠 = 6ℎ + 𝐿                                                                (5) 

Wide of substrate plane (Ws): 

   𝑊𝑠 = 6ℎ + 𝑊                                                         (6) 

 

The ground width is identical to the substrate width. 

C. Antenna Sensor Construct  

The construction of the patch antenna sensor, along with its 

dimensions, is illustrated. Initially, a simple rectangular 

microstrip is designed with multiple slots and varying 

resonant frequencies. Additionally, a line feeding practice is 

employed to feed the antenna, and a 50 Ω impedance match 

is achieved. The sizes and geometry of the antenna and 

ground structure are shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

            

Figure 1. Structure of the Microstrip Patch Antenna, (A) Front Patch and (B) Back Patch 

Figure 1 illustrates a microstrip patch antenna design 

comprising three layers: the background, the middle 

substrate, and the top patch. The dimensions of the antenna 

sensor (substrate) and patch are 40 mm × 90 mm and 35 mm 

× 25 mm, respectively. As shown in Figure 1, the background 

plane covers the entire backside of the antenna, utilising the 

same size substrate to enhance the antenna's efficiency. On 

the front side of the patch antenna, a slight cut-out on the 

rectangular patch from the bottom side has been considered, 

which can help enhance the bandwidth and alter the location 

of the resonance frequency. Furthermore, the antenna design 

was constructed to work at different resonant frequencies, 

specifically 2.8 GHz, 3.9 GHz, 5 GHz, and 5.6 GHz. All 

optimisations and modifications to the design (e.g., 

introducing cut-outs, slots, grounds, sizes, and thickness) will 

enhance the efficiency of the antenna and emphasise return 

loss at the specific resonance frequency, taking into account 

all these factors.  

D. Phantom Brain 

Model 

According to a study [12] 

and its calculations, table1 

RF4 Substrate  
Ground plane 

Patch plane 

Feed-in line 

(a) Front view  (b) back view  
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shows the obtained material parameters (ε and σ) dielectric 

properties for the circular brain structure, which indicate that 

both the conductivity and permittivity for the different 

frequences from 3 GHz to 8 GHz. The phantom brain model 

was designed using CST software.  

 

 

 

 

 

Table 1: Dielectric Properties of Different Layers in 

Head Phantom 

Tissue Permittivity (ε) Conductivity (σ) 

Brain 43.22 1.29 

CSF 70.1 2.3 

Dura 46 0.9 

Bone 5.6 0.03 

Fat 5.54 0.04 

Skin 45 0.73 

Tumor 55 7 

It can be seen from Figure 2 that the phantom head consists 

of six layers: outer Skin, Fat, Bone (skull), Dura, CSF, and 

Brain. Figure 2 illustrates the brain model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Phantom Head Model and Layers 

III. RESULTS 

A head model is constructed using the CST software to 

assess the entire system’s action in detecting cancer cells, 

which is used as a realistic phantom. All dielectric properties, 

including conductivity and permittivity, were considered in 

the different layers. The position of the patch antenna was 

continually changing to collect backscattering signals from 

various sides. In the results section, a comparison study is 

presented and discussed, utilising different resonance 

frequencies at 2.8 GHz, 3.9 GHz, 5 GHz, and 5.6 GHz, with 

and without cancer cells, as illustrated in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Antenna Patch Sensor with Phantom Brain Model 
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A. Return Loss: 

The first parameter considered and analysed is the return 

loss (S11) at the resonance frequencies of 2.8 GHz, 3.9 GHz, 

5 GHz, and 5.6 GHz. Each reflectance value shown below is 

below -10 dB, which complies with the criteria. Figure 4 

shows the graphs of the return loss profile for the reflector 

(S11) antenna sensor for both normal brain (Figure 4a) and 

affected cancerous brain (Figure 4 b).  

 

 

 
 

 

 

 
 

 

Figure 4. Return Loss Profile for Reflector (S11) Antenna Sensor, (A) without Tumor and (B) With Tumor Cell  

As shown in Figure 4, at a resonance frequency of 2.8 GHz, 

the phase shift between the standard and affected cells is 

approximately 7.45 MHz. At a frequency of 3.9 GHz, the 

phase difference is approximately 7.75 MHz. At 5 GHz, the 

difference is 7.60 MHz, and at the higher frequency of 5.6 

GHz, the phase difference is around 21 GHz. Table 2 

summarises the depth value of return loss (S11) at each 

resonance frequency and the corresponding phase 

difference/depth value with and without tumour cells.  

Table 2: Resonance Frequencies and Difference Values Without/With Tumour Cell 

Without Tumour Cell With Tumour Cell Phase Difference Depth Value Difference 

Frequency (GHz) S11 (dB) Frequency (GHz) S11 (dB) Frequency (MHz) S11 (dB) 

2.843738 -13.23667 2.851196 -12.6355 7.458 -0.60 

3.997 -19.02189 4.00475 -18.7885 7.75 -0.23 

5.04 -20.39125 5.047607 -19.7757 7.607 -0.62 

5.67 -12.99264 5.691 -12.8921 21.0 -0.10 

B. The Voltage Standing Wave Ratio (VSWR) 

The VSWR is one of the parameters used in the design to 

indicate the mismatch between the feed line connecting to the 

antenna patch. The minimum level in the allowable range 

(i.e., below 2) can be achieved in our design. The results of 

the antenna design show the value of VSWR at the resonance 

frequencies, as shown in Figure 5. 
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Figure 5. The Voltage Standing Wave Ratio (VSWR)  

 

At the resonance frequencies of 2.84, 3.99, 5.04, and 5.67 

GHz, the VSWR values are 1.56, 1.25, 1.23, and 1.57, 

respectively. All VSWR values are under two, which is 

suitable for the application. Thus, the antenna design is 

described as having a “Good Match”, and when the value of 

VSWR exceeds 2 for a frequency of interest, it means that the 

design of the antenna is poorly matched. In our design, all 

values of VSWR are less than < 2, which indicates that the 

values are in the acceptable range and a great match.  

 

 

 

C. Radiation Pattern 

The theta and phi components refer to basic measurements 

in a spherical coordinate system. The spherical coordinates 

relate to the Cartesian axes: Theta = 0 for 360 and Phi = 0 for 

x-z Cut, Phi = 90 for y-z Cut. The x-z plane (ϕ = 0) is referred 

to as the E-plane (x-z plane), whereas the y-z plane (ϕ = 90) 

is referred to as the H-plane, respectively. The radiation 

pattern of the proposed antenna in the H-plane (y-z plane) is 

shown in Figure 6 (a) and (b), and the 3-dimensional radiation 

pattern is shown in Figure 6 (b). The beams in E-plane and 

H-plane are favourable because the primary lobes' orientation 

is stable with broadside beams. 

 

       
 

 

Figure 6. Radiation Pattern of the Patch Antenna in H-Plane (Y-Z Plane) and E-Plane (X-Z Plane)  

From figure 6 (a), the main lobe magnitude = 6.22 dBi, the 

main lobe direction = 54.0 deg. And the angular width (3dB) 

= 49.3 degrees. The simulated gain and directivity are plotted 

and calculated for all resonance frequencies. The observed 

gain and directivity of each resonance frequency are 

summarised in Table 3. 

Table 3: Gain and Directivity at Resonance Frequencies 

Frequency (GHz) Gain (dBi) Directivity (dBi) 

2.84 2.72 7.34 

5.04 0.30 6.61 

5.68 3.75 8.12 

 

D. Specific Absorption Rate (SAR) 

One of the critical parameters is the SAR absorption rate of 

radiation. To avoid health risk, the specific absorption rate 

(SAR) must not exceed 2 Watts per kilogram. The 

International Commission on Non-Ionising Radiation 

Protection (ICNIRP) has recommended the SAR limit since 

1998.  

The SAR is obtained by dividing the total power absorbed 

in the human body by the full  

body weight. A local SAR is 

calculated and expressed as a 

numerical value per volume 

(a) 2-D radiation (b) 3-D far-filed 
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element, forming a space distribution function. The 

Telecommunication Technology Council Agenda No. 89 and 

CENELEC 1995 specify typical SAR values averaged in 

tissue masses of approximately 10g. In contrast, the value of 

1g is adopted by ANSI/IEEE C95.1-1992 of the United 

States. A cuboid averaging volume is used. Thus, in this work, 

the masses of 10g and 1g have been calculated, with the 

maximum SAR values of 1.3 W/kg for 10g and 2.1 W/kg for 

1g, respectively.  

IV. DISCUSSION 

The antenna design was modelled and simulated using CST 

Studio; the design was completed, featuring layers of antenna 

with a full ground plane and a patch with no slot. By utilising 

the full ground plane, the return loss was excellent, with 

values less than -10 dB for all resonance frequencies. On the 

other hand, the SAR radiation was at a borderline value of 2.1 

W/kg at 1g maximum SAR. For the 10 grams of tissue, the 

maximum SAR of 1.3 W/kg is in the acceptable range, less 

than < 1.6 w/kg. The SAR, in simple terms, refers to the rate 

at which the body absorbs RF energy. Therefore, the antenna 

design presented in this work is well-suited for biomedical 

applications. 

Although the phase difference at the upper-band frequency 

of 5.67 GHz is 21 MHz, the depth value difference is worse, 

at around -0.10 dB. The resolution of the middle-band 

frequency, 3.99 and 5 GHz, is significantly better in terms of 

return loss, at -18.78 and -19.77 dB, respectively. However, 

the phase difference in the middle band is approximately 14 

MHz less than that found in the upper band. In addition, the 

depth value difference of the return loss in the middle band is 

notable and could be used as a reliable indicator of tumour 

cells present. At a lower-band frequency of 2.84 GHz, the 

depth difference between the two measurements (without and 

with tumour cells) is -0.60 dB. 

Additionally, the resonance frequency was approximately 6 

GHz, which is distant from the lower band frequency and is 

not suitable for deep penetration. Then, the antenna was 

enhanced by introducing a cut around the two-edge bottom 

side of the patch antenna, with a width of 1.5 mm and a length 

of 6.5 mm. The resonance frequency shifts to a lower band 

frequency around 3 GHz, and we obtained four resonance 

frequencies at 2.8 GHz, 3.9 GHz, 5 GHz, and 5.6 GHz. 

Accepted power and absorbed power: In both instances 

(without/with tumour), the stimulated power remained 

constant at 0.5 W. However, there were slight disparities in 

the accepted power: 0.476622 W for the non-tumour phantom 

and 0.47487 W for the tumour phantom. This suggests that 

the tumour's presence causes a slight modification in the way 

the tissue absorbs energy. In the tumour case, the absorbed 

power was marginally higher at 0.273287 W, compared to the 

non-tumour case, which had an absorbed power of 0.271856 

W. The total Specific Absorption Rate (SAR) in the tumour 

phantom was 0.42595 W/kg, which was lower than the SAR 

in the non-tumour phantom, which was 0.437733 W/kg. 

Indications suggest that the tumour affects the dispersion of 

absorbed energy. Furthermore, the maximum specific 

absorption rate (SAR) was significantly lower in the tumour 

scenario compared to the non-tumour scenario. This 

distinction is crucial, as it emphasises how the presence of a 

tumour can affect the specific points of absorption within the 

tissue. The highest specific absorption rate (SAR) measured 

over 10 grams of tissue was lower in the tumour scenario 

(1.39596 W/kg) compared to the non-tumour scenario 

(1.64121 W/kg). The maximum SAR point's coordinates 

experienced a slight shift, indicating a modification in the 

local energy absorption pattern due to the tumour's presence. 

A higher penetration depth can be achieved with a lower 

frequency and lower resolution. Meanwhile, a better 

resolution can be achieved with a higher frequency; however, 

the penetration depth will be reduced, as seen in the 

comparison study in Table 2. The low-frequency band offers 

deeper penetration (lower loss), although the higher-

frequency band provides a better resolution range in terms of 

phase shift, but offers less depth value difference. Hence, the 

choice of a middle band as an appropriate operating 

frequency ensures internal views of normal and tumour brain 

with good depth penetration and high resolution. In brief, a 

higher band (upper band) frequency provides resolution but 

with less penetration, and could miss the tumour cell if it is 

located deeper. Thus, middle-band frequency is preferable, as 

shown in the results. More than one antenna patch sensor can 

be mounted around the head to overcome the penetration 

issue and improve the localisation of the tumour cell. In the 

case of one patch antenna sensor that is far away from the 

tumour, the other one could be closer and can detect it easily. 

The difference is attributed to the return loss and its depth 

value, as well as the frequency phase shift measurements, due 

to the absence (in the normal cell) and presence of tumour 

cells. Moreover, the SAR analysis reveals significant 

disparities in the way energy is absorbed and distributed 

between cases with tumours and those without tumours. 

These results are acceptable and warrant further investigation 

into their practical application. 

V. CONCLUSION  

A new patch antenna was designed for brain tumour 

detection at multiple resonance frequencies of 2.8 GHz, 3.9 

GHz, 5 GHz, and 5.6 GHz. The CST Study was used to model 

and simulate both the antenna and the phantom head. The 

realised gain of the antenna design at the resonance 

frequencies (return losses at the middle-band frequency) was 

-19 dB, while at higher or upper band frequencies, it is around 

-12 dB. It was also observed from the work that, although the 

higher band frequency has a lower return loss depth than the 

middle band frequency, it provides identifiable detection and 

higher resolution (recognisable phase shift value), which is 

better than the lower band frequency. A comparison study of 

antenna performance at different resonance frequencies was 

conducted. The phantom model was studied and evaluated 

with and without tumour cells, showing the validation of the 

approach. Critical parameters, such as gain, directivity, 

VSWR, impedance matching, and SAR, were considered in 

the patch antenna design, and all values are recommended 

and meet the requirements and standards of relevant 

organisations.  
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The proposed design is a harmless device for biomedical 

applications, specifically for detecting brain tumours. 
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