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Abstract ─ This paper presents an ultra-wideband (UWB) 

micro-strip patch antenna design for microwave breast 

phantom imaging system. By optimizing the shape 

of radiating elements, the antenna achieves UWB 

characteristics with excellent frequency ratio. The antenna 

was fabricated and tested in both time and frequency 

domain analysis. Sufficient agreement between the 

simulated and measured data was observed. The antenna 

achieves a wider bandwidth of 8.2 GHz (2.5 GHz to 11.2 

GHz) with good gain and radiation pattern. The antenna 

has optimum design comparing to the theoretical Q-

factor and the near field directivity (NFD) is also 

observed. Effective near-field microwave breast phantom 

measurement systems with an array of 9 UWB antennas 

is proposed and the performance is tested with and 

without tumor cells inside the breast phantom. The 

backward scattered signals analysis shows that the 

presence of tumor with higher dielectric constant than 

normal cells. Thus, the proposed antenna can be a good 

candidate for microwave breast tumor detection.  

Index Terms ─ Antenna array, backscattering, microwave 

breast imaging, NFD, UWB antenna. 

I. INTRODUCTION 
In recent years, breast cancer is considered an 

emerging cause of disease of millions of women across 

the globe with high mortality rate. Only the early 

detection of this disease is critical to lessen the mortality 

rate. Currently, X-ray mammography, magnetic resonance 

imaging (MRI) and ultrasound imaging are used for 

breast cancer detection. X-ray is the most widespread 

techniques for screening but it has some major 

drawbacks including false negative rate higher than 

34%, costly and harmful high frequency radiation. [1]. 

Furthermore, for getting higher resolution image, 

mammography causes unpleasant breast compression. 

As a result, research is being conducted to find an 

alternate method for early efficient detection of breast 

tumor cell which will be low cost, easy to implement, 

high positive rate and comfortable for the patient. Human 

breast is constructed in the comparatively modest model 

rather than other body parts such as thorax, limbs and 

abdomen. Remarkably, there is an identical difference 

between the dielectric properties of normal and 

malignant breast tissue. This difference of electrical 

properties related to conductivity and permittivity is the 

fact that normal breast tissue propagates the microwave 

signal fluently in a lossy and fatty medium rather than 

lesions which hold more liquid in the response of blood 

and water. So, any unwanted cell cluster, or cyst, can be 

identified in this from the scattered signals. Microwave 

imaging can be the suitable alternative to the conventional 

breast tumor detection system with respect to harmless, 

low cost and high-resolution imaging. 

The main aim of the microwave imaging technique 

is to develop a reliable low-cost imaging system which 

will be adaptable to clinical applications. After the 

declaration of the unsilenced band of 3.1–10.6 GHz as 

ultra-wideband (UWB) frequency by FCC, researchers 

from academia and industry focus on the various 

application of this band including several wireless 

communications, microwave imaging, positioning and 

tracking etc. UWB antennas can be a good candidate 

for microwave imaging for its wider bandwidth, good 

gain and large data transmission rate. So, to get high-

resolution images the use of UWB antennas are 

desirable. Several antennas have been reported in 

detection for breast tumor cells such as monopole 

antenna, slot antenna, array antenna, bow-tie antenna, 

line-fed printed wide-slot antenna, disk shape antenna 

and planner patch antenna [2-12]. Every antenna has 

their own characteristics and benefits. The antenna 

proposed in [2] has narrow bandwidth of 4-8GHz 

where lower frequency can penetrate the human tissue 

compared to higher frequencies. The antenna operates in 

6 and 12.5 GHz [4] and has a larger dimension compared 

with the proposed antenna. Similarly the proposed 

prototype has larger bandwidth comparing to [7, 13]. The 

proposed design is compact in size compared to [4, 7] 

and has omnidirectional radiation pattern and higher 

gain. Most of the reported antennas put emphasis on 

frequency domain characteristics except [7], where time 

domain characteristics of the proposed antenna is also 
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analyzed which is essential for microwave imaging. 

Again, several array structures of breast imaging systems 

were also proposed [2, 4, 13]. However, it is still a 

challenge to develop compact low profile low-frequency 

antennas which cover a wider bandwidth.  

In this paper, a compact UWB antenna is proposed 

which has excellent frequency ratio and wider 

bandwidth. The antenna covers the entire UWB band 

with the operating bandwidth of 3-11.5 GHz. The 

antenna performance is experimentally verified after 

fabrication and the main aim was to make this antenna 

suitable for microwave imaging application. The novel 

structure of the antenna then used to construct an array 

setup of 9 antennas surrounding a breast phantom. A 

near-field imaging system is implemented, and the 

scattered signals are analyzed to observe the difference 

between the behavior of the received signals with and 

without the tumor cells inside the phantom. 

 

II. IMAGING SYSTEM SETUP 

A. Miniaturized UWB antenna design and parametric 

study 

For efficient radar imaging system, a compact UWB 

antenna is desirable that will be efficient in transmitting 

and receiving signal with minimal frequency dispersion. 

For this purpose, a compact, low profile, wider bandwidth 

and high efficient antenna is suitable. The prototype 

presented in this work has modified shaped radiating 

element with a dimension of 44 × 42 × 1.5 mm3. For this 

dimension, the resonance frequency, in general, can be 

calculated using the below equation: 

 

 2 1
r

r

c
f

x 

 
 

. (1) 

Where fr is the center frequency, the speed of light is c, 

εr denotes relative permittivity and overall length of the 

main resonator is x. The dimension is optimized such a 

way that it can radiate efficiently with large bandwidth 

spectrum. A modified slotted antenna is generated from 

a rectangular microstrip patch antenna. The simplest 

model is the transmission line model that delivers a good 

physical perception. So this method is mostly accepted 

for designing the proposed antenna. The antenna coves 

two radiating element connected with the transmission 

line W1. The nonhomogenous line is consists of two 

dielectric, one is substrate and another one is sorrounding 

air. The patch radiator dimension is calculated by the 

simplified formulation of the transmission line model. 

The width is calculated by:  
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Here, c is the speed of light in free space and fr is the 

resonant frequency. To find the effective permittivity of 

the substrate the equation can be derived as: 

 
1

21 1 12
1

2 2

r r
re

h

W

 



   

   
 

. (3) 

Here, h is the substrate thickness. The path length (L) can 

be calculated as: 
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The design structure of the proposed antenna prototype 

is shown in Fig. 1. For ensuring a good penetration  

inside the breast phantom the antenna is optimized for 

achieving a wider bandwidth including low and high 

frequency. A modified slotted patch and the partial 

ground are acting as a main radiating element and the 

prototype is fed with a transmission line of 50Ω using 

SMA connector. Several parametric studies during the 

design of the proposed antenna were done using HFSS 

simulation solver. Figure 2 illustrates the different tested 

patch shape. Figure 3 shows the effect of patch shape of 

the proposed prototype on reflection coefficient (S11). A 

narrow vertical slot with inside the left arm perturbs the 

distinctive current flow and density. This modification 

helps to move the resonant frequency to the lower 

frequency than the elliptical patch shape. The repetition 

of the same type of arm structure on the right side helps 

the upper resonant frequency to shift towards a higher 

frequency that enhances the bandwidth. Different tested 

ground shape is shown in Figs. 4 (a-c). The effect of 

ground shape over the reflection coefficient (S11) is 

shown in Fig. 4 (d). For investigation, different types and 

lengths of ground has been preferred to find the best-

suited ground shape of the proposed antenna. There is 

the noticeable effect of bandwidth along with reflection 

coefficient with respect to the change of ground plane. It 

seems that the partial ground case has better impedance 

matching in parametric study but from Fig. 4 (e) it is 

clear that due to modified proposed ground shape the 

gain performance is better than the partial ground. 

According to the electromagnetic wave propagation 

basic theory of patch antenna, the surface current in the 

radiating component creates an equal and opposite phase 

surface current on the ground plane [14]. The compact 

ground plane creates low cross-coupling effect and  

aids substantially larger bandwidth. After the numerical 

analysis, it is observed the proposed partially slotted 

ground plane covering the non-radiating portion of the 

feed line offers the widest bandwidth comparing to the 

other tested shapes.  

The simulated current distribution of the proposed 

antenna on two different frequencies is presented in Fig. 

5. At a lower frequency of 4.5 GHz, it is observed that 

majority of the current concentration is along with feed 

line and slot of the left portion of the patch and ground 

slot on the other arm upper portion of the patch conduct 

a poor amount of current. This indicates that the slot  

in patch and ground has a significant effect on lower 

ACES JOURNAL, Vol. 33, No. 12, December 20181403



frequency. So, for lower frequency, the impedance 

matching is much dependent on modified left slot of  

the patch and partial slot on ground. For the higher 

frequency, most of the current concentrate on feedline, 

knitting of the feedline and upper radiator and upper 

right slot of the radiator, hence the ground has weak 

current flow near feed line. Consequently, the ground is 

weaker than the lower frequency. Also, feed gap has a 

great impact on impedance matching. Different modified 

parameters of the proposed antenna are presented in 

Table 1. 

 

 
 

Fig. 1. Antenna geometry. 

 

 
 
Fig. 2. Different tested patch shapes: (a) without arm, (b) 

with one arm, and (c) the proposed one. 

 

 
 

Fig. 3. Reflection coefficient (S11) characteristics of the 

designed antenna for different patch shape. 

 

The simulated current distribution of the proposed 

antenna on two different frequencies is presented in Fig. 

5. At a lower frequency of 4.5 GHz, it is observed that 

majority of the current concentration is along with feed 

line and slot of the left portion of the patch and ground 

slot on the other arm upper portion of the patch conduct 

a poor amount of current. This indicates that the slot  

 

in patch and ground has a significant effect on lower 

frequency. So, for lower frequency, the impedance 

matching is much dependent on modified left slot of  

the patch and partial slot on ground. For the higher 

frequency, most of the current concentrate on feedline, 

knitting of the feedline and upper radiator and upper 

right slot of the radiator, hence the ground has weak 

current flow near feed line. Consequently, the ground is 

weaker than the lower frequency. Also, feed gap has a 

great impact on impedance matching. Different modified 

parameters of the proposed antenna are presented in 

Table 1. 
 

 

 
 (d)   (e) 

 

Fig. 4. Different tested ground shapes: (a) proposed, (b) 

half ground, (c) the partial ground, (d) effect of ground 

shape on reflection coefficient (S11), and (e) effect of 

ground shape on peak realized gain.  

 

 
 (a)  (b) 

 

Fig. 5. Surface current distribution at a lower frequency: 

(a) 4.5 GHz and higher frequency of (b) 8.5 GHz. 

 

Table 1: Modified parameters 

Parameters mm Parameters mm 

W 42 P3 8.1 

L 42 P4 4.94 

D1 16 h1 8 

D2 10.63 h2 10 

D3 9.21 W1 11 

P1 11 h 1.6 

P2 10 
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B. Synthetic and experimental results 

The performance of the proposed design is analyzed 

by EM simulator ANSYS HFSS. HFSS is based on a 

Finite Element Method (FEM). After the optimization, a 

prototype is fabricated for experimental verification, as 

depicted in Figs. 6 (a), (b). A vector network analyzer 

from Keysight Technologies is used to measure the 

VSWR responses. The VSWR curves of the optimized 

design are displayed in Fig. 7. It is evident from the 

figure that the fabricated design achieved a band  

from 2.50 GHz to 11 GHz for VSW ≤ 2 which makes  

it suitable for WiMAX, WLAN, UWB, C-band and X-

band communication applications. The slight deviation 

of the measured VSWR observed at around 6 - 7 GHz 

band may be due to the mismatch at that band resulted 

from imperfect prototyping, the effect of feeding cable 

during measurement and high losses of FR4 dielectric 

material. StarLab near-field antenna measurement system 

as shown in Fig. 6 (d) is used to measure the radiation 

pattern, efficiency and gain of the prototype. Figure 7 (a) 

represents the measured and simulated voltage standing 

wave ratio (VSWR) of the proposed prototype from 

2GHz - 11GHz. It is observed that a wide bandwidth 

from 2.5 GHz to 11.2 GHz is below which covers the 

overall band of UWB (3.1-10.6 GHz).  The measured 

and simulated gain of the antenna along the Z-axis (φ=0° 

and θ=0°) are exhibited in Fig. 7 (b). With an average 

gain of 4.5dBi, the antenna has a maximum gain of 5.5 

dBi over the UWB band. The slight deviation from the 

simulated curve is because of extended coaxial cable for 

feeding the antenna while measurement. Figure 8 shows 

the measured and simulated 2D and 3D normalized 

radiation pattern at 3.5, 6.5 and 9.5 GHz. Broadside 

radiation patterns are investigated for both the xz and yz 

plane. Here xz plane is acting as an Electric plane (E-

plane) and yz plane is acting as a Magnetic plane (H-

plane). In the E-plane, the patterns show the eight-shape-

figure with some asymmetry for higher frequency. For 

H-plane cross-polarization radiation is higher than that 

of E-plane but still maintain the donut-shape with little 

distortion. It verifies that the antenna shows stable 

omnidirectional radiation pattern over the operating 

frequency. Due to fabrication and measurement 

tolerances, a little variation is observed in both E- and H-

plane form simulated to the measured pattern.  

Figure 9 (a) shows the antenna group delay. The 

group delay of face-to-face direction is more steady and 

lower than other two setup. It is because of the face to 

face direction most of the radiated power is received  

with minimum distortion. So, the prototype antenna will 

radiate efficiently towards the Region of Interest (ROI) 

while not coupling significantly with adjacent array 

elements. Furthermore, the group delay is linearly 

distributed over the frequency band.  

 

  
   (a)  (b) 

 
   (c) (d) 

 

Fig. 6. Fabricated photograph of the prototype: (a) top 

view, (b) bottom view and measurement setup, (c) PNA 

network analyzer, and (d) Satimo Star Lab UKM.  
 

 
 (a)  (b) 

 

Fig. 7. Measured and simulated: (a) VSWR and (b) gain. 

 

 XZ-plane 3D  

  
 (a) 

 
 (b) 
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 (c) 

 
Fig. 8. 2D and 3D radiation pattern at: (a) 3.5 GHz, (b) 

6.5 GHz, and (c) 9 GHz. 

 

 
    (a)   (b) 

 
Fig. 9. (a) Group delay for antenna positioned in face to 

face, side by side x and side by side y direction, and (b) 

theoretical limits and calculated Qa and (Bηr)ub. 

 
Quality Factor:  

With respect to the physical dimension of the 

antenna, minimum quality factor can be achieved by 

using the following equation [15]: 

 
lbQ =ηQ . (5) 

Where 
3 3

1 1
Q= +

k a ka
, 

2π
k=

λ
 and a denotes minimum 

sphere radius enclosed to the antenna. The higher bound 

of the radiation efficiency is: 
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3 3ub
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The 
mQ  and  

ub
Bηr  for different theoretical values 

of ka is shown in Fig. 9 (b). The antenna calculated value 

of ka=1.59 for the 1st resonant frequency. From the ideal 

curve it is noticed that the minimum limit of Qm is 0.59 

and  
ub

Bηr =0.81. The quality factor of the prototype is 

estimated through: 

 
a

2 β
Q =

B
, (7) 

where, 
s-1

β= 1
2 s

 .  

Here s=2 is considered as the maximum accepted VSWR. 

The achieved Qa of the anticipated antenna is 0.56 and 

 
ub

Bηr =0.80 which indicates that the theoretical and 

calculated value is very close. This verifies that the 

antenna design is optimal.  
 

C. Near field performance analysis 

Since the dielectric properties can vary significantly 

between different patients, it is not reasonable to 

optimize the antenna in presence of a specific dielectric 

breast phantom. After optimization in free space, the 

authors checked the fidelity factor and near field 

directivity (NFD) to ensure that the near field radiation 

properties, like phase linearity, are maintained. The 

fidelity factors were investigated with the antennas in 

close proximity similar to the final imaging setup. The 

pattern of the output signal at receiving antenna depends 

on the input signal and transfer function. By performing 

the inverse Fourier transform, the transfer function can 

be turned to the time domain. Figures 10 (a-c) shows the 

time domain performance of the prototype for three 

different scenarios of face-to-face, side-by-side X and 

side-by-side Y at 300 mm distance. It is observed that the 

wave pattern is almost similar to the input and received 

signal for three cases which ensures that the antenna is 

able to transmit short pulses in minimum time and 

different directions with minimal distortion. Fidelity 

factor (FF) is critical [16, 17] to validate the 

correspondence between the transmitter (Tx) and received 

(Rx) signals. The highest value of cross-correlation 

between transmitting and receiving pulse is known as 

fidelity factor. Naturally, the pulse becomes almost 

distorted if an adjustment is higher than 50% (FF < 0.5) 

[16]: 
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Where, x(t) and y(t) represents the TX and RX signals, 

respectively. For different scenario, the fidelity factor is 

84%, 78% and 72% for face to face, side by side X and 

side by side Y respectively which indicates that the 

antennas transmitting and receiving capability are quite 

decent. The higher fidelity factor indicates the lower 

distortion and also suggests that this can be used for 

target detection. The phase distortion of the signal of an 

antenna is represented by group delay.  

The NFD can be computed by using the formula 

presented in [18]. The NFD factor is the proportion of 

the power radiated inside the front side (Pf) and through 

the surface of the phantom (PT): 

 
Pf

NFD=
PT

. (9) 

Figure 10 (d) illustrates the NFD of the proposed antenna 

with breast phantom. It is observed that about 67% of the 

total power is emitted through the ROI. 
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  (a)   (b) 

 
   (c) (d) 
 

Fig. 10. The normalized magnitude of the proposed 

prototype for three different scenarios: (a) face to face, 

(b) side by side X, (c) side by side Y, and (d) NFD of the 

proposed antenna. 
 

D. Imaging setup and results 

The dielectric properties of the human breast are 

introduced in this section. A breast phantom is used to 

test the antenna array performance in detection of breast 

tumor. The phantom is constructed with four layers of 

skin, breast tissue, fat and regular air layer. The skin 

layer width is 2.5mm and dielectric constant is 38 with a 

conductivity of 1.49 S/m. The width of the breast tissue 

is 8.75 cm with a dielectric constant of 5.14 and 0.141 

S/m of conductivity. The dielectric property of breast 

phantom is summarized in Table 2 [19]. An l imaging 

setup is proposed in this paper and shown in Fig. 11 (a). A 

heterogeneous breast phantom is used for characterization. 

The setup consists of 9 antenna unit placed vertically 

surrounding the breast phantom in every 40-degree 

interval from each other. The distance between the 

phantom and antenna array is 15mm. Frequency domain 

setup is applied to analyze the backscattering signal 

placing the antenna 1 as transmitter and rest of the 

antennas are acting as transmitter. By feeding the 1st 

antenna the effect of breast tissues is observed. Figure 11 

(b) shows the Skin, Fat and Tumor dielectric constant vs 

frequency. 

 

Table 2: The dielectric property of breast phantom 

Tissue ɛʹ 

Normal Tissue 38 

Fat 5.14 

Tumor (Malignant) 67 

 

 
    (a) (b) 

 
Fig. 11. Proposed model of breast phantom screening 

using: (a) 9-antenna unit; No. 1 is transmitting and 

another 8 are receiving the signal, and (b) skin, fat and 

tumor dielectric constant vs frequency. 

 

Figure 12 represents the s-parameters of the proposed 

antenna array setup for two different scenarios. Figure 12 

(a) represents the s parameters without the presence of 

tumor inside the phantom while antenna 1 is transmitting 

and another 8 antennas are receiving the scattered signals. 

Figure 12 (b) represents the backscattered signal of the 

system setup with the presence of tumor inside the breast 

phantom. There is a significant distortion of the 

backscattering signal of the two graphs. For the absence 

of tumor, the maximum of the reflection coefficient at the 

peak resonance frequency is recorded as -65dB while 

with tumor the peak is around -80dB. The scattered 

waveform is different because of the higher dielectric 

properties of the tumor comparing to the normal breast 

tissue. This indicates that our system can be a good 

candidate for microwave imaging to detect the unwanted 

cell like tumor through analyzing backscattering signal 

efficiently. A comparative study of reported antennas 

with proposed one is listed in Table 3. The considered 

parameters are bandwidth (BW), dimension, antenna 

gain, no of array elements and application. It is observed 

that the proposed antenna has compact dimension, good 

gain and wider bandwidth than the reports antennas. 

 

 
  (a) (b) 

 

Fig. 12. S-parameter of the antenna array setup: (a) 

without the presence of tumor inside the phantom, and 

(b) with the presence of tumor inside the phantom. 
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Table 3: Comparison between the reported antenna and proposed antenna 

Antennas BW GHz (–10 dB) 
Dimension Area 

(Single Element) (mm2) 
Gain (dBi) Array Element Applications 

[4] 3.5–15 44 × 52.4 Not reported 4×4 Microwave Imaging 

[7] 2.7–7 45 × 53 7.7 Single antenna Microwave Imaging 

[9] 3.5-18 38 × 40 4.5 Single antenna Microwave Imaging 

[13] 1.2–7 30 × 15 Not reported 16 Microwave Sensing 

Proposed 2.5 – 11.2 44 × 42 5.5 9 Microwave Imaging 

III. CONCLUSION 
The design of a novel compact UWB antenna with 

excellent frequency ratio for microwave breast imaging 

for tumor detection with the electrical dimension of 

0.367λ × 0.350λ × 0.013λ has been measured and 

categorized. The results show that the antenna has the 

fractional bandwidth of 127% (2.5 GHz to 11.2 GHz) 

with VSWR<2. The antenna has optimum design  

with good Q-factor value. The antenna has stable 

omnidirectional radiation pattern with peak gain of 5.5 

dBi. The antenna also shows excellent time domain 

performance to be selected as suitable for microwave 

imaging. The NFD performance is also satisfactory. This 

compact and low-cost antenna is further used to design 

an array setup with a breast phantom to observe the 

behavior of the normal breast tissue and tumor cell  

by analyzing the received backscattering signals. The 

analysis of the signal shows that the tumor behaves 

different than normal breast tissue and this is the key 

point to identify the presence of tumor cell inside breast 

tissue. The antenna is a good candidate for early breast 

tumor detection through microwave imaging as it covers 

the UWB bandwidth with good performance in both time 

and frequency domain characteristics. 
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