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ABSTRACT: In this paper, a miniaturized coplanar waveguide fed (CPW-fed) tapered slot antenna 
(TSA) is introduced for breast cancer detection. Here, a modified CPW to slot-line transition structure 
with an air-bridge is employed to broaden the transition bandwidth and increase the radiation efficiency. 
Through these applied modifications, negative features of the original TSA (limitation of transition) 
and antipodal Vivaldi antenna (bad cross-polarization) are both removed, while all the positive features 
remained. We have developed a FDTD-UPML method in lossy environment by using Debye model. 
To validate the results, a prototype of the proposed antenna is fabricated and tested. By immersing 
the antenna in alcohol ethanol as a lossy coupling medium and inserting it close to a two-layer breast 
phantom, near-field parameters are calculated in different probe locations. Results show that the proposed 
structure offers a broad bandwidth of 0.5–19 GHz and also exhibits an appropriate current distribution 
with high radiation efficiency. Images of energy flux density (EFD) and fidelity factor (FF) confirm the 
good performance of the antenna in near-field region.
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1- Introduction
Breast cancer is the most common type of cancer in women. 
Like many cancers, early detection is a fundamental factor 
in the long-time survival and quality of patient’s life. 
Recently, microwave imaging for medical applications has 
received considerable attention [1-4]. The capability of 
penetrating waves into the breast, non-ionizing radiation, 
and possibility of high resolution through Ultra-wideband 
(UWB) technology, make this method an attractive 
alternative in breast cancer detection [5]. 
Microwave imaging relies on differences in the electrical 
properties of normal and malignant tissue through making 
maps of electrical property distribution in the body. 
The antenna design is one of the biggest challenges in 
microwave breast cancer detection. The antenna requires 
wide bandwidth, high efficiency in the frequency domain as 
well as good characteristic in the time-domain with minimal 
distortion. Moreover, the antenna should be immersed into 
a coupling medium with the permittivity similar to breast 
tissue to minimize the reflection between free space and 
tissue. Given that the antenna is placed very close to the 
breast, practically far-field parameters are not functional. 
Therefore, all the radiation requirements need to be 
fulfilled in the near field region. Size limitations as well as 
manufacturing cost are the other challenges in the design of 
antenna for medical applications. 
Given the importance of the issue, many studies have been 
performed in this field [6-13]. In [6], by using stacked patches 
and thick substrate, the impedance bandwidth of antenna 

was increased. However, stacked patches create a potential 
of unwanted radiation at higher frequency. The proposed 
antennas in [7-9] provided a broad bandwidth. However, 
their low-end frequencies were not suitable to ensure 
sufficient penetration into the breast tissue. This problem 
was solved in [10, 11] by developing a compact bowtie 
antenna and analyzing an array of them near a phantom 
with embedded tumors. Despite worthwhile features, their 
directivity and gain were very low for lossy environment. 
The antipodal Vivaldi antenna (AVA) presented in [12] had 
high impedance bandwidth (2.1-27 GHz) as well as very 
good radiation characteristics. However, its cross to co-
polarization component was very high that causes distortion 
in the time domain. In [13], a balanced antipodal Vivaldi 
antenna with a component named “director” (BAVA-D) was 
presented in which the near-field directivity was increased. 
Although the performance of this antenna was very good, 
but suffered from factors such as complex structure, large 
size and thickness that may increase the axial ratio followed 
by excitation of higher order modes [14].
Considering the results of the mentioned studies and other 
related publications, it can be concluded that basically 
Vivaldi antennas are one of the best candidates for imaging 
applications. This antenna was first introduced by Gibson 
[15], by which it was also known as the Vivaldi antenna, and 
many improvements to the initial design have been proposed 
since its introduction [16-21]. In [16, 17], two types of 
tapered slot antenna (TSA) including dual exponential TSA 
(DETSA) and dual V-type linear TSA (DVLTSA) were 
investigated. A simple design of a TSA using CPW for wide-
slot transition was presented in [18]. This antenna exhibited 
a compact size and good gain, but its impedance bandwidth 
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and radiation efficiency were low. A miniaturized TSA, 
using a folded balun on the radiator, was proposed by Zhu 
et al. [19]. In [20, 21], a new method for the design of the 
flare’s opening rate for a TSA was presented, and its UWB 
performance was evaluated. This method was based on a 
stepped quarter-wave Chebyshev transformer. 
TSA can theoretically have unlimited bandwidth. But in 
practice, the microstrip to slot-line transition structure 
limits the high-end operating band. In addition, the width 
of the tapered flares limits the low-end operating band. 
The limitation of transition was later overcome in the AVA 
introduced in [22]. In recent years, several efforts have been 
made to optimize these antennas [23-28]. By using a high 
permittivity substrate and modification of the microstrip-
fed structure, the physical size of the antenna was reduced 
[23]. In [24, 25], antenna size reduction and improvement 
of low-end radiation characteristics were performed using a 
tapered slot edge (TSE) technique. Generally, TSE structures 
improve the performance of low frequencies. Pandey et al. 
[26] proposed a novel compact AVA in the frequency range 
of 2–12 GHz. However, its realized gain and efficiency 
were low. Recently, a CPW-fed AVA with good radiation 
performance in the lower band was presented [27]. In [28] 
a modified compact AVA was proposed with a frequency 
band between 3.4–40 GHz. Despite AVA’s worthwhile 
features, the inherent problem with AVA remains bad cross-
polarization, especially for higher frequencies, due to the 
skew of the slot fields. By adding another layer to the AVA, a 
balanced antipodal Vivaldi antenna (BAVA) was created [13, 
29], which offered low cross-polarization, but increased the 
complexity and cost, while also suffering from tilted beams. 
One of the challenges of TSA design lies in its feeding 
structure. As mentioned, except for the limitation of 
transition, TSA performance is similar to AVA. Moreover, 
TSA cross-polarization remains very low. Therefore, the 
primary goal of this paper was to overcome the limitations 
in high and low-end bandwidth and increase the efficiency 
of the original TSA antenna, to maintain the good features 
of both TSA and AVA antennas. In this study, we have 
presented a modified CPW to slot-line transition. In the 
proposed design, the bandwidth of the transition is greatly 
enhanced by connecting one of the CPW arms to a broad-
band open radial stub. Moreover, by adding an air-bridge the 
performance of the antenna is increased effectively in the 
lower frequencies. The antenna was immersed in the ethanol 
alcohol as the lossy coupling medium in order to get a good 
matching with the tissues of breast. Here, we have developed 
a finite-difference time-domain uniaxial perfectly matched 
layer (FDTD-UPML) code in lossy environment using first 
order Debye model. Moreover, experimental measurements 
and also CST simulations were performed to confirm the 
results. Energy flux density (EFD) and fidelity factor (FF) 
images of the antenna near a multilayer phantom of breast 
tissue were also calculated and compared with BAVA-D 
antenna proposed in [13]. In the following in section 2, 
the evaluation methods and FDTD-UPML formulation are 
presented. The antenna structure is presented in section 3. 
The results and discussion are described in section 4, and 
conclusions follow in section 5.

2- Evaluation Methods
In the proposed antenna, we have used Rogers RT/duroid 
6010LM dielectric as a substrate with relative permittivity 
of 10.2. Since εr of this substrate is close to the real part of 
relative permittivity of the breast tissue [30], we have made 
such choice. Moreover, if a classical air matched antenna 
to be used for in-body medical applications, almost all the 
radiated field will be reflected at the air-skin interface, due 
to high difference in their dielectric parameters. Therefore, 
to avoid strong reflections and also increase dynamic range, 
a coupling medium between antenna and body is used. 
Coupling medium should be safe, cheap, and practical while 
providing acceptable matching with no loss. However, 
practically it is impossible to have a coupling medium 
without any loss. So, the permittivity of the coupling 
medium is given by

 , where     and    are the real and imaginary part 
of the dielectric constant, respectively. The conductivity 
σ of the coupling medium is given by                     . This 
conductivity causes the propagation constant appears as a 
complex value represented by

Propagation constant changes will affect all the parameters 
of antenna such as input impedance, current distribution, 
and radiation pattern. In addition, we have to consider 
an additional loss due to the existence of coupling 
medium. According to [30], we have used ethanol alcohol 
(commercial grade) as the coupling medium. The complex 
permittivities of ethanol and body tissues are shown in Fig. 
1. Moreover, first order Debye model is used to present 
property variations with frequency (Eq. (2)). In Table 1 
ethanol, skin, and fat Debye parameters are listed. In order 
to simulate the performance of antenna, we have developed 
FDTD-UPML codes in lossy environment which are 
presented in the following.

In FDTD-UPML formulation, the Maxwell’s curl equations 
in the lossy Debye medium can be expressed as follows [31]

where   and   are the electric and magnetic field intensity 
vectors and     is the diagonal tensor given by Eq. (4). This tensor 
is used to model the absorbing boundary conditions (ABC).
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Material ε∞ εs τ (ps) σs (S/m)
Breast (Fat) 7 10 7 0.15e-3

Skin 4 37 7.23 1.1
Ethanol 3.9 23.7 65 1e-3

Table 1. First order Debye model parameters of the materials.
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In Eq. (4)  sx, sy, and sz are the relative complex permittivities 
which are given by Eq. (5).

where k and σ at the outside of UPML band are zero. Through 
introducing intermediate variable F (Eq. (6)), the first formula 
of Eq. (3) can be expanded into three scalar partial differential 
equations (PDEs) as given in Eq. (7)

By substituting the Debye model (Eq. (2)) into Eq. (7), it can 
be converted into the time domain using the transformation

 . Finally, after discretization in the standard Yee-cell, 
the time stepping expressions for Ex, Ey, and Ez can be obtained. 
For example, the Ex updating equations are given below.

where Dx , Dy , and Dz are the dimensions of the Yee-cell and 
c is the velocity of light. The Ey and Ez components can be 
derived directly by substituting                      as right-hand rule. 
Also, update equations for Hx, Hy, and Hz components can be 
derived similar to derivation of Ex. 
In order to compare the results, the simulations were done by 
CST Microwave Studio software, too. CST software has one 
and second order Debye models. The second order model is 
presented by Eq. (13)

Unfortunately, Eq. (13) does not include the ionic conductivity 
term (σs). To solve this problem, we have generated a table of 
materials property (e*r) with a wide frequency range using 
the first order Debye model with ionic conductivity term 
according to Eq. (2). Then we have fitted a second order 
relaxation equation (Eq. (13)) to this data. The results are 
presented in Table 2.

3- Antenna Structure
Configuration of the proposed TSA is shown in Fig. 2. The 
dimensions of the antenna were set to be 50 mm × 70 mm 
(0.08 λ × 0.12 λ; where λ is the wavelength of the low-end 
operating frequency). The proposed antenna is composed of 
three parts: feed line, radiating tapered slot, and CPW to slot-
line transition structure which are described as follow

(4)

(8)

(9)

(10)

(11)

(12)

(13)(5)

(6)

(7)

Material e∞ es1 es2 τ1 (ps) τ2 (ps)
Breast (Fat) 7 8.5 8.5 7 7

Skin 4 51126.7 37 4.12e5 7.23
Ethanol 3.9 13.32 14.28 65 65

Table 2. CST second order relaxation equation parameters.

Fig. 1. Dielectric properties of the ethanol and body tissues. 
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• Feed line: CPW line was used as feed line with a width 
of 0.4 mm, and a slot-line gap width of 0.8 mm, which 
its characteristic impedance matches with a 50 Ω, coaxial 
line. Moreover, as shown in Fig. 2, CPW center line and 
slot-line gap width decreases linearly to 0.1 mm and 0.2 
mm, respectively. Through this method, we actually have 
made an impedance transformer for impedance matching 
between the CPW and the slot-line (42 Ω). 
• Radiating tapered slot: The exponential curvatures in 
Fig. 2 indicate the radiating elements. These curvatures 
can be described by Eq. (14) which is widely used in 
many literatures [13, 24, 25].

The points (x1,z1) and (x2,z2) are the end point of the flare and 
R is the opening rate of the exponential taper.

• CPW to slot-line transition: In the conventional 
microstrip to slot-line transition, two radial stubs, or 
circles, at opposite sides of the substrate were used for 
modelling the slot-line termination as an open circuit and 
the microstrip-line as a short circuit. However, in this 
paper, similar to [32, 33], we used only one radial stub 
at the end of the CPW single arm that acts as a broad-
band open circuit. In previous works, this radial stub, 
or circle hollow, located asymmetrically with respect 
to the tapered flares, led to instability and deviation of 
the radiation pattern at different frequencies, and also 
limited the impedance bandwidth. Generally, due to the 
asymmetry in the feeding structure, symmetric radiation 
pattern is usually difficult to produce [34]. To solve this 
problem in our proposed antenna, the radial stub was 
located symmetrically, which caused the radiation pattern 
to be almost symmetrical with low deviation across the 
frequency band. Results showed that as the radius of the 
radial stub became larger, the return loss performance at 
the low and middle frequencies was better, but the high-
end operating frequency decreased. Consequently, there 
was a trade-off. 

In the proposed CPW antenna, a cross-section of tapered flares 
on each side of the slot (shaded A and B areas in Fig. 2) were 
not symmetrical or exactly the same. Because the electrical 
length of the two tapered flares was different, the waves 
propagated through them at different distances. This difference 
caused CPW-slot-line mode-conversion, and the experience 
of an unwanted current distribution and disturbance of current 
around the radial stub [region A in Fig. 3(a)]. To overcome this 
problem, we applied an air-bridge in the vicinity of the radial 
stub to connect the two tapered flares together (Fig. 2). The air-
bridge exhibited a short circuit for the slot-line mode [35], and 
it united the two parts. This technique omitted the disturbance 
of current by directing the current toward the tapered flares, as 
shown in region B in Fig. 3(b).
The radiation efficiency in two situations, either with or 
without an air-bridge, is illustrated in Fig. 4. The plot shows 
that without an air-bridge the radiation efficiency is lower 
than 90% across a wide range of frequencies. On the other 
hand, adding the air-bridge increased the efficiency to more 
than 96% across almost the entire working frequency band. 
Instead of using an air-bridge, we also could connect two 
tapered flares at the other side of the substrate using via-
holes. However, this technique increased both the complexity 
and cost of construction, while at higher frequencies the 
propagation characteristics of the via-holes have a stronger 
electromagnetic effect on the performance of the antenna that 
leads to gain reduction. Therefore, the air-bridge technique 
was a better choice.
Important advantages of the proposed transition are its simple 
design, low fabrication costs, uni-planar structure, low-
wave propagation dispersion up to very high frequencies, 
and independence of via-holes. Moreover, CPW is not very 
sensitive to substrate thickness and allows a wide range of 
impedance values (20Ω -250Ω) on relatively thick substrates 
[36]. Therefore, it is preferable to microwave monolithic 
integrated circuit (MMIC) technologies. 

Fig. 2. Geometry of the proposed antenna.

Fig. 3. Simulated current distribution of the antenna: (a) 
Without air-bridge; (b) With air-bridge.
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4- Results And Discussion
After optimization by genetic algorithm with the cost function 
of maximum gain and minimum return loss, the final dimension 
values are listed in Table 3. To validate the results, a prototype 
of the proposed antenna is fabricated as shown in Fig. 5. A 
SMA connector is used to feed the antenna. 
The simulated (FDTD-UPML) return loss in two situations, 
either with or without an air-bridge, are shown in Fig. 6. 
Moreover, to validate the results, the measured and CST 
simulated return losses are plotted in the same figure. As 
shown, the low-end operating band decreased from 2.1 GHz 
to 0.5 GHz, due to the presence of the air-bridge. However, 
the high-end operating band was also reduced a little, 
though that is not significant (from 19.6 GHz to 19 GHz). 
Extra simulation results showed that the width and height of 
the air-bridge does not have much influence on the overall 
performance of the antenna. However, the air-bridge worked 
better when it was not very close to the surface. FDTD-
UPML and CST results almost provided the same high and 
low-end operating band with a similar behavior. However, a 
little incompatibility existed maybe due to the type and size 
of the mesh, position of the excitation signal, and difference 
in the type of methods (CST software is integral based, while 
FDTD-UPML is derivative based). In comparison between the 
measured and simulations results, we can see that the low-end 
operating band was the same. However, the high-end operating 
band in the measured results was higher than simulations 
(about 0.6 GHz). In the other frequencies, the measured result 
was in good agreement with the simulated results, but there 
were some deviations, perhaps due to multiple reflections 
caused by the SMA (SubMiniature version A) connector, the 
soldering process, or fabrication errors. 
By employing a TSE structure, the electrical length of 
antenna can be increased, which in turn reduces the low-

end frequency. In the proposed antenna, this frequency was 
low enough. Moreover, simulation results did not show a 
considerable effect. Therefore, in this study we did not apply 
the TSE structure. 
Based on IEEE Std C95.1, the maximum transmitted power 
into the body cannot be more than                    [37]. 
Accordingly, the antenna should be placed very close to the 
body. Therefore, all the radiation parameters of antenna need 
to be fulfilled in the near-field region. In the following, the 
near-field performance of the antenna is evaluated in terms 
of EFD and FF. 
EFD is calculated by summing time samples of the instantaneous 
Poynting vector over duration of the simulation time (Tsim) 
(Eq. (15)) [13]

The antenna was placed at a distance of 5 mm to a multilayer 
skin+breast phantom (Fig. 7). The skin and breast had 2 and 
100 mm thickness, respectively. A set of probes in 10×10 
matrix form were inserted at a distance of 50 mm from the 
skin layer inside the breast tissue in xy plane. So they were 
located 57 mm from the antenna in z direction. Moreover, two 
sets of E and H field probes were inserted in E-plane (xoz) 
and H-plane (yoz). The position of E and H field probes are 
plotted in Fig. 8.
Practically, due to lack of computer memory and processing 
power, it is not possible to use FDTD-UPML method for solving 
this large scale scenario. Moreover, Laboratory facilities to 
measure near-field parameters were not available. So, we have 
presented only the result of simulations done by CST. However, 
for the comparison, we have also calculated the results of 
BAVA-D antenna proposed in [13] for the same scenarios. 
The normalized EFD results are shown in Fig. 9 in 2D space 
presentation. As expected, due to the existence of director, 
BAVA-D had more near-field directivity than our antenna in 
E- and H-plane. But in the xy plane @ z=57 mm, it can be seen 
that the total EFD of our antenna was more than BAVA-D and 
more power flowed toward the breast. For a better comparison, 
we mapped the 2D presentations in Fig. 9 to 1D presentations 
as depicted in Fig. 10. This was performed by calculating the 
mean of EFD as a function of radial distance from the origin 
of xy plane @ z = 57 mm cut-plane (Fig. 10(a)). Fig. 10(b)-
(c) show the mean of EFD versus the distance from antenna 
aperture center. As seen in the figure, in all cases, the mean 
EFD of the proposed antenna was located at a higher energy 
level than BAVA-D antenna which implies the superiority 
of the proposed antenna. Moreover BAVA-D antenna had a 
3-layer complicated structure while our antenna was a uni-
planar simple design with low cost. 
To calculate signal distortion in the time domain, a well-
defined parameter named fidelity factor is proposed as given 
in Eq. (16) [38]

Table 3. Optimal dimension values.

Fig. 4. Radiation efficiency of the antenna with and without an 
air-bridge.

Dimension Value (mm) Dimension Value (mm)
L 70 Wf1 0.4
L1 10.8 Wf2 0.1
L2 6 Wp 40
Rp -0.15 S1 0.8
Rs 8 S2 0.2
W 50 q 2p/3 (rad)

2
tP 20dBW cm= −

simT

2
0

JEFD(x, y,z) E(x, y,z, t) H(x, y,z, t)dt        
m
 = ×   ∫ (15)
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2 2

s(t)r(t )dt
FF max

s(t) dt r(t) dt
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Fig. 5. Fabricated prototype of the antenna: (a) Front view; (b) Top view.

Fig. 6. Measured and simulated return loss. Fig. 8. Probes position in E- and H-plane. 

Fig. 9. EFD images in different planes: (a) Proposed antenna; (b) BAVA-D antenna. 

Fig. 7. Geometry of the antenna and skin+breast phantom. 
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where s(t) is the excitation signal and r(t) is the received 
signal. The fidelity factor reflects the similarity between the 
source pulse and the radiated one. Here, in order to calculate 
the fidelity in different radiation directions, we have used the 
time domain waveform of the transmitted fields, recovered by 
the probes. The results are shown in Fig. 11. We can clearly 
see that the proposed antenna had a much better performance. 
In many locations of the probes the FF values were more than 
0.95, while in BAVA-D antenna only around the z direction 
and just close to the antenna aperture, the FF values were 
about 0.9. It is while other locations of the probes suffered 
from high distortion. Here, as before the mapping from 2D to 
1D space are performed in Fig. 12. As shown in this figure, 
the FF values of proposed antenna were very good and much 
better than ones in BAVA-D.

5- Conclusions
In this study, we proposed a miniaturized CPW-fed TSA. In 
this new proposed design, rather than using a conventional 

microstrip to slot-line transition, a modified CPW to slot-line 
transition with an air-bridge was employed. The proposed 
antenna has a compact size of 50 mm × 70 mm. A FDTD-
UPML code was developed in lossy environment by using 
Debye model. The results of simulations and measurements 
showed that the antenna offers broad bandwidth of 189% 
over the interval from 0.5-19 GHz. This low-end frequency 
ensures sufficient penetration into the breast tissue. Moreover, 
the broad impedance bandwidth indicates good resolution 
of the system. Near-field characteristics of the antenna 
were analyzed while it was immersed in the lossy coupling 
medium (alcohol ethanol) and a two-layer breast phantom 
was located at the distance of 5 mm away. We have extracted 
EFD and FF images and compared them with the results of 
BAVA-D antenna. The results confirm good performance 
of the proposed antenna in the near-field region. All these 
properties make this antenna suitable for microwave imaging 
systems, particularly for breast cancer detection.

Fig. 10. Mean of EFD as a function of distance: (a) xy plane @ z = 57 mm; (b) E-plane; (c) H-plane.

Fig. 11. FF images in different planes: (a) Proposed antenna; (b) BAVA-D antenna. 

Fig. 12. Mean of FF as a function of distance: (a) xy plane @ z = 57 mm; (b) E-plane; (c) H-plane.
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