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ABSTRACT 

Microwave imaging, used for breast tumor detection, requires low mutual coupling antennas in a circular 

array configuration, which can lead to signal degradation and distortion in the resulting images. This study 

proposes a Printed Monopole Antenna design with a Z-shaped slot Electromagnetic Band Gap (PMA-

ZEBG) to minimize mutual coupling in a circular array configuration, resulting in a 13 dB decrease. The 

PMA-ZEBG is compact, measuring 35 × 40 × 1.524 mm (0.30λ0 × 0.34λ0 × 0.01λ0 at 2.61 GHz), and has a 

bandwidth of 3.2 GHz (2.61 GHz–5.81 GHz). Simulated Specific Absorption Rate (SAR) values at 20 mm 

between the breast and the antenna indicate that the antenna is within safe standards for microwave 

imaging. The S-parameters from the PMA-ZEBG can be used to identify and localize tumor presence by 

employing the Delay and Sum (DAS) algorithm within the Microwave Radar-based Imaging Toolbox 

(MERIT). The imaging results obtained using the PMA-ZEBG antenna display a more defined tumor 

image within the specified area and fewer discernible spots on the periphery. 

Keywords-breast tumor detection; circular array; electromagnetic band gap; mutual coupling 

I. INTRODUCTION  

X-ray mammography contributes to identifying breast 
tumors and has significantly reduced mortality by enabling 
early detection. However, this method has limitations, 
including high radiation exposure, high rates of false positives 
and false negatives, and unsuitability for women with dense 
breast tissue [1-3]. These limitations have led to the exploration 
of alternative diagnostic approaches, such as microwave 
imaging, an innovative technique for identifying and 
diagnosing breast conditions, including tumors. This method 
uses microwave signals to scan breast tissue and detect 
abnormalities by identifying differences in tissue composition 

[4]. Unlike traditional X-ray mammography, microwave 
imaging is non-ionizing, making it safer for repeated use 
because it eliminates the risk of radiation exposure. The 
proposed method uses the different dielectric properties of 
healthy and damaged tissue to distinguish between them, 
enabling earlier detection with greater sensitivity and less 
invasiveness than conventional methods. This technology relies 
on antennas to transmit and receive microwave signals, which 
are then processed to create detailed images of the breast. In a 
microwave breast imaging system, an antenna application uses 
several arrays with mutual coupling. When antenna elements in 
an array interact, distortions and inaccuracies in the 
measurements are produced, resulting in incorrect tissue 
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property estimations and poor-quality images [3, 5, 6]. Many 
techniques have been proposed to reduce mutual coupling in 
microwave imaging systems, such as parasitic [7], defected 
ground structure [8], and Electromagnetic Band Gap (EBG) 
[9], which includes effective surface wave suppression, 
preserved antenna performance, a compact design, and 
increased protection in dense arrays [10-12]. Authors in [13] 
proposed a Variable-Band-Stacked EBG (VBS-EBG) in order 
to reduce mutual coupling in E-shaped antennas for 5G 
applications by 16.16 dB and 6.05 dB at the first and second 
resonances of the Multiple-Input Multiple-Output (MIMO) 
antennas, respectively. The primary contribution of this 
research is the reduction of mutual coupling in circular arrays 
for breast tumor detection using an EBG. The majority of 
existing research has focused on linear or planar array 
configurations, leaving a notable gap in understanding and 
resolving this issue in circular arrays. Authors in [14] used 
Vivaldi antennas and metamaterial techniques to increase gain. 
However, high mutual coupling still occurs, with S21 and S91 
values above -20 dB. This study proposes a PMA-ZEBG to 
minimize mutual coupling in circular arrays. Additional 
contributions involve integrating PMA antennas with EBG 
structures to detect breast tumors through microwave imaging, 
demonstrating a significant advancement in the field. 
Furthermore, simulation analysis of specific absorption rates in 
relation to the antenna's distance from breast tissue provides 
valuable insights into this technology's safety. 

II. METHODOLOGY 

The PMA-ZEBG was manufactured using Roger RO4003C 
material, which had a substrate thickness (hs) of 1.524 mm, as 
well as a copper patch, ground plane, and feed with a thickness 
(hp) of 0.035 mm. The RO4003C substrate has a dielectric 
constant of 3.55 and a loss tangent of 0.0027. The antenna's 
physical dimensions are 35 × 40 × 1.524 mm, corresponding to 
0.30λ₀ × 0.34λ₀ × 0.01λ₀ at the operating frequency of 2.61 
GHz, as shown in Figure 1 and Table I. The PMA geometry 
began with a rectangular patch, which was adapted by cutting a 
quarter arc at the upper edge of the patch and decreasing the 
ground plane to increase the bandwidth [15]. Finally, a Z-
shaped EBG slot was added to the left side of the PMA to 
reduce mutual coupling. The microwave breast imaging system 
for tumor detection is portrayed in Figure 2 (a), where the 
PMA-ZEBG was arranged in a 1×8 circular array to match the 
antenna position. Figure 2 (b) demonstrates that the circular 
array has an antenna element spacing (da) of 24.3 mm and a 
gap of 20 mm between the antenna and the breast surface (dab). 
The breast phantom diameter (Dbp) is set to 120 mm to simulate 
actual breast dimensions. The breast's diameter limits the 
circular array configuration to eight antennas. The parameters 
of the breast phantom model were specified by the permittivity, 
conductivity, density, and thickness of each tissue layer, as 
illustrated in Table II. The tissue layers contain skin, fat, 
glands, and tumors and are simulated using the CST Simulation 
Software. In the breast model simulation, a 20 mm tumor was 
placed at the coordinate (0, 0, 10). Figure 3 displays the 
experimental validation of the PMA-ZEBG prototype using 
Vector Network Analysis (VNA) measurements conducted in 
an anechoic chamber to accurately analyze the S-parameter and 
the antenna's radiation pattern. 

 
(a) 

 
 

(b) (c) 

Fig. 1.  Geometry design of the proposed antenna: (a) front view, (b) back 

view, (c) side view. 

TABLE I.  ANTENNA DIMENSIONS 

Parameter Value (mm) Parameter Value (mm) 

Lg 12.5 Ws 40 

Ls 35 Wf 2.85 

Lf 13.5 Wp 11 

Lp 12.5 Re 2 

Wg 30 Wz 4.15 

Le 33 Lz 2.44 

We 6.55 Dz 0.38 

De 0.25 Dv 0.37 

Ds 1.2 t 0.38 

 

(a) (b) 

Fig. 2.  (a) Microwave imaging system for tumor detection, (b) detail of 

circular array configuration. 
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TABLE II.  BREAST TISSUE PROPERTIES IN THE BREAST 
PHANTOM MODEL [16, 17] 

Tissue 
Conductivity 

(S/m) 

Permittivity 

(F/m) 

Material 

density 

(kg/m3) 

Thickness 

(mm) 

Skin 4 36 1100 5 

Fat 0.4 9 700 15 

Gland 0.45 13 1020 40 

Tumor 4 50 1050 10 

 

  
(a) (b) 

Fig. 3.  (a) Fabricated PMA-ZEBG antenna, (b) PMA-ZEBG 

measurement. 

III. RESULTS AND DISCUSSION 

Figure 4 presents a comparison of the S-parameter 
simulation graphs for PMA and PMA-ZEBG. The S11 
parameter graph shows the resonance frequencies, frequency 
limits, and bandwidth. 

The operating frequency can be determined from the S11 
graph, which is below -10 dB. The graph shows that the 
antenna without the ZEBG has a frequency bandwidth of 3.58 
GHz-6.00 GHz, whereas the PMA with ZEBG has a bandwidth 
of 2.61 GHz-5.74 GHz. The simulation results indicate that the 
PMA-ZEBG has a bandwidth of 3.13 GHz. There is a slight 
difference in the upper operating frequency limit between the 
simulation and measurement results: in the simulation, the 
operating frequency range is 2.61 GHz-5.74 GHz, whereas in 
the measurement, it is 2.61 GHz-5.81 GHz. 

 

 

Fig. 4.  Performance comparison between PMA and PMA-ZEBG through 

simulation and measurement analysis. 

Figure 5 demonstrates that parameters S21 and S81 produce 
nearly identical graphs under both conditions. This 
phenomenon is also evident in the S31-S71 and S41-S61 parameter 
pairs, where identical graph patterns are observed. Mutual 
coupling can be detected by examining the graph below -20 dB 
on the S21 to S81 plot, in the 3.4 GHz – 4.5 GHz frequency 
range, with values above -20 dB reaching -18.2 dB, indicating 
a substantial degree of electromagnetic interaction between the 
antennas at these frequencies. Furthermore, examining the S21 
and S81 PMA-ZEBG graphs within the same frequency range 
reveals a decrease in the S21 and S81 values, both of which 
decrease below -20 dB. Specifically, the S21 and S81 values 
decrease from -19 dB to -32 dB at 4.23 GHz, indicating a 
substantial reduction in mutual coupling at these frequencies. 
Adding the ZEBG significantly reduces the S21 and S81 
parameters by 13 dB. This phenomenon can be attributed to the 
EBG system's ability to isolate mutual coupling from 
neighboring antennas, as portrayed in Figure 6. The 
neighboring antennas on the PMA-ZEBG have a smaller 
current distribution than the PMA. Consequently, ZEBG 
structures provide a high-impedance path for surface-wave 
propagation at specific operational frequencies, effectively 
mitigating mutual coupling. 

 

 

Fig. 5.  A comparative analysis of the simulated S-parameter responses for 

PMA and PMA-ZEBG. 

 

 

(a) 

 
(b) 

Fig. 6.  Distribution of surface currents at 4 GHz (a) PMA, (b) PMA-

ZEBG. 
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Figure 7 presents the simulations and measurements of the 
normalized radiation pattern in the E and H planes at 
frequencies of 3 GHz and 4 GHz, indicating that the antenna’s 
main beam is directed towards the side of the antenna without 
the EBG, while moving away from the side with ZEBG. This is 
in accordance with the fundamental principle of the EBG 
operation, which involves suppressing surface waves and 
mutual coupling to direct the main beam. 

 

 

Fig. 7.  Normalized radiation pattern: simulation (left), measurement 

(right). 

The Envelope Correlation Coefficient (ECC) is a measure 
of the relationship between the signals received or transmitted 
by two antennas. A low ECC value means that the antennas 
operate independently with minimal mutual coupling. The ideal 
ECC value is close to 0, with the highest acceptable limit being 
0.5 [18, 19]. Figure 8 depicts the ECC values from the PMA-
ZEBG antenna simulation and measurement. The simulation 
shows a maximum value of 0.002 at a frequency of 2 GHz, 
while the measurement exhibits a maximum value of 0.006 at a 
frequency of 2.16 GHz. These results suggest that a low ECC 
value could support a microwave breast imaging system: 

��� �
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  (1) 

 

 

Fig. 8.  The ECC of PMA-ZEBG circular array. 

According to the mutual coupling analysis, this study 
significantly improves the isolation metric compared to 
previous studies on circular arrays for breast tumor detection. 
As displayed in Table III, this study achieves 32 dB of 
isolation, exceeding the values reported in previous studies of 
circular arrays. 

TABLE III.  PERFORMANCE COMPARISON BETWEEN THE 
PROPOSED AND THE PREVIOUS ANTENNA ARRAY 

Ref. Configuration Technique Dimension (λ0)* 

Frequency 

range 

(GHz) 

Isolation 

|S21| (dB) 

[8] Linier DGS 0.23×0.23 ×0.02 1.76-9.06 16 

[14] Circular Metamaterial 0.30×0.26×0.01 2 – 10.45 18 

[20] Linier EBG 1.35× 0.93×0.02 5.09 - 5.33 46 

[21] Linier MM-EBG 0.50× 0.70×0.02 2.53 - 7.30 41 

[22] Circular 
Partial 

Ground 
0.52×0.52×0.02 3.4-7.4 18 

[23] Circular CPW 0.39×0.39×0.01 3.9 – 19 16 

This 

work 
Circular EBG 0.30×0.34×0.01 2.61 – 5.81 32 

 

The safe level of pulse power, Specific Absorption Rate 
(SAR), signifies the rate at which energy is absorbed by or 
dissipated within tissue mass within a resonator volume: 

��� �  
�|�|�

�
     (2) 

where σ is the conductivity of the biological tissue, ρ is the 
mass density, and E is the induced electric field inside it. In this 
study, the SAR was determined by simulating the electric field 
within breast tissue using CST software. According to the 
IEEE C95.1 standard, an SAR value of 1 g of tissue should not 
exceed 1.6 W/kg, and an SAR value of 10 g of tissue should 
not exceed 2 W/kg [24, 25]. This study simulated an SAR with 
the distance between the antenna and breast ranging from 5 
mm to 20 mm at 3 GHz, 4 GHz, and 5 GHz frequencies, 
respectively, in accordance with the antenna specifications. The 
purpose of this SAR simulation was to determine the safe 
distance between the breast and antenna to ensure that the SAR 
value did not exceed the safe limit. Figure 9 shows that 
increasing the distance between the antenna and breast 
correlates with a reduced maximum SAR value. This trend also 
occurs with higher frequencies. At a distance of 20 mm, the 
SAR value is below 1.6 W/kg for 1 g of cubic tissue at 
frequencies of 3GHz, 4GHz, and 5 GHz, and below 2 W/kg for 
10 g of cubic tissue at these frequencies. The maximum SAR 
value at dab = 20 mm remains below the IEEE C95.1 standard's 
safe value [25]. Figure 10 illustrates the SAR distribution at dab 
= 20 mm with a frequency of 3 GHz in 1 g and 10 g of cubic 
tissue. The maximum SAR value in 1 g of cubic tissue was 
1.15 W/kg at 3 GHz with a distance of 20 mm between the 
antenna and breast. In 10 g of tissue, the maximum SAR value 
is 1.79 W/kg at the same frequency and distance. The S-
parameter simulation results for the PMA with and without the 
ZEBG were visualized using the DAS algorithm in the MERIT 
[14, 26]. The DAS algorithm delays the received signals to 
adjust for different travel times from a focal point inside the 
breast. Then, it sums the delayed signals coherently to enhance 
the location of the tumor while suppressing the noise and 
signals from other areas. 
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Fig. 9.  Simulated maximum SAR in 1g and 10 g of cubic tissue. 

 
(a) 

 
(b) 

Fig. 10.  SAR distribution at 3 GHz on dab= 20 mm in: (a) 1 g and (b) 10 g. 

  
(a) (b) 

Fig. 11.  Microwave imaging results for breast tumor detection: (a) without 

ZEBG, (b) with ZEBG. 

Figure 11 shows the results of microwave imaging of a 
breast phantom with a tumor, using an antenna without ZEBG, 
revealing a faint tumor in both the central and peripheral 
regions of the breast. This indicates inaccuracies in tumor 
interpretation at these locations due to mutual coupling 
between the antennas. Concurrently, the imaging results 
obtained with the ZEBG antenna displayed a more defined 
yellow tumor within the tumor area and less discernible spots 
on the periphery. The PMA-ZEBG antenna can locate and 

pinpoint the position of a tumor within a microwave imaging 
system designed for breast tumor detection. 

IV. CONCLUSIONS 

This study designed, analyzed, and examined a printed 
monopole antenna with a Z-shaped slot Electromagnetic Band 
Gap (EBG) structure to minimize mutual coupling in a circular 
array configuration. The proposed antenna has a compact size 
of 35 mm × 40 mm × 1.524 mm, corresponding to 0.30λ0 × 
0.34λ0 × 0.01λ0 at a frequency of 2.61 GHz. The PMA-ZEBG 
also exhibits a 3.2 GHz bandwidth, spanning from 2.61 GHz to 
5.81 GHz. Incorporating the Z-shaped slot EBG into the 
printed monopole antenna significantly reduced mutual 
coupling by 13.11 dB, ranging from -19 dB to -32 dB at 4.23 
GHz. Furthermore, the Envelope Correlation Coefficient 
(ECC) value was found to be below 0.5, indicating low mutual 
coupling. The simulated Specific Absorption Rate (SAR) value 
at a distance of 20 mm between the breast and antenna was 
within the safe standard for microwave imaging. Additionally, 
the S-parameter of the PMA-ZEBG antenna can be used with 
the Delay and Sum (DAS) algorithm in the Microwave Radar-
Based Imaging Toolbox (MERIT) to detect and identify cancer 
locations. The imaging results using the PMA-ZEBG antenna 
showed a clearer tumor image within the tumor area and fewer 
discernible spots on the periphery. 
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