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Abstract—This paper presents a novel method for microwave breast
cancer detection using a parallel-plate waveguide probe. The method
is based on detecting the dielectric contrast between a malignant tumor
and its surrounding tissues. Our analysis and simulations indicate that
scattered signals from a tumor (modelled as a lossy dielectric sphere
with higher dielectric constant than the surrounding tissues) received
in the form of S parameter S11 have resonating characteristics in the
frequency range of 1 to 7 GHz. A frequency scan of the resonant
scattered signals provides data of the presence and location of the
tumor. Through numerical examples, the effectiveness of the proposed
methodology to detect breast tumors of different sizes, embedded
at different depths and to distinguish a tumor from clutter items is
demonstrated.

1. INTRODUCTION

Breast cancer being one of the most frequent form of cancer, is the
leading cause of cancer deaths in women worldwide [1]. Reduction
in mortality rates for cancer deaths can be made possible if cancers
are detected and treated early. Thus the role of cancer screening
has become increasingly important leading to a demand in effective
diagnostic measures; in particular non-invasive cancer diagnostics.
Mammography, the gold standard of breast cancer detection requires
medical expertise to accurately diagnose the presence of tumor.
The number of cancers found with mammography alone is very
much less than that found with both mammography and physical
examination [2]. Other limitations include having high false negative
and false positive rates [3, 4]. Such large false negative and
false positive rates lead to increased healthcare cost, unnecessary
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medical procedures, and the distress and anxiety on the part of the
patient. Other important concerns also include the discomfort due to
breast compression and ionizing radiation exposure patients undergo.
Therefore there is a need for a new reliable diagnostic technique for
breast cancer.

Cancer diagnostics using microwave scattering and reflection has
gained significant attention recently. This method is attractive as
it is non-invasive and is cheaper and less cumbersome than other
screening techniques such as MRI (Magnetic resonance imaging) and
PET (Positron emission tomography) [5, 6]. The detection technique
is based on the contrast in the electrical properties between a
healthy tissue and malignant tumors [7–10]. The major imaging
methods proposed based on this approach include ultrawideband
(UWB) radar-based system [11–18] and microwave tomography [19–
23]. Imaging modality using microwave tomography is even proposed
for non-invasive assessments of superficial tissues, and circulatory
and excretory systems of the human body [24–27]. Methods of
characterization for breast tumors are also investigated. A method
for shape and size classifications of the tumor based on signal-to-noise
ratios derived from UWB backscatter is available [28]; while in [29] a
fast algorithm MIM-SDFMM is utilized to obtain the spectra of tumor
which depends on its physical characteristics; and a reconstruction
algorithm is also presented in [30] to simultaneously estimate the shape
and location of the breast tumor. Complex natural responses (CNR)
extraction [31] is also used to identify tumors.

Performing signal processing techniques such as phase correlations
in methods such as UWB radar-based system to determine the presence
and position of a tumor may not be accurate. As the tissue medium is
frequency dispersive, the ultrawideband pulses sent and received differ
significantly. In addition, the algorithms to construct the image of
the scanned breast, especially using the tomographic methods, require
complex and rigorous computations and processing. Furthermore, due
to increased complexity, most of the studies conducted on the radar-
based system considered only two-dimensional analysis, analyzing
three-dimensional imaging models are few and far between [10, 15–18].

In this paper, we propose a novel method using a parallel-plate
waveguide probe for S11 measurements. The working principle is
based on detecting the dielectric contrast between a breast tumor and
the surrounding healthy tissue. This method identifies the presence
of a tumor in breast tissue by performing contact measurements at
different microwave frequencies. The presence of a tumor will alter
the reflection coefficients. The greater the contrast in the dielectric
properties between a tumor and the surrounding healthy tissue, the
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greater is the contrast in the coefficient measured. Additionally, in
the presence of any tumor, the backscattered signal received at the
aperture of the parallel-plate waveguide probe will display resonance.
A frequency scan of the magnitude of the resonant backscattered signal
may be used to differentiate between a tumor and clutter items having
a much lower dielectric contrast.

The remainder of the paper is organized as follows. Section 2
presents the description of the probe and the derivations of the
fields, including the scattered signals from the tumor based on Mie
theory [32–34]. In Section 3, an account of the detection method is
given. Subsequently in Section 4, numerical results are presented to
illustrate the effectiveness of this method. Finally, the conclusions are
summarized in Section 5.

2. THEORY AND FORMULATION

The parallel-plate waveguide probe (see Fig. 1) is essentially a
transverse electric and magnetic (TEM) mode-excited, cut-off section
of a transmission line terminated by ground planes. To simplify
analysis, we consider the probe of width 2a is infinite in extent in
the y-axis, with flanges infinite in extent in both the x- and y-axes.

2.1. Derivation of Radiation Fields

The flanged probe acts as the microwave source radiating into the
breast tissue. The radiation fields into a multi-layered dielectric from
this flanged guide have been suggested by Lee et al. [35]. We apply
this theory for our breast cancer detection method which is based
on Mie scattering from a tumor. The scattered signals measured by
the parallel-plate waveguide probe depend on the probe’s receiving
characteristics which we have derived and shown in Section 2.2. The
time harmonic variation of e−iωt is assumed and suppressed throughout
the paper. The incident and reflected magnetic fields inside the
parallel-plate waveguide are given respectively as

H i
y(x, z) = HI

0e
ik1z (1)

Hr
y(x, z) =

∞∑
m=0

cm cos am(x+ a)e−iξmz (2)

where

ξm =
√
k2

1 − a2m (3)

am =
mπ

2a
(4)
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(a)

(b)

Figure 1. Geometry of the parallel-plate waveguide probe. (a)
Radiation from probe. (b) Radiation into probe.

and HI
0 is the amplitude of the incident magnetic field with

wavenumber k1 in the guide (Region I).
The transmitted field outside the probe unbounded in Region III

in the spectral domain ζ can be represented as

HIII
y (x, z) =

1
2π

∞∫
−∞

H̃+
III (ζ)e

−iζx+ikz3zdζ (5)

where

kz3 =
√
k2

3 − ζ2 (6)
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H̃+
III (ζ)e

ikz3 t and HIII
y (x, t) are Fourier transform pair. In the bounded

Region II, the field is

HII
y (x, z) =

1
2π

∞∫
−∞

[
H̃+

II (ζ)e
ikz2z + H̃−

II (ζ)e
−ikz2z

]
e−iζxdζ (7)

where

kz2 =
√
k2

2 − ζ2 (8)

k2 and k3 are the wave numbers in the Regions II and III respectively.
The boundary conditions require tangential E field continuity in

the x-direction and tangential H field continuity at z = t. Matching
boundary conditions yields

H̃−
II (ζ) = ei2kz2 t

(
ε3kz2 − ε2kz3

ε3kz2 + ε2kz3

)
H̃+

II (ζ) (9)

and

H̃+
III (ζ) = ei(kz2−kz3)t

(
1 +

ε3kz2 − ε2kz3

ε3kz2 + ε2kz3

)
H̃+

II (ζ). (10)

The tangential E field continuity at the aperture (−a < x < a, z = 0)
yields

H̃+
II (ζ) =

(
1

1 − α

)
ε2
ε1

[
HI

0 ξ0K0(ζ) −
∞∑

m=0

cmξmKm(ζ)

]
(11)

where

α = ei2kz2 t

(
ε3kz2 − ε2kz3

ε3kz2 + ε2kz3

)
(12)

Km(ζ) =
−iζ

kz2 (ζ2 − a2m)

[
eiζa(−1)m − e−iζa

]
. (13)

Subsequently, the tangential H field continuity in the aperture plane
yields

1
2π

∞∫
−∞

(
1 + α
1 − α

)
ε2
ε1

[
HI

0 ξ0K0(ζ) −
∞∑

m=0

cmξmKm(ζ)

]
e−iζxdζ

= HI
0 +

∞∑
m=0

cm cos am(x+ a). (14)
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Multiplying (14) by cos an(x + a) and integrating both sides with
respect to x from −a to a, one obtains

ε2
ε1

[
HI

o ξ0J0n −
∞∑

m=0

ξmcmJmn

]
= 2πa

(
HI

0δn0 + cn
)
ψn (15)

where δmn represents the Kronecker delta, ψ0 = 2, ψ1 = ψ2 = · · · = 1,
and

Jmn =

∞∫
−∞

(
1 + α
1 − α

)
ζ2

[
(−1)meiζa−e−iζa

][
(−1)ne−iζa−eiζa

]
kz2 (ζ2−a2m)(ζ2−a2n)

dζ. (16)

Solving for the unknown coefficients cm and substituted into (10)
to evaluate H̃+

III (ζ) yields the x-direction electric field EIII
x and z-

direction electric field EIII
z in Region III respectively as

EIII
x (x, z) =

1
2π

∞∫
−∞

kz3

ωε3
H̃+

III (ζ, 0)e−iζx+ikz3zdζ (17)

EIII
z (x, z) =

1
2π

∞∫
−∞

ζ

ωε3
H̃+

III (ζ, 0)e−iζx+ikz3zdζ. (18)

In addition, the reflection coefficient (for healthy tissues without
any tumor) at the aperture of the probe Γ0 is given by

Γ0(ω) =
Er

x

Ei
x

= − c0
HI

0

(19)

where Ei
x and Er

x are the incident and reflected electric fields at the
aperture respectively, and c0 is the amplitude of the dominant mode
reflected magnetic field in Region I.

2.2. Derivation of Transmitted Fields into the Probe

With a plane wave at oblique incidence into the probe, the incident
and reflected magnetic fields in Region III are given respectively as
(see Fig. 1(b))

H i
y(x, z) = HIII

0 eikxx−ikz(z−t) (20)

Hr
y(x, z) =

1
2π

∞∫
−∞

H̃+
III (ζ)e

−iζx+ikz3 (z−t)dζ, (21)



Progress In Electromagnetics Research, PIER 83, 2008 419

while the field in the bounded Region II is given as

HII
y (x, z) =

1
2π

∞∫
−∞

[
H̃+

II (ζ)e
ikz2z + H̃−

II (ζ)e
−ikz2z

]
e−iζxdζ (22)

and the transmitted field inside the waveguide can be represented as

Ht
y(x, z) =

∞∑
m=0

bm cos am(x+ a)e−iξmz (23)

where

kx = k3 sin θi (24)

kz = k3 cos θi (25)

and HIII
0 is the amplitude of the incident magnetic field in Region III;

k1, k2, k3, kz2 , kz3 , ξm, am are as previously defined.
Matching the boundary continuities of tangential E field and

tangential H field is required to determine the unknown coefficients
bm. The tangential E and H field continuities at z = t yields

H̃−
II (ζ) = αH̃+

II (ζ) + 2πHIII
0 βδ(ζ − kx) (26)

where

β = eikz2 t

(
ε2(kz3 + kz)
kz2ε3 + kz3ε2

)
(27)

δ denotes the Dirac delta function and α takes the form of (12).
Following, the tangential E field continuity at the aperture (−a <

x < a, z = 0) yields

H̃+
II (ζ) =

1
1 − α

{[
2πHIII

0 βδ(ζ − kx)
]
− ε2
ε1

∞∑
m=0

bmξmKm(ζ)

}
. (28)

Subsequently tangential H field continuity at the aperture gives
∞∑

m=0

bm cos am(x+ a)e−iξmz =

1
2π

∞∫
−∞

{
(1 + α)H̃+

II (ζ) +
[
2πHIII

0 βδ (ζ − kx)
]

−ε2
ε1

∞∑
m=0

bmξmKm(ζ)

}
e−iζxdζ. (29)
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Multiplying (29) by cos an(x + a) and integrating both sides with
respect to x from −a to a, with the use of time-delayed Dirac delta
property [36], one obtains

∞∑
m=0

ε2
ε1
ξmbmJmn =

2π


 4HII

0 ε2kz

ε3
√
k2

2−k2
x+ε2kz−ei2kz2 t

(
ε3

√
k2

2−k2
x+ε2kz

)Ln−aψnbn


 (30)

where

Ln =
ikx

[
(−1)neikxa − e−ikxa

]
a2n − k2

x

(31)

ψ0 = 2, ψ1 = ψ2 = · · · = 1, and Jmn takes the form of (16).
If D is the determinant of the system of M +1 linear equations in

(30), andM+1 is the number of modes to be taken into consideration,
the elements bm can be solved by applying the Cramer’s Theorem [37]

b0 =
D1

D
, b1 =

D2

D
, · · · , bM =

DM+1

D
(32)

where Dk is the determinant obtained from D by replacing D the kth
column by the column with the N + 1 elements on the right hand side
of (30).

The transmission coefficient at the aperture of the probe τ0 can
then be derived as

τ0(ω) =
Et

Ei
=

b0

HIII
0

(33)

where Ei and Et are the incident and transmitted (or received) electric
fields at the aperture respectively, b0 is the amplitude of the dominant
mode transmitted magnetic field in Region I.

2.3. Scattering Characteristics

The detection technique is based on the Mie scattering of a dielectric
body [33, 34, 38]. Consider a small spherical tumor of radius r0,
embedded at (x0, z0) in Fig. 2. To simplify the analysis, the field
incident onto the small tumor is assumed to be locally plane. The
exact solution for plane wave scattering by a homogeneous sphere (Mie
scattering [33]) is as follows.
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Figure 2. Vertical cross-sectional view of a parallel-plate waveguide
probe radiating into a breast tissue and receiving the backscattered
signal from the tumor.

Consider a plane wave polarized in the x′1-direction moving in the
negative z′1-direction, with expression

Einc = Eoâx′
1
e−ik3z′1 . (34)

The scattered electric field at a point P (r′1, θ
′
1, φ

′
1) outside the sphere,

is given by

Es(P, ω) = Eo
eik3r′1

k3r′1

[
cosφ′1S1(θ′1)âθ′1

− sinφ′1S2(θ′1)âφ′
1

]
(35)

where

S1(θ′1) =
∞∑

n=1

(−i)n+1

[
An
P 1

n(cos θ′1)
sin θ′1

+ iBn
d

dθ′1
P 1

n(cos θ′1)
]

(36)

and

S2(θ′1) =
∞∑

n=1

(−i)n+1

[
An

d

dθ′1
P 1

n(cos θ′1) + iBn
P 1

n(cos θ′1)
sin θ′1

]
. (37)
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Denoting the medium of the sphere with a wave number

k4 = ω
√
ε4µ0 = ω

√
(ε′4 + iε′′4)µ0 = k3m4, (38)

the coefficients of the Mie solution are given by

An = (−i)n 2n+1
n(n+1)[

jn(k3r0)[k4r0jn(k4r0)]′−jn(k4r0)[k3r0jn(k3r0)]′

jn(k4r0)[k3r0h
(1)
n (k3r0)]′−h(1)

n (k3r0)[k4r0jn(k4r0)]′

]
(39)

Bn = (−i)n+1 2n+1
n(n+1)[

jn(k3r0)[k4r0jn(k4r0)]′−m2
4jn(k4r0)[k3r0jn(k3r0)]′

h
(1)
n (k3r0)[k4r0jn(k4r0)]′−m2

4jn(k4r0)[k3r0h
(1)
n (k3r0)]′

]
. (40)

The primes, [ ]′, denote differentiation with respect to the argument
k3r0 or k4r0. For the special case of backscattering (θ′1 = 0), the result
simplifies to [34]

Es
(
r′1, θ

′
1 = 0, ω

)
= Eo

eik3r′1

k3r′1

∞∑
n=1

(−i)n+1n(n+ 1)
2

[An + iBn] (41)

It can be proved from uniform geometrical theory of diffraction
(UTD) that a field point in Region III is illuminated by the fields
diffracted from the edges of the parallel-plate waveguide probe at E1
and E2 respectively (see Fig. 2) [39, 40]. Hence it is possible to resolve
the incident fields at the tumor, EIII

x (x0, z0) and EIII
z (x0, z0), into

components of plane wave emanating from the two edges E1 and E2;
thus resulting in two contributions of the scattered electric field. By
superposition, the effective scattered signals can be found.

In the presence of a tumor, the reflection coefficient Γt, or the
backscattered signal in S11 measured at the aperture of the parallel-
plate waveguide probe would thus be expressed as

Γt =
Er

x + τ0 (Es
1 + Es

2)
Ei

x

= Γ0 + ∆Γ (42)

where

∆Γ =
τ0 [Es

1(r
′
1 = h, θ′1 = ϕ1, ω) + Es

2(r
′
2 = h, θ′2 = ϕ2, ω)]

Ei
x

, (43)

h =
√
x2

0 + z20 (44)
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θit = tan−1

(
x0

z0

)
(45)

ϕ1 = θit − θE1 (46)
ϕ2 = θE2 − θit. (47)

And Ei
x is the incident field; Es

1 (r′1 = h, θ′1 = ϕ1, ω) and Es
2 (r′2 =

h, θ′2 = ϕ2, ω) are the backscattered fields at the aperture of the
transmitting probe respectively, due to the presence of the tumor. The
probe characteristic τ0 is dependent on the angle θit, and can be derived
using (30).

For simplicity of analysis, the scattered electric field from the
scatterer is assumed to be plane wave.

3. METHODOLOGY

Measurements for breast cancer detection can be done at a range of
microwave frequencies using the parallel-plate waveguide probe, with a
vector network analyzer to measure the S parameter S11. The parallel-
plate waveguide probe is designed for only the dominant mode waves
to propagate in the 1 to 7 GHz range. To minimize reflections which
can arise due to interfaces between different mediums, the probe is to
be immersed in a liquid phantom material of known properties [41], in
this case skin-mimicking phantom is selected.

Measurements of S11 are taken at different positions of the probe
in contact with the tissue (see Fig. 3). The difference in each pair
of the measurements of S11 can be used to determine the presence
and size of the tumor. With N measurements at different positions
of the breast, there can be NC2 pairs of differences in backscattered
signals or S11 measured. ∆Γ, the difference in S11 contained in each
pair, is dependent on the receiving characteristic of the probe τ0. This
difference contains information on the backscattered signal from the
scatterer (if any). In the presence of a tumor, the backscattered
signal will have resonant characteristics with respect to frequency and
amplitude, whereas in a frequency scan the backscattered signal from
healthy tissue will not contain any resonant features. No presence
of tumor at the positions where the two measurements are made is
indicated by an absence of resonant characteristic in ∆Γ. If there is
a resonating response, then one of the signals measured by the probe
contains the backscattered signal from the tumor. The final position
of the tumor can thus be predicted by eliminating the positions with
no tumor. Further to this, the resonant backscattered signals and
their magnitudes may be used to differentiate between a tumor and
clutter items. Apart from surveying the entire breast surface with one
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probe, the detection principle can be extended to having an array of the
parallel- plate waveguide probes arranged to accommodate the shape
of the breast.

4. NUMERICAL RESULTS AND DISCUSSIONS

Numerical simulations have been conducted to verify the performance
of the proposed technique. Consider a spherical tumor of diameter
d0 embedded in the breast with a skin layer of 2 mm thickness [42]
(modelled as a concentric hemisphere of radius 50 mm) at a depth h
from the surface in Fig. 3. The breast and the probe are immersed in
a phantom material. In the simulations only the first order scattering
from the scatterer is taken into account.

 

2

1 Tumor

Normal breast tissue

Transmitting
probe

Phantom material

r'
θ' z

x

Clutter

3

x'

z'Skin layer

h

Figure 3. Parallel-plate waveguide probe at different positions of the
breast tissue for S11 measurements.

In this paper, a two-pole Debye dispersion equation [12] is
employed to model the frequency dependence of the dielectric
properties

εr(ω) − j σ(ω)
ωε0

= ε∞ +
2∑

p=1

εsp − ε∞
1 + jωτp

(48)

where ε0 is the free space permittivity, ω is the angular frequency. The
following assumptions are made in the simulations. The parallel-plate
waveguide probe is designed to have a next higher order mode cut-off
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frequency of more than 7 GHz, e.g., for a probe (width 2a = 6 mm)
filled with phantom material simulating a normal breast tissue, the
next higher order mode cut-off frequency is about 7.8 GHz. The
following Debye parameters are used to fit data for the breast tissue for
the entire swept frequency range: normal tissue (ε∞ = 2.68, εs1 = 5.01,
εs2 = 3.85, τ1 = 15.84 ps, τ2 = 0.10 ns), malignant tissue (ε∞ = 11.05,
εs1 = 51.67, εs2 = 43.35, τ1 = 8.56 ps, τ2 = 0.23 ns) and skin layer
(ε∞ = 4.62, εs1 = 37.10, εs2 = 41.22, τ1 = 7.51 ps, τ2 = 0.31 ns) [12].
Clutter item that represents tissue heterogeneity, having dielectric
properties of variation of +30% that of the normal tissue is included
in the breast model used [14].

Assuming three backscattered measurements are made (see
Fig. 3), given as Γ1 (reflection coefficient detected at position 1),
Γ2 (reflection coefficient detected at position 2), and Γ3 (reflection
coefficient detected at position 3). There are 5 clutter items
surrounding the tumor. With reference to coordinate system at
position 2 as shown in Fig. 3, the clutter item 1 is at (x = 6 mm,
z = 39 mm); clutter item 2 is at (x = 15 mm, z = 24 mm); clutter item
3 is at (x = 12 mm, z = 9 mm); clutter item 4 is at (x = −10 mm,
z = 15 mm); clutter item 5 is at (x = −10 mm, z = 40 mm); and the
tumor is located at (x = 0, z = 20 mm). Three readings available will
result in three (3C2) combinations of differences: ∆Γ21 (between Γ1

and Γ2); ∆Γ23 (between Γ2 and Γ3) and ∆Γ31 (between Γ1 and Γ3). It
is assumed that there is no interaction between the tumor and clutters.
The three ∆Γ are plotted as follows.

Figure 4(a) shows the plots of the magnitude of the difference in
the reflection coefficients Γ2 and Γ1, ∆Γ21; and difference in Γ2 and
Γ3, ∆Γ23 display resonance at the frequencies 5.0 GHz and 4.6 GHz
respectively. Γ2, the reflection coefficient measured at position 2,
containing the strongest backscatter signal from the tumor is present in
both ∆Γ. Additionally, it is noted that the amplitude of the difference
∆Γ31 (between Γ3 and Γ1) displays no obvious resonance and is about
5 times lower than the amplitude of ∆Γ21 and ∆Γ23. In terms of
power, the difference in the magnitude of ∆Γ at resonance gives a
factor of about 25 times. Hence this factor can be used to predict
the location of the tumor; one can predict a tumor is embedded
around position 2. Also, the summation of the magnitudes of the
three difference in reflection coefficients Σ∆Γ(∆Γ21 + ∆Γ23 + ∆Γ31)
shows a very clear resonance at 4.8 GHz with resonant amplitude of
2.2× 10−2. In Fig. 4(b), where the tumor is replaced by a clutter item
of the same size, it is noted that there is no clear resonance in both
∆Γ and Σ∆Γ. The amplitude of Σ∆Γ due to all clutter items is more
than 10 times lower that the resonant amplitude of Σ∆Γ in Fig. 4(a).
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This is essential for differentiating between the presence of a tumor or
the presence of clutter of the same size. As tumors have much higher
dielectric contrast to the surrounding healthy tissue than clutter, it
will backscatter larger power. The difference in resonant amplitudes
therefore can be used as a tool to differentiate between a tumor and
clutter items.
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Figure 4. Magnitude of the differences in the reflection coefficients
∆Γ. (a) 1 tumor surrounded by 5 clutter items. (b) All 6 clutter items.
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Figure 5. Comparison of Σ∆Γ, the summation of the magnitude of
the differences in the reflection coefficients for (a) Tumor of different
sizes. (b) Tumor at different depths.

In general, larger scatterers (tumor or clutter) result in larger
backscattered power. This is observed in Fig. 5(a) where the
summation of the magnitudes of the various differences in reflection
coefficients at different positions Σ∆Γ due to a tumor of a larger
diameter of 7 mm is greater than that by a tumor of smaller diameters
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of 5 mm or 3 mm. Furthermore, in Fig. 5(b) a comparison of Σ∆Γ
whereby the tumor is embedded at h = 20 mm, h = 25 mm or
h = 30 mm shows that the resonant frequency is about 4.8 GHz. It
is not much affected by the depth of the tumor in the tissue.

It is shown in Fig. 5(b) that there is a difference of about 2.4 dB
in the magnitudes of Σ∆Γ at resonant frequency of 4.8 GHz for a
tumor of d0 = 5 mm embedded at different depths of 2.0 cm and 2.5 cm
(Σ∆Γh=2.0 cm, 4.8 GHz = −33.2 dB, Σ∆Γh=2.5 cm, 4.8 GHz = −35.6 dB).
This difference in the scattered power at resonance can be accounted
for by considering the absorption loss in the breast tissue and the
spreading losses from the probe to the tumor and backscattered to the
probe with this total loss given as

Total Loss = 0.5 ×
[
20 log10

(
h1

h2

)3/2

+ 2(h1 − h2)α

]
(49)

where h1 and h2 are the different depths the tumor is embedded.
The radiated wave from the transmitting probe can be shown to

have an approximately cylindrical wavefront, whereas the wavefront
of the scattered signal from the spherical tumor is approximately
spherical. Using (48), the attenuation constant α is found to be
approximately 2.51 dB/cm at 4.8 GHz. The additional spreading loss
and absorption loss due to the increased depth from 2.0 cm to 2.5 cm is
thus given by 1.45 dB and 1.25 dB respectively. Therefore the total
loss in resonant Σ∆Γ at 4.8 GHz is 2.7 dB, which agrees with the
observations. Similarly, the total loss in Σ∆Γ at resonant frequency
when the tumor is embedded at h = 30 mm can be accounted for
by the same procedure: additional spreading loss and absorption loss
due to the increased depth from 2.0 cm to 3.0 cm is given by by
2.64 dB and 2.38 dB respectively; hence it can be predicted that the
resonant amplitude of Σ∆Γ for the tumor embedded at h = 30 mm
is 5.0 dB smaller than that for a tumor embedded at h = 20 mm.
This tallies with the observations from Fig. 5(b) as it is noted that
Σ∆Γh=2.0 cm, 4.8 GHz = −33.2 dB and Σ∆Γh=3.0 cm, 4.6GHz = −38.2 dB.

5. CONCLUSIONS AND FUTURE WORK

A novel method using parallel-plate waveguide probes is proposed for
non-invasive breast cancer detection. The basis for this method is
provided by detecting the dielectric contrast between normal breast
tissue and a tumor or other tissue heterogeneity (clutter) to determine
the presence of a tumor. A tumor scatters the signal radiated from
the probe; and the backscattered signals received in the form of
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S11 have resonating characteristics. Within the assumption of there
exists a large contrast between a tumor and its surrounding tissues,
numerical simulations have also shown that this technique is effective
in distinguishing a tumor from clutter. However a recent large scale
study of dielectric properties of normal, benign and malignant breast
tissues samples in the ultrawideband microwave frequency range of 0.5–
20 GHz, obtained from reduction and cancer surgeries [43, 44] shows
that the dielectric contrast in the between malignant and normal
glandular/fibroconnective tissues in the breast may be no more than
about 10%. The effectiveness and robustness of this proposed method
would be further investigated using the properties reported in these
literatures [43–45]. Furthermore, scattering characteristics for an
ellipsoidal tumor would be subsequently analyzed [46].

Structural variations to the parallel-plate waveguide probe for
shaping radiation for more precise localization of tumor and to reduce
radiation leakages would also be addressed in future.

The theory and formulations proposed are not restricted to
biomedical imaging of tumors but can also be extended to applications
in detecting concealed objects such as landmines, metallic pipes hidden
in concrete, etc. [47–49]. It only requires knowledge of the electrical
properties of the object and its surrounding media such as complex
permittivity and permeability, and morphological properties such as
the shape, to modify our design for detection.
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