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Abstract
Metamaterial inspired Terahertz (THz) antenna for breast cancer detection proposed in this paper. The proposed antenna 
consists of a simple rectangular patch configuration integrated with Complementary Split Ring Resonator (CSRR). The 
design equations along with the equivalent circuit and permittivity calculations also presented in this paper. The experi-
mental technique for detection of tumor in human breast model by the simulation technique also presented. The pro-
posed metamaterial inspired antenna operates at 1 THz frequency with 20 dBi of gain. Its design evolution process, 
parametric study, and results such as farfield radiations also presented in this paper.

Keywords Metamaterials · Terahertz antenna · CSRR · Breast cancer detection.

1 Introduction

Researchers around the world are working to find better 
ways to prevent, detect, and treat breast cancer, and to 
improve the quality of life of patients and survivors. There-
fore, it is more significant to advance the cancer diagnos-
tic systems for better detection and treatment. Breast 
cancer is one among the common cancer in which the 
classical approach for detection includes mammography 
technology which must advance with the new technol-
ogy for improving the diagnosis accuracy. Therefore, in 
this paper a new metamaterial inspired THz antenna for 
breast cancer detection presented which can more accu-
rately detect the presence of tumor in the breast tissue. A 
detailed study on breast cancer tumor size, overdiagnosis 
and mammography screening effectiveness discussed 
in [1]. A need for optimal breast cancer screening with 
personalized approach that integrates patient specific 
and age dependent metrices of cancer risk with selective 
application of specific screening technologies discussed 
in [2]. A combination of thermal and Electromagnetic 
(EM) analysis of breast cancer detection by using the sur-
face temperature variation and perturbation concepts 

discussed in [3]. A study to evaluate a phyllodes tumor 
of the breast with magnetic resonance imaging (MRI) and 
magnetic resonance spectroscopy along with a detailed 
case study discussed in [4]. Breast cancer detection using 
the microwave radar technique discussed in [5–8]. A smart 
antenna array-based microwave imaging system for brain 
cancer detection focuses on tumor position discussed in 
[9]. A screening system for antenna array based on micro-
wave breast cancer detection with five antennas to iden-
tify the development of malignant tissue in the women 
breast discussed in [10]. A flexible mild microwave hyper-
thermia antenna application for chemothermotheraphy 
of the breast discussed in [11].

A novel compact Side Slotted Vivaldi Antenna (SSVA) 
for microwave breast imaging discussed in [12] which 
includes compound radar, Integrated microwave imaging 
radar, Time domain multistate radar systems. The conven-
tional medical imaging techniques uses X-rays, Magnetic 
resonance imaging, Ultrasound, Computer tomogra-
phy and positron emission which are of low resolution 
and high cost for implementation and complex systems 
in which X-rays used in mammography for detection of 
detection of breast tumor where a high false negative 
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rate of (4–34%) and high false positive rate of (70%) have 
reported [13]. The potential of (0.3–0.5 THz) frequencies in 
the cancer detection near field imager discussed in [14]. 
THz reflection imaging to distinguish between cancer and 
non-cancer breast tissue discussed in [15]. A Double Debye 
model to understand the dielectric response of biologi-
cal tissues at THz frequencies especially at breast cancer 
discussed in [16]. An apparatus which can operate on 
1.89 THz to locate cancer in the human breast tissue dis-
cussed in [17]. A novel microstrip patch antenna on pho-
tonic crystal in THz discussed in [18]. Analysis of photonic 
crystal and multi-frequency terahertz microstrip patch 
antenna discussed in [19]. Theoretical analysis including 
the acquisition speed, spatial resolution, Signal to Noise 
Ratio (SNR), Dynamic range, Depth of field, Noise equiva-
lent power discussed for the state-of-the-art THz antenna 
technology for imaging applications discussed in [20]. The 
Metamaterial concept first introduced by Veselago in the 
year 1968 [21]. Analytical design procedure of CSRR pre-
sented along with its equivalent circuit design discussed 
in [22]. An experimental demonstration of optically thin 
metamaterial resonating in the THz regime with the 70% 
of maximum resonance amplitude achieved by using half 
skin depth thick lead (Pb) split-ring resonators (SRR) array 
discussed in [23]. The THz spectrum lies between Infrared 
(IR) and Microwave and it finds many applications in Biol-
ogy, Medicine, Imaging, Security etc., and a brief review of 
metamaterials in THz region such as metamaterial absorb-
ers, modulators, switches, lenses, and cloaking structures 
have discussed in [24].

Some state -of-the- art microwave breast cancer detec-
tion systems discussed in [6, 25–30]. A biomedical micro-
wave tomography system with 3D-imaging capabilities 
and an accurate recovery of 3D dielectric property distri-
butions for breast-like phantoms with tumor inclusions uti-
lizing both the in-plane and new cross-plane data in [25]. 
A novel compound imaging approach presented to over-
come these physical constraints and improve the imag-
ing capabilities of a multistatic radar imaging modality 
for breast scanning applications discussed in [6]. A micro-
wave imaging system developed as a clinical diagnostic 
tool operating in the 3- to 8-GHz region using multistatic 
data collection in [26]. A second-generation monostatic 
radar system to measure microwave reflections from the 
human breast presented and analyzed in [27]. a mono-
static radar-based approach to microwave imaging and 
utilizes ultra-wideband signals used microwave breast 
imaging system used to scan a small group of patients 
discussed in [28]. An ultrawideband (UWB) radar-based 
breast cancer detection system, which is composed of 
complementary metal–oxide–semiconductor integrated 
circuits, presented in [29]. The detectability of a hand-
held impulse-radar breast tumor detector demonstrated 

in [30]. From the literature review, there are techniques 
for detection of tumors in breast tissue using the micro-
wave frequency were mostly available and the use of THz 
frequency is evolving gradually and the need for research 
in developing a THz based cancer detection system is 
increasing. Therefore, in this paper metamaterial inspired 
THz antennas for breast cancer detection presented. The 
organization of this paper consists of introduction with 
the literature review in Sect. 1 and its evolution of design 
along with the design methodology of the CSRR in the 
Sect. 2. Section 3 consists of the breast cancer detection 
experiment using the sample breast tissues with its results 
and discussion, and the Sect. 4 concludes the paper.

2  Design of metamaterial inspired THz 
antenna

2.1  Antenna design

The aim of this investigation was to develop a metamate-
rial inspired THz antenna for breast cancer detection. The 
proposed antenna shown in Fig. 1 comprise a simple rec-
tangular patch antenna with 50 Ω inset feeding in front 
and metamaterial inspired rectangular split ring resonator 
structure at the back side with width of Ws and length of Ls 
dimension and a perfect electric conductor (PEC) substrate 
Ts thickness Tp thickness copper over the substrate. The 
dimension of the patch antenna given in Table 1.

2.2  Evolution of design

The evolution of antenna design comprises four major 
steps shown in Fig. 2 in which initially, at step 1 is a sim-
ple rectangular patch with the patch length Lp and patch 
width Wp designed. The length and width of the patch 
taken for initial consideration since it greatly affects the 
resonant frequency of the antenna at first step 0.6 THz res-
onant frequency with the return loss of − 11.59 dB along 
with − 10 dB bandwidth of 0.16 THz obtained.

The next step 2 consists of the parametric study for 
modifying the ground structure for the addition of SRR 
structure. In step 1 the ground plane consists of gold 
with Ls length and Ws width and Tg thickness designed 
for operating in 1 THz frequency. The parameter Ws ini-
tially modified and simulation done and there are no 
major changes found in the antenna. Since the param-
eter Tg is the thickness of the gold which initially fixed 
the next parameter is Ls is still available for parametric 
study. In step 2 the parametric study done with Ls and 
simulations done by reducing the value to Ls/2 and found 
there is improvement in return loss then Gl found to be 
the best possible length to obtain − 15.62 dB return loss 
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at 0.65 THz resonant frequency. SRR added in the step 3 
which changes the current flow of a rectangular patch 
and changes the resonant frequencies to 0.8 THz with the 
return loss of − 13 dB along with − 10 dB bandwidth of 30 
THz respectively. Finally, at step 4 resonant frequency of 1 
THz with return loss of − 35 dB along with − 10 dB band-
width of 0.37 THz the return loss plot obtained during the 
evolution of design and parametric study given in Fig. 3.

The CSRR structure used here shown in Fig. 4 and its 
equivalent circuit with dimensions tabulated in a Table 2.

The performance of metamaterial depends on the 
material properties retrieved using waveguide-based 
retrieval method which is effective and robust for meas-
uring the complex permittivity and permeability of meta-
material. A waveguide port in Computer Simulation Tech-
nology (CST) is equivalent to the semi-infinite waveguide 

Fig. 1  Proposed antenna with its geometry

Table 1  Dimensions Parameter Dimension in nm

Ws 800
Ls 800
Wp 700
Lp 560
Lf 340
Wf 150
g 10
Wps 265
Lps 160
Ts 200
Tp 36
Tg 36
Gl 68.55
Gw 800

Fig. 2  Evolution of design
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setup which can excite the structure with the incident 
wave perpendicular to the surface of the port. CSRR ana-
lyzed using the waveguide simulation setup shown in 
Fig. 5.

CSRR can act as a resonant magnetic dipole which can be 
excited by an axial electric field therefore, a waveguide setup 
with the height of air box which is 1.5 times of the substrate 
height for analyzing the metamaterial property of the CSRR. 
Perfect electric conductor (PEC) and perfect magnetic con-
ductor (PMC) are the symmetric boundaries which used in 
this simulation of unit cell for creating a periodic boundary 
condition for analyzing the CSRR.PEC used where the mag-
netic field is symmetric and an electric field is asymmetric 
and PMC used where the electric field is symmetric and mag-
netic field is asymmetric. In this method CSRR kept inside 
the waveguide medium along xy plane and the perfect 
electric and magnetic conductor (PEC & PMC) fields placed 
on the top and bottom of the waveguide along z plane and 
the electromagnetic field applied its input port 1 and the 

corresponding S11 and S21 obtained at the output port 2 
and the resonant frequency calculated from the equations 
given below.

fCSRR =
1

2�
√

LCSRRCCSRR

CCSRR =
N − 1

2
[2L − (2N − 1)(W + S)]C0

C0 = �0

k

�
√

1 − k2
�

k(k)

Fig. 3  Return loss observed during evolution process and paramet-
ric study

Fig. 4  CSRR along with its equivalent circuit

Table 2  Dimensions of the 
CSRR

Parameter Dimen-
sion in 
nm

Wp, Lp 800
L1 650
L2 450
W1, W2, g 50

Fig. 5  Waveguide setup of CSRR simulation
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Here the number of CSRR is 2 and length of the rings 
L1 and L2 are 650 nm and 450 nm, respectively. Spacing 
between the slots were 50 mm and the values of capaci-
tance and an inductance of CSRR LCSRR and CCSRR found 
from the equations, For N = 2, L = 650 nm, the fCSRR found 
as 1 THz.

The negative permittivity versus frequency plot of the 
CSRR shown in Fig. 6 which calculated using the above 
equations from that the designed CSRR is resonating 
exactly at the resonant frequency 1 THz since the real and 
imaginary part of the permittivity values was overlaps at 
1 THz it denotes the resonant frequency of the designed 
CSRR. The proposed antenna is excited by 50 ohms of 
impedance micro strip line inset feed since it provides 
better impedance matching and the dimensions of micro 
strip line feed is 340 nm length and 150 nm width. In the 
CST simulation environment, discrete port used for the 
excitation purpose.

2.3  Performance evaluation

Performance of the proposed metamaterial antenna ana-
lyzed in this section. Voltage standing wave ratio (VSWR) 
an important parameter in antenna design and VSWR for 
the proposed metamaterial antenna given in Fig. 7 the 

K =
s∕2

w + s∕2

LCSRR = 4�0[L − (N − 1)(S = W)]

[

ln

(

0.98

�

)

+ 1.84�

]

� =
(N − 1)(W + S)

1 − (N − 1)(w + S)

value lies below 0.5 and for the better performance VSWR 
expected between 0 to 1.5 and the proposed metamaterial 
antenna satisfies this condition (Fig. 8).

3D farfield pattern obtained from the simulation of the 
proposed metamaterial antenna given in Fig. 9 at 1 THz 
resonant frequency shows the proposed antenna achieves 
20 dBi of gain and stable radiational characteristics over 
the entire operating region.

2D farfield pattern analysis plays vital role in perfor-
mance analysis of any antenna. In Fig. 9 E and H plane of 
the antenna with and without the addition of metama-
terial structure at 1 THz resonant frequency given which 
clearly shows that the radiational characteristics improved 
by the addition of the CSRR metamaterial structure. Radia-
tions at both the E plane and H plane are highly becomes 
directional after the addition of metamaterial structure.

Fig. 6  permittivity versus frequency

Fig. 7  VSWR of proposed metamaterial antenna

Fig. 8  3D farfield pattern of the metamaterial antenna
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Gain and Efficiency versus Frequency of the proposed 
metamaterial antenna given in Fig. 10 shows that the 
antenna achieved stable gain and efficiency over the 
operating frequency. Gain of 20 dBi and efficiency of 80% 
achieved by the proposed metamaterial antenna.

3  Experiment

The experimental setup for the detection of tumor in 
human breast model done using CST microwave studio. 
The physical basics of THz based breast cancer detection 
work as finding the difference between the normal tissue 
and the malignant tissue by the variation in the dielectric 
properties of the normal and malignant tissue. The dielec-
tric properties of the skin can be significantly higher than 

the internal breast tissues generating unwanted reflec-
tions and multipath effects [6]. These effects analyzed and 
the malignant tissue identified with help of the impulse 
response of the antennas used in this proposed experi-
ment. The human breast model given in Fig. 11a modelled 

Fig. 9  2D Farfield pattern of 
the metamaterial antenna, a 
antenna without metamaterial, 
b antenna with metamaterial

Fig. 10  Gain and efficiency versus frequency of the proposed met-
amaterial antenna

Fig. 11  a Human breast model, b human breast model along with 
tumor, c breast cancer detection experimental setup
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using relative permittivity of 2.41 and the tumor with rel-
ative permittivity 3.18 the values of relative permittivity 
obtained from [31] placed inside the breast model given 
in Fig. 11b. The experimental setup for detecting tumor in 
breast tissue given in Fig. 11c. The dimension of the breast 
sample used in this sample is 800 * 1200 nm which not 
followed real dimension since the small sample dimension 
of breast tissue used here will reduce computational time 
and resources required for simulation and obtains faster 
analysis. The two metamaterial antennas act as transmit-
ter (antenna 1) and receiver (antenna 2) antennas placed 
either side of the breast model along with tumor.

The experiment repeated two times for observing 
the signal from the breast tissue both with and without 
tumor for the detection of variation in the signal levels. 
Figure 12a represents the experimental setup without 
tumor and Fig. 12b.

In Fig. 12a power pattern without tumor given which 
shows the uniform distribution of transmitted power 
over the breast tissue and in Fig. 12b power pattern with 
tumor given which shows the distribution of power in 
not even and some power from the radiation absorbed 
by the tumor and leads to deflections and variation is 
power distribution obtained.

The input THz signal in time domain is given in 
Fig.  13a The impulse response obtained from the 
antenna 2 when normal tissue is given in Fig. 13b and 
the Fig. 13c shows the response when the normal tissue 
contains tumor in which the deflections were observed 
resulting in detection of variation in dielectric constant 
between the normal tissue and tumor.

Fig. 12  a Experimental setup 
without tumor, b experimental 
setup with tumor
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4  Conclusion

Breast cancer is a deadly disease becoming widely com-
mon these days needs to detected in its early stages of 
tumor development for better treatment. This research 
proposes a novel method for detection of tumor in 
human breast tissue using metamaterial inspired 
antenna which operates in THz frequency region. The 
accuracy of the proposed method validated by the sim-
ulation of proposed antenna along with human breast 
phantom model. The experimental technique proposed 
in this paper clearly shows the detection of tumor in 
breast tissue model. The accuracy of the proposed 
model further improved by improving the performance 

characteristics of the proposed metamaterial inspired 
THz antenna.
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