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Abstract – This paper reports on a computational study
of a 2-element cross-polarized antenna array for breast
cancer detection. The “Dark Eyes” antenna is used in
a T-arrangement to form the array. The antenna return
loss is below -10dB in the range 2.3-10.3 GHz and the
cross-polarized mutual coupling is less than -30dB for
frequencies over 2.4 GHz. Using the finite-difference
time-domain (FDTD) method, an ultra-wideband (UWB)
pulse is transmitted in the numerical breast phantom
and the co- and cross-polarized back-scatter response is
recorded from tumors at different locations. The breast
phantom was modeled as a simple layered medium of
skin and fat. The dispersive properties of layers were
introduced through a Debye model. Simulation results
for a spherical and a cylindrical tumor of different
orientations are presented and discussed.
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I. INTRODUCTION

Microwave imaging techniques are currently being
studied as an effective low-cost screening tool for breast
cancer detection systems [1, 2]. Furthermore, polarimetric
radar-base imaging is thought to improve the imaging
technique. For this application, several antennas have been
suggested [3, 4]. However, most of these antennas are
either large or nonplanar and thus difficult for use in an
antenna array.

In a previous work, we have proposed an ultra-
wideband (UWB) compact planar antenna design [5] that
is easily fabricated using the standard printed circuit board
(PCB) process with embedded resistive technology. The
antenna can be manufactured on Rogers Duroid 6010
high frequency substrates [6] laminated with a resistive
conductive material (RCM) available from Ohmega Tech-
nologies [7]. The key advantage of this antenna is its
forward-region radiation pattern. This makes the antenna a
perfect candidate for a cross-polarized card-array arrange-
ment as suggested in [8]. In our work presented here, we
extend our study [9] of the T-arrangement to be used as a

sub-array unit for radar-based polarimetric breast cancer
detection system.

The paper is organized as follows. Section II focuses
on the geometry and characterization of T-arrangement
for two “Dark Eyes” antennas in a homogeneous lossless
medium. In Section III, we present a layered tissue model
to assess near-field radiation characteristics of the antenna
arrangement of Section II. Section IV offers a detailed
study on the tumor detection levels as a function of the
tumor shape and orientation (spherical, cylindrical − ori-
ented in the cross- or co-polarized manner) and discusses
the reported results. Finally, we make the concluding
remarks and comment on our near-future work in Section
V.

II. GEOMETRY AND CHARACTERIZATION
OF THE TWO-ANTENNA T-ARRANGEMENT

Figure 1(a) shows the miniaturized “Dark Eyes”
antenna reported in [5]. Figure 1(b) illustrates the pro-
posed T-arrangement of two of these antennas in a cross-
polarized configuration [8]. As the antenna is aimed to
serve for microwave breast cancer detection, in our study,
it is immersed in a lossless medium of relative permittivity
εr = 10.2 which is dielectrically close to that of the
fatty breast tissue at the center of the frequency range
under investigation [10]. The structure was simulated with
SEMCAD [11] (three-dimensional finite-difference time-
domain (FDTD) solver). The return loss S11 and mutual
coupling S12 results were also verified with HFSS [12]
(three-dimensional finite-element (FEM) solver).

We here report on the return loss and mutual cou-
pling of the T-arrangement unit. The structure exhibits
asymmetry and should be described by all three S-
parameter values − S11, S12, and S22, where the indices
correlate with antenna numeration indicated in Fig. 1(b).
Figure 2(a) shows that the Antenna-1 return loss S11 in
the 2.3-10.3GHz range and does not exceed -10dB. Nearly
identical results (not shown here) are obtained for S22

(Antenna-2 return loss). Another important parameter for
array design is the mutual coupling. This is quantified
by the S12 parameter graphed in Fig. 2(b). As can be
observed, although the antennas were placed with only
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(a)

(b)
Fig. 1. (a) Geometry of the microstrip-fed resistively
loaded ”Dark Eyes” antenna. L = 20 mm, W = 25 mm,
and t = 0.65 mm. Full description and analysis of
the antenna can be found in [5]. (b) Proposed cross-
polarized T-arrangement of the microwave sensing array
unit, with “Dark Eyes” antenna from Fig. 1(a) as its main
element [8].

11mm center-to-center spacing, the S12 is less than -30dB
in the 2.4-11GHz range. These results suggest broadband
behavior (low return loss and negligible mutual coupling)
of the T-arrangement unit within the microwave range of
interest for the intended application.

III. LAYERED TISSUE MODEL AND
NEAR-FIELD RADIATION OF THE

T-ARRANGEMENT

Figure 3 presents the simple layered tissue model of
the breast. It consists of a matching medium, a 1-mm skin
layer, and a fat medium. The T-arrangement is immersed
in the matching medium which has a dielectric constant
of εr = 10.2. The skin, fat, and tumor tissue are modeled
with a single-pole Debye dispersive medium defined as
follows, [13]

ε∗r(w) = ε
′

r(w)− jε
′′

r (w) = ε∞ +
εs − ε∞
1 + jwτ

− j σs

wε0
(1)

where ε∞ is the relative permittivity at infinite frequency,
εs is the static relative permittivity, σs is the static
conductivity, and τ is the relaxation time constant. Spe-
cific material properties for each tissue are presented in
Table 1 [14]. These values are slightly higher than the

(a)

(b)
Fig. 2. Simulated S-parameters for the T-arrangement
of Fig. 1(b). (a) Input return loss characteristic S11. (b)
Mutual coupling S12. Results are shown for SEMCAD
(FDTD-based) and HFSS (FEM-based) simulation tools
for comparison and verification.

measured data for the high percentage adipose tissue
recently reported in [15, 16].

Figure 3 shows 9 of the 25 simulated tumor locations
alphabetically labeled ’a’, ’b’, ... ’i’. These locations, in
addition to the other 16 not shown in the sketch, are
evenly distributed on the portion of the sphere centered
at Antenna-1 apex. Therefore, the 25 points find them-
selves distributed along a “bowl-like” surface beneath
Antenna-1. The choice of sampling field points over such
a surface (as opposed to, e.g., a plane) was motivated
by the fact that we are investigating near-field radiation,

Table 1. Material properties of the Debye dispersive
model.

Tissue
Parameters

ε∞ εs σs(S/m) τ (ps)

Skin 4.00 37.00 1.10 7.23

Tumor 3.99 54.00 0.70 7.0

Fat 7.00 10.00 0.15 7.0
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Fig. 3. Layered model of the breast showing the T-
arrangement, the matching medium, skin layer, fat, and
9 of the 25 simulated tumor locations.

where the wave has not yet acquired the plane-front of
propagation. In all the simulations, the distance between
the antenna apex and the skin is 5 mm. The tumor
locations are also measured radially from the antenna apex
with a radial distance of 3 cm.

Figure 4 shows near-field plots on the portion of the
sphere inside the layered model. The plots are computed
with HFSS and shown for three frequencies: (a) 3 GHz,
(b) 6 GHz, and (c) 9 GHz. In these simulations, both
antennas are present, however, only Antenna-1 is active,
while Antenna-2 is passive. As we can see from the plots,
the maximum intensity of the radiated electric field shifts
toward the left side as the frequency increases. However,
the range of the field magnitudes at all three frequencies
is similar, approximately (2.5-5.5 V/m). This is important
to the detection process as the antenna is supposed to
radiate the energy uniformly in the intended direction.

IV. TUMOR RESPONSE STUDY OF THE
T-ARRANGEMENT

In this section, the antenna array is used to study
the co-polarized and cross-polarized response of differ-
ent tumor shapes and orientations at various locations,
summarized in Table 2. The antenna array was simulated
using SEMCAD X [11]. The tumor was considered to be
either a sphere of diameter D = 5 mm or a cylinder with
a base diameter D = 2.75 mm and height H = 5.5 mm.
The chosen cylinder has its height equal to twice of its
diameter (H = 2D), and it has the same volume as
the chosen sphere. Finally, the cylinder is either oriented
in parallel with Antenna-1, when we refer to it as Co-
Cylinder, or it is oriented in parallel with Antenna-2,
when it is called X-Cylinder. In this study, a tumor is

(a)

(b)

(c)
Fig. 4. Electric field magnitude at a radial distance of 30
mm from the antenna apex in the layered model of Fig. 3
at: (a) 3 GHz, (b) 6 GHz, (c) 9 GHz. In the simulations,
the parameters of the fat layer containing the points for
which the field is plotted are as follows: εr(3GHz) = 9.95
and σ(3GHz) = 0.21S/m, εr(6GHz) = 9.8 and σ(6GHz)
= 0.4S/m, εr(9GHz) = 9.6 and σ(9GHz) = 0.66S/m.

placed in the layered model at one of the 25 locations
evenly distributed on the portion of a sphere shown in
Fig. 3, and SEMCAD is used to compute the tumor
response. Antenna-1 is excited with a Gaussian modulated
sinusoidal pulse described by,

V(t) = sin[2πf0(t− t0)] exp
[
− (t− t0)2

2τ2

]
, (2)

with f0 = 6GHz, τ = 80ps, and t0 = 5τ , while
Antenna-2 is kept passive. To compute the tumor response

251 ACES JOURNAL, VOL. 23, NO. 3, SEPTEMBER 2008



for each tumor location, two simulations are performed
to obtain the voltage at the antenna feed: one with, and
one without the tumor. By subtracting one simulated
response from the other, skin reflection and early-time
artifacts could be removed, providing the response of the
tumor only. This is done for both antennas, Antenna-1
and Antenna-2, to compute the co-polarized and cross-
polarized tumor response, respectively.

Figure 5 shows the co-polarized and cross-polarized
tumor response for the different tumor shapes and orien-
tations considered within the spherical surface defined in
Fig. 3. The presented results are the linear interpolation of
the computed tumor response at the 25 simulated locations
for each case. First, from Fig. 5 (a) and the computed
data, we can see that the co-polarized tumor response for
the sphere ranges from -88.6dB to -81.5dB (7.1dB). Our
study confirms that the tumor response plot in this specific
case correlates with the near-field radiation pattern of the
“Dark Eyes” antenna. For the Co-Cylinder case shown in
Fig. 5 (c), the co-polarized tumor response ranges from
-90.2dB to -83.2dB (7.0dB), while for the X-Cylinder
case shown in Fig. 5 (e), the co-polarized tumor response
ranges from -94.8dB to -86.5dB (8.3dB).

(a)

(b)

(c)

(d)

(e)

(f)
Fig. 5. The co-polarized and cross-polarized tumor re-
sponse (dB) for the different tumor shapes/orientations.
The cylinder is either oriented in parallel with Antenna-1,
when we refer to it as Co-Cylinder, or it is oriented in
parallel with Antenna-2, when it is called X-Cylinder.
Results for: (a) and (b) Sphere, (c) and (d) Co-Cylinder,
and (e) and (f) X-Cylinder.

We note that the co-polarized tumor response spatial
variation is approximately 7dB to 8dB for all three cases,
however, the co-polarized tumor response for the Sphere
and the Co-Cylinder is approximately 4dB higher than
that of the co-polarized X-Cylinder tumor response.

Second, Figs. 5 (b), (d), and (f) show the cross-
polarized tumor response for all three of the previously
noted cases. Figure 5 (b) shows the cross-polarized tu-
mor response for the Sphere, ranging from -105.0dB
to -88.7dB (16.3dB). Then, for the Co-Cylinder case
shown in Fig. 5 (d), the cross-polarized tumor response
ranges from -104.0dB to -91.8dB (12.2dB). Finally, the
X-Cylinder case is shown in Fig. 5 (f) with its cross-
polarized tumor response ranging from -101.3dB to
-89.3dB (12.0dB).

When we compare results in graphs Figs. 5 (b), (d),
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Table 2. Tumor response summary.

Tumor shape and orientation Size (mm) Co-pol response Cross-pol response

range (dB) range (dB)

Sphere

Diameter D = 5

max = −81.5 max = −88.7

min = −88.6 min = −105.0

delta = 7.1 delta = 16.3

Co-cylinder

Base Diameter D = 2.75 max = −83.2 max = −91.8

Height H = 5.5 min = −90.2 min = −104.0

delta = 7.0 delta = 12.2

Cross-cylinder

Base Diameter D = 2.75 max = −86.5 max = −89.3

Height H = 5.5 min = −94.8 min = −101.3

delta = 8.3 delta = 12.0

and (f) with Figs. 5 (a), (c), and (e), we can note that the
co-polarized tumor response is always higher than that
of the cross-polarized tumor response for the case of the
Sphere and the Co-Cylinder. However, this is not the case
for the X-Cylinder where the approximate 5.5dB overlap
in the range of the co-polarized tumor response [-94.8dB
to -86.5dB] and that of the cross-polarized tumor response
[-101.3dB to -89.3dB] implies that having both co- and
cross-polarization measurement may be advantageous for
the overall detection process. This overlap in the co-
polarized and cross-polarized tumor response is mainly
attributed to the polarimetric signatures of the cylinder.
Table 2 presents a summary of the tumor response study
for all three cases under investigation.

V. CONCLUSIONS

This work presented an array arrangement of the
“Dark Eyes” antenna for breast cancer detection. The
antennas are arranged in a cross-polarized card array and
exhibit low return loss (-10dB from 2.3GHz to 10.3GHz)
and low mutual coupling (-30dB from 2.4GHz to 11GHz)
even when placed in the very proximity of each other.
The near-field radiation patterns at 3GHz, 6GHz, and
9GHz were also presented and the results show that the
radiated energy is better directed to the forward region
of the antenna at the lower frequency range. Further, a
computational study of the tumor response for different
tumor shapes and orientations was executed in a simple
layered breast model. Both, the co-polarized and the
cross-polarized backscatter was recorded from the tumor

placed at different locations in the forward region of
the antenna array. The initial results indicate that when
looking at the co-polarized response, it is the Sphere and
the Co-Cylinder that provided higher-amplitude response.
On the other hand, when looking at the cross-polarized
response, it is the X-Cylinder that provided the higher-
amplitude response. Thus, for extracting maximum infor-
mation about the tumor, and since the tumor shape and
orientation are unknown, there is an advantage in using
the cross-polarized array arrangement.
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