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ABSTRACT Radar based microwave imaging system is proposed and used for breast cancer detection.
Tumour location can be detected based on high dielectric differences between tumour and surrounding
tissues. In clinical medicine, malignant tumour usually has more irregular morphology than benign tumour.
However, previous work has ignored the discrimination between benign and malignant tumours, and this
issue is solved in our work. In this paper, two major novel contributions are presented. Firstly, a complex
natural responses (CNRs) method is proposed for discrimination between the benign and malignant tumours.
The CNRs of the tumour show a unique feature that the CNRs only depend on the morphological appearance
of the tumour. Simulation results show that the use of the CNRs can successfully discriminate between
a 5 mm radius spherical benign tumour and a 5 mm average radius malignant tumour with a spiculated
periphery. Secondly, microwave images of the benign and malignant tumours are created by a proposed
mono-static imaging system which uses a single Vivaldi antenna to scan the breast. Both benign and

malignant tumour positions can be correctly indicated from the images.

INDEX TERMS Breast cancer detection, microwave imaging, complex natural responses (CNRs).

I. INTRODUCTION

Breast cancer is a serious health issue for women [1]-[12];
however, with early cancer detection there are great chances
of survival. X-RAY mammography [2] is the most common
technology used in breast cancer detection, creating images
of cancerous breast using ionizing radiation, with cancerous
tissues located for further treatment. However, the limitations
of X-RAY mammography [3], such as a number of false-
negative results have resulted in research into microwave
imaging based breast cancer detection. Microwave imaging
based breast cancer detection relies on high differences in
electromagnetic properties between healthy and cancerous
tissues [1]-[9]. Radar based imaging originates from ground-
penetrating radar (GPR) and was proposed for breast can-
cer detection in 1996 by Benjamin [6]. This radar based
microwave imaging aims to determine the presence of tumour
by creating images of back-scattering signals, distinguishing
tumours from surrounding healthy tissues due to the high
dielectric differences. Compared with the X-RAY mammog-
raphy, the use of the microwave imaging system can greatly
reduce the risk of exposure to strong radiation since the
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radiation intensity of the microwave imaging system is sim-
ilar to that of the RF devices such as mobile phone, WIFI
or radio, which means the microwave imaging is safe for
human. Radar based imaging system includes two prototypes,
known as multi-static radar and mono-static radar systems,
respectively. Most multi-static radar imaging systems [7]-[9]
configure an antenna array to surround the breast, with elec-
tromagnetic pulses transmitted and received alternately by
each antenna. Mono-static radar imaging system [11] uses
a single antenna or an antenna pair to scan the breast with
mechanical movement. Received signals are used to create
microwave images with tumour highlighted.

Previous publications [1], [3], [5], [6], [8]-[11] assume
tumour phantom with uniform shape, such as sphere or
ellipsoid. This assumption simplifies the research process, but
ignores the different morphological appearance of benign and
malignant tumours. In clinical medicine, malignant tumour
usually has an irregular surface and spiculated periphery,
while benign tumour has smoother surface and roughly spher-
ical morphology [12]. It has been shown in the literature
[13], [14] that buried objects such as landmines can be iden-
tified by analyzing their complex natural responses (CNRs),
which are extracted from the backscatter signals when
the object is illuminated by a short electromagnetic pulse.
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The CNRs of objects have distinctive characteristics
[13]-[16] such as being independent of the antenna position,
the polarization of the incident wave and only being deter-
mined by the properties of object such as shape and materials
leading to differences in dielectric constant and conductivity.
Similarly, a breast tumour can be considered as an object
buried in a lossy medium. Benign and malignant tumours can
then be distinguished by investigating their CNRs.

In preliminary studies of the discrimination of breast
lesions, the morphological features of lesions have been clas-
sified [15], and tumours with different conductivity and size
have been considered [16]. However, in [16], the tumour
is still assumed to have a uniform ellipsoid shape, and the
morphology of the benign and malignant tumour is not con-
sidered. In [15], [16], the work is only carried out based on
a 2-D scenario. Besides, the incident electromagnetic wave
is assumed to be a plane wave. However, radar based breast
cancer detection is based on the near-field scenario, where
the shape of the incident wave varies with radiation distance
and the plane wave can only be assumed in the far-field.
Furthermore, transmitting and receiving antennas are not con-
sidered, but are replaced by an incident wave and an observed
point. Actually in the near-field, the impendence of antenna
is strongly affected by adjacent objects such as breast, which
cannot be replaced by an incident wave and an observed point
in practice. In addition, microwave images of malignant and
benign tumours have not been studied. In general, [15], [16]
have used an idealized model, but a more realistic model
based on a 3-D, near-field, antenna system scenario is still
required. To the best of our knowledge, these limitations have
not yet been addressed.

This paper proposes a method using complex natural
responses (CNRs) to discriminate between the benign and
malignant tumours based on a mono-static prototype radar
system with 3-D simulation. Initially, two breast phantoms,
one with a benign tumour and another with a malignant
tumour, are proposed. Secondly, the mono-static radar system
is proposed, with its performance described in terms of scatter
parameters. These two breast phantoms are then measured by
the imaging system, with backscatter signals recorded in the
time and frequency domains. Three-dimensional images of
the breast phantoms are created using the backscatter signals
to indicate tumour position. Finally, the CNRs of benign
and malignant tumours are analyzed to characterize their
morphological appearance. The major novel contribution in
this paper is to discriminate between benign and malignant
tumours based on their morphology in a realistic 3-D scenario
by using the proposed CNRs method. Results indicate that
the use of the CNRs can successfully discriminate between a
spherical benign tumour with a radius of 5 mm and a specu-
lated periphery with an average radius of 5 mm. Further novel
contributions presented in this paper include: 1) comparison
of microwave images of the malignant and benign tumours;
2) comparison of the tumour responses based on different
working frequencies; 3) identification of the influence of the
breast phantom on the antenna; 4) comparison of resulting
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FIGURE 1. The geometry of the Vivaldi antenna.

image resolutions based on the time and frequency domains
and 5) proposing a new skin reflection and clutter removal
method.

Il. THE BREAST PHANTOM AND EXPERIMENT SETUP

A. THE BREAST PHANTOM DESIGN

The phantom design can be simplified in an approximation
as a multi-layer model, with each layer corresponding to
a particular bio-layer [17], [18]. For example, the human
head can be modeled as a combination of skin, fat, bone,
grey matter and white matter layers. The breast can also be
modeled as a combination of skin and fat layers. Tumours
and glands can then be inserted into the fat layer. Several
parameters indicate the properties of layers, with the most
important being each layer’s dielectric constant &.(w), which
is frequency dependent. The dielectric constant &.(w) of a bio-
layer can be derived by the Cole-Cole model, given by (1)
[17], which shows that the dielectric constant is reduced as
working frequency increases:

T Ey — E(XI)_
1+ (iwr)' ¢

where, () is the complex dielectric constant, &; and £, are

the static and infinite frequency dielectric constants, w and «

are the angular frequency and exponent parameter, T is the
time constant.

&r(w) = e0o

ey

B. EXPERIMENTAL SETUP

The Finite Difference Time Domain (FDTD) method is used
to simulate breast cancer detection. A Vivaldi antenna is
designed first. The dimensions of the Vivaldi antenna are
73mm x 42mm, with the geometry shown in Fig. 1. Copper
ground plate and feeding microstrip line are on both sides of
the substrate. The performance of the Vivaldi antenna in terms
of reflection coefficients is shown below. Two pathological
breast phantoms (Fig. 2) are then created. The hemispherical
breast phantoms consist of a 2 mm skin layer and a 68 mm
fat layer, with a benign tumour and a malignant tumour
embedded in the fat layer.

The simulations are concluded by first placing the Vivaldi
antenna close to the breast phantom, then rotating it on the
central axis (using the notations X, Y, Z and Oyy, in Fig. 2 (a))
along the surface of the breast phantom. Fig. 2 (b) indicates
the rotation tracks of the Vivaldi antenna. Each point corre-
sponds to a Vivaldi antenna stop location. The front centre of
the Vivaldi antenna stops at these points, with the scattering
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FIGURE 2. (a) The prototype of the imaging system and (b) the Vivaldi
antenna movement position.
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FIGURE 3. The simulated S;; with and without the breast phantom
presence.

parameters recorded, and then it moves to the next stop
point. This procedure is repeated 98 times, giving 98 sets of
scattering parameters recorded in both the frequency and time
domains which are then used to create microwave images of
the breast phantom with the tumour highlighted.

Fig. 3 shows the simulated scatter parameters of the
Vivaldi antenna with and without the presence of breast phan-
tom, based on the Finite Difference Time Domain (FDTD)
method. The —10 dB working region extends from 5 to
10 GHz when no phantom is used. It is also observed that with
the breast phantom present, the scatter parameter still ranges
from 5 to 10 GHz although there are some discrepancies
around 6 GHz. This means that the breast phantom has very
little effect on the impendence of the Vivaldi antenna in the
near-field.

IIl. SIGNAL PROCESSING

A. ELECTROMAGNETIC SCATTERING

When an incident wave with electric field E? is incident on an
object in free space, the representation of the scattered wave,
E”, in the frequency domain can be expressed as [19], [20]:

—> = >
E*(r,s) = / G, ¥, s)-JF, »HdV 2

where 7 is the induced current of the object, G is the dyadic
Green function, and 7, 7’ represents the observation point of
the scattered field and the points inside the volume of the
object. This equation is in the frequency domain, with s = jw.
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The time-domain expression of (2) [21] is:
—> — N
E'(r, 1) = / GF, 7, t —R/V)QJ(F, HdV 3)
V/

where v is the propagation speed in the medium, and R =
]f -7 | represents the distance between the point in the object
and the observation point.

Electromagnetic scattering can be specified by the
Rayleigh, resonance and optical regions using the ratio of
relative scatter object dimension to the wavelength of incident
wave [22]. Equation (4) shows the relation between the scat-
tering region, the scatter object dimension and the wavelength
of the incident wave:

? <1 Rayleigh region
Scattering region= 1 0.5 < — <10 Resonance region (4)
? > 10 Optical region
where D is the scatter object dimension, and X is the incident

wavelength.

For the breast cancer detection based electromagnetic
propagation mechanism, the propagation speed and incident
wavelength depends on the dielectric constant of the propa-
gation medium, which can be expressed as (5):

k:2novm: 27 - ¢o )

w w - Re [m]

where v, is the wave propagation speed in the medium,
w is the angular frequency, &,(w) is the complex dielectric
constant of the medium expressed in (1) and ¢ is the wave
propagation speed in vacuum. Table 1 shows the calculated
wavelength in the vacuum and different breast layers (skin,
fat, tumour) when the frequency of the incident wave ranges
from 5 to 10 GHz as well as the ratio of the scatter object
dimension D to the wavelength of the incident wave A, D/A.
It should be noted that, in the case of breast cancer detection,
A is the incident wave for each layer. For example, D/X for
the skin layer, and A is the wavelength in free space, rather
than the wavelength in the skin layer due to the incident wave
being in free space. Likewise, D/A for the fat and tumour
layers, A are the wavelength in the skin and fat layers, respec-
tively. Table 1 also indicates that the skin layer scattering
mechanism involves both the resonance and optical regions,
while the fat layer scattering involves the optical region, and
the tumour scattering involves the resonance region.

In the optical region, the specular reflection from surface of
the illuminated object contributes most of the scattered wave.
The scattering mechanism in the optical region can be solved
using the theories of Geometrical Optics (GO) or Physical
Optics (PO) [22]. The resonance scattering mechanism in the
resonance region is of interest in this paper, since the tumour
scattering involves this region. Fig. 4 shows the basic electro-
magnetic scattering mechanism. An incident electromagnetic
wave illuminates a perfect conducting sphere (PCS) causing
a specular reflection first, and followed by a travelling wave
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TABLE 1. The minimum and maximum wavelength in different layers of
breast.

Vacuum  Skin Fat  Tumour
Min (A) mm 30 10 26 8
Max (A) mm 60 11 28 9
D N/A 440 427 31
Min(D/}) N/A 7 39 1.1
Max(D/1) N/A 15 43 1.2

.. Creeping wave
Resonantresponse

Specularreflection

FIGURE 4. The electromagnetic scattering mechanism.

propagating around the PCS. This travelling wave propagates
around the sphere until reaching the specular point, with a
backscattered wave generated, and this combines with the
specular reflection constructively or destructively, to create a
creeping wave. This process is also called early time response
(ETR). The second stage comes with the induced current in
the sphere. This induced current is excited by the generated
induced electric field which resists the incident wave. This
induced electric field is also called the resonant response,
or late time response (LTR).

Baum [19], [20] proposed a mathematical representation
based on the singularity expansion method (SEM) to describe
the induced current generated by the incident wave in terms of
the expansion of Laplace domain singularities. The induced
current based on the SEM is expressed as (6):

i =y B E I oo i, &,
n=1 S — Sy
©)

where J and E' are the induced current and incident electric
field respectively, tp is the late time Turn On time, s, =
o, +jwy 1s the resonant response in the pole representation, o,
and w, are the damping constants and resonant frequencies,
1, is the coupling coefficient, k' and &' are the direction and
polarization of the incident wave. v, is the natural mode of
the resonant response, F is the ETR. Substituting (6) into (3)
as:

B¢ 9=Y IR WKL) o R # ) ()

S — Sp

where R, is the residue of the pole, W is the ETR. The time
domain of (8) is

E)’(f,t)zz R (k’ o, r)es" ut — 1)+ Wok, 87, 1)
(®)
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where #7 is the resonant response or LTR Turn On time,
which means the boundary between the ETR and LTR. For
(7) and (8), the first and second terms are the LTR and
ETR, respectively. The ETR term is an entire function, and
the LTR is represented by the expansion of poles. Here the
poles s, = o0, + jw, are independent of the direction and
polarization of the incident wave and only determined by
the properties of the object in terms of shape, materials, etc
[23]. This distinctive feature of s, can be used to describe
the object of interest in terms of the LTR in transient scat-
ter signals. Several methods [24]-[27] have been proposed
for the extraction of the poles, such as Prony’s method,
Covariance method and Matrix Pencil Method (MPM). In this
paper, the MPM is used to extract the poles of the transient
scatter signal, due to its robust pole estimation in noisy
environment.

B. THE TRANSIENT SIGNAL

The electromagnetic scattering mechanism has been analyzed
by considering the tumour resonance response in a lossy
medium (breast tissue). The skin and fat scattering mecha-
nism mainly involves the optical region, which contributes
the ETR in the received time domain signals. However,
the tumour scattering mechanism only involves in the reso-
nance region, which contributes the LTR. Besides, the tumour
response in the resonance region only depends on its proper-
ties, such as morphology and dielectric constant. This unique
feature can be used to distinguish between benign and malig-
nant tumours.

Fig. 5 (a) shows the received transient scattering signals.
These signals are obtained using the proposed mono-static
radar imaging system, and each corresponds to as top points
(the points in Fig. 2) of the Vivaldi antenna. These signals are
too close to be distinguished. Hence, a transient scattering
signal when the Vivaldi antenna stops at the centre of the
breast phantom (X =0, Y = 0, Z = 80) is selected, as shown
in Fig. 6 (b).

The first step is to determine the boundary between the
ETR and the LTR, which is also the turn on time #7. In [27],
the turn on time #;, is defined by assuming that the tran-
sient response of a scattering object is observed in free
space (9):

ta = R/c
tp =1t +Li/c
fLmax = Lmax/c
t = 2tA + 2t max > 2t + tpw 9

where t4 and fp indicate the time when the wave front
reaches the points A and B, L,y is the maximum dimen-
sion of the scattering object, t,, is the width of the inci-
dent pulse, and 77 is the turn on time. In this paper,
Equation (9) is used to estimate the #; in the cancer-
ous breast phantom by applying the following necessary
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FIGURE 5. (a) The received transient scattering signals and (b) selected
signal.
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FIGURE 6. (a) The free space scattering configuration (b) The transient
scatter signal of the cancerous breast phantom.

modifications (10):

ta = Ry/c+ Rs/vs + Ry /vy

tp=1ta+L;/c
tLmax = Lmax/ vf
t > 2ta + 2tpmax > 2t + Tpw (10)

where Ry, Ry, Ry indicate the travelling path of the wave
in free space, skin and fat layers. vy and vy are the wave
velocities in the skin and fat layer, respectively. Ly = Ly
indicates the diameter of the tumour. #,, is the width of
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the incident pulse. Fig. 6 (b) shows the turn on time tp
as well as the ETR and the LTR. The ETR contains the
specular reflections and forced response generated by the
induced current. The LTR only contains the induced current
at the natural resonance frequency. Hence, the LTR can be
decomposed to the sum of the damping sin functions, with
their frequencies corresponding to the natural response of the
object. The damping factors can then be used to distinguish
between benign and malignant tumours.

However, the determination of the boundary between
the ETR and LTR is based on prior knowledge of the
object (tumour) position. Hence, for the microwave image
based cancer detection, a solution can be to first create the
cross-images of the breast phantom to indicate the tumour
position, and then to use the tumour position to estimate the
boundary. A time window is then designed to remove the ETR
and unwanted clutter. The remaining LTR part will be used to
extract the natural response of the tumour.

C. THE CREATION OF THE BREAST

CROSS-SECTION IMAGES

A set of received transient signals is shown in Fig. 7 (a).
The tumour response is too weak compared with the skin
reflections, and can easily be drowned out in the clutter. The
first step of the creation of the breast cross-section images is
to subtract the skin effect and clutter. To solve this problem,
most studies suggest measuring the transient response signal
of a breast phantom without the presences of tumour. This
calibration signal contains only the skin response and other
unwanted clutter. The tumour response can then be extracted
by subtracting the calibration signal. This process can be
expressed by Sumour = Srece — Scal, Where Syece and S¢q;
indicate the received transient signal and the calibration sig-
nal respectively. However, this method cannot be applied in
clinical practice since the identical breast without a tumour is
not unavailable. Here, we present a new method to eliminate
the skin effect and clutters.

The mono-static radar based cancer detection rotates the
antenna to scan the breast phantom, and the received transient
signal can be expressed by: Sl e = Stin  Stmour St iter
where S},... Sipins Stumour @nd S}, indicate the received
signal, skin effect, tumour response and clutters, respectively.
The notation i indicates one of the antenna stop positions.
We define the calibrated signal as:

éal = (Siece - S;:ci + S;l;ece - S;e_cé
+Stece = Stace + Stece = Srece)/4 (1D

rece rece rece

where S&F1, §7-1 §i+2 and §-2 indicate the adjacent antenna
positions. Since the antenna rotates in fixed small steps while
maintaining a constant distance to the skin layer, the skin
effect and clutters are also constant. Hence, taking the average
value of the subtraction of the four adjacent signals eliminates
the unwanted response while enhancing the tumour response.
This method can be used with both the time and frequency

domain signals.
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FIGURE 7. (a) The received transient scattering signals and (b) the

envelope of the analytical signals and (b) tumour response after
calibration.

1) For the image creation based on the transient signals,
instead of directly using the received signal S(t), we employ
its analytical signal ST (t), represented as:

§T(1) = S@) +jH{S®)) (12)

where, S(¢) is the original received signal as the real part,
and H{S(#)} is the imaginary part which is obtained from the
Hilbert Transform of S():
+00
e Mt (13)
TJ) o St—1)

Fig. 7 (b) shows the envelope of the analytical signal. This
is used for the further processing. The use of the analytical
signal provides a more average representation of the received
signal, which more clearly indicates the skin, tumour and
clutter compared with the original received signal. As seen
from Fig. 7 (b), the skin effect is very strong compared with
the tumour response, so we need to calibrate the received
signals by removing the skin effect. In our system, the antenna
rotates around the breast to transmit and receive the signals
while maintaining a constant distance to the skin layer. So,
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FIGURE 8. The received S;; parameters at (a) each of the stop point and
(b) the center of the breast phantom (X =0, Y = 0, Z = 80).

the amplitude of the skin effect part of all the received sig-
nals are very close. However, the amplitude of the tumour
response part becomes stronger when the antenna rotates
close to the tumour and when the antenna rotates away
from the tumour, the amplitude becomes weak. According
to this phenomenon, firstly, we calculate the average ampli-
tude of the skin effect part (also called the ETR part as
seen in Fig. 6 (b)) using all received signals and consider
the averaged amplitude as a calibration signal. Then, each
received signal is calibrated by subtracting this calibration
signal. As seen from Fig. 7(c), the skin effect and unwanted
clutter are significantly eliminated. The peak of the tumour
response is used to create the breast phantom images in the
next section.

2) Fig. 8 (a) shows the received S| parameters. Each cor-
responds to a stop point when the Vivaldi antenna is moving
to scan the breast phantom. Fig. 8 (b) shows the S1; when
the Vivaldi antenna stops at the centre of the breast phantom
X =0,Y =0, Z = 80). The skin effect and clutter can
be eliminated by using (11) and the resulting values of the
calibrated Sq; at 5, 7, 9 GHz are used to create the cross
images of the breast phantom in the next section.

IV. THE RESULTS

This section presents the 3-D cross-images of the cancerous
breast phantoms. The received transient signals and the Sy
parameters have been collected at different stop points when
the Vivaldi moves to scan the breast phantom. Both transient
signals and frequency domain signals show stronger ampli-
tude when the Vivaldi antenna moves close to the tumour,
due to the high dielectric differences between it and the
surrounding tissues. Each of the stop points corresponds to a
received signal in both time and frequency domains (transient
signals and S11, as shown in Fig 7 (b) and Fig 8 (a)). Hence,
the cross-section images of the breast phantom can be created
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FIGURE 9. (a) Benign and (b) Malignant tumour positions (T) in x-y plane, x-z plane and y-z plane, in time domain, 5, 7 and 9 GHz, respectively.

using the intensities of the preprocessed transient signals and
S11 parameters using (11).

A. IMAGING RESULTS

Fig. 9 (a) shows the 3-D cross-section images of the breast
phantom. These images are obtained from the time domain
signals, S11 at 5, 7 and 9 GHz respectively. The imaging
results show that the benign tumour can be easily detected.
Each of the images shows the correct position of the tumour.
Specifically, the images obtained from the transient signals
and S;; at 5 GHz shows a very clear tumour position with
little surrounding noise. The 7 GHz images show the correct
tumour position but the surrounding noise starts to interfere
with the judgment of its position. The 9 GHz images show
a butterfly-shaped energy distribution due to the power flow
density becoming weak in the centre of the Vivaldi antenna
when the working frequency increases. Fig. 9 (b) shows
the 3-D images of the breast phantom with the embedded
malignant tumour, using the time domain signals, S17 at 5, 7,
9 GHz. The resulting images show that the malignant tumour
can be detected but with more noise compared with the
benign one. Strong clutter is distributed around the malignant
tumour images, especially at 9 GHz, due to its irregular and
spiky morphology. The imaging results reveal the relation-
ship between the cross-section images and the power flow
density of the antenna. The time domain signals describe the
tumour response across all whole working frequencies, while
the frequency domain signals represent the detailed tumour
response at different working frequencies. Furthermore, each
working frequency corresponds to a different power flow den-
sity. At lower frequencies such as 5 GHz, the power density
gathers in the centre front of the antenna, with more energy
reflected, and this, results in clearer images. Conversely,
the higher working frequency (9GHz, etc) results in relative
blur images due to the dispersed power flow density. Not
enough power is focused in the center of the antenna, given
that the power flow density is a bidirectional radiation pattern,
to illuminate the tumour. Therefore more noise is obtained
from the multiple reflections such as from the edge of the
antenna and the skin layer.

VOLUME 8, 2020

B. THE SINGULARITY EXPANSION OF MALIGNANT

AND BENIGN TUMOUR RESPONSES

The imaging results show that both of the malignant and
benign tumours can be detected with acceptable cross-section
images. However, the image results cannot differentiate
between malignant and benign tumours due to the accumu-
lated noise and vague outline of the tumours. The princi-
ple of complex natural responses (CNRs), as introduced in
Section IV, and malignant and benign tumours have for dif-
ferent morphologies giving different CNRs. The singularity
expansion method (SEM) is a mathematical method used
to extra the CNRs of the malignant and benign tumours.
Fig. 9 shows the tumour positions, which can be utilized
to estimate the boundary between ETR and LTR based on
(10). Fig. 10 (a) illustrates that the estimated (dashed line)
and the actual (solid line) boundaries are quite close, and
this agreement, confirms the accuracy of the tumour position
obtained from the imaging results as well as the LTR turn
on time. A time window is used to eliminate the ETR and the
clutters, with LTR remaining for further processing, as shown
in Fig. 10 (b). Fig. 10 (c) and (d) show the calculated CNRs
and the spectrum of the malignant and benign tumours, based
on the actual and estimated LTR respectively. The results
indicate that the estimated and actual CNRs are quite close.
Besides, it can be observed that in general, the damping
factors of the malignant tumour are greater than those of the
benign tumour. On the other hand, the damping factors of both
the malignant and benign tumours increase from 5 to 8 GHz,
then falling down to the same level of the 7 GHz damping fac-
tor at around 9 GHz. Also, the spectrum of the benign tumour
response is higher than that of the malignant tumour, ranging
from 5 to 9 GHz. The observed results reveal the relationship
between the morphology of the tumour and the damping
factors as well as the spectrum of the received signals. Firstly,
the morphological appearance of the tumour strongly affects
the damping factors and the spectrum response. Specifically,
a spiculated periphery causes stronger damping factors and a
lower spectrum response than does a smoother periphery, due
to the irregular surface scattering the incident wave in differ-
ent directions. This phenomenon can be used to discriminate
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FIGURE 10. (a) The estimated LTR turn on time, (b) calibrated tumour
response, (c) calculated damping factor and (d) spectrum of the benign
and malignant tumour.

between malignant and benign tumours of the similar sizes,
especially when the cross-section images of the cancerous
breast cannot provide sufficient resolution.

V. CONCLUSION

This paper proposes a method based on complex natural
responses (CNRs) as a complement to the current mono-
static radar imaging system to characterize breast lesions
in 3-D simulation. Two pathological phantoms, one with
a benign and the other a malignant tumour embedded, are
measured using the proposed mono-static imaging system to
create the cross-section images in order to indicate the tumour
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positions. Both the malignant and benign tumours are cor-
rectly indicated in the resulting images. However, more noise
accumulates around the malignant tumour, due to its spicu-
lated periphery. Hence, the images of the malignant tumour
have a more blurred boundary. Furthermore, images based on
the time domain signals have lower noise levels than the fre-
quency domain images since the former signals are average
description of the whole working frequency range. Besides,
the imaging results at 5 GHz provide clearer tumour location
than those at 7 and 9 GHz since the bidirectional power flow
density at higher frequencies causes the dispersive radiation
from the Vivaldi antenna and the multiple reflections between
the antenna edge and the skin layer, and therefore more noise
gathered. Furthermore, the SEM based method is used to
extract the complex natural resonances (CNRs) of the malig-
nant and benign tumours. The results show that the damping
factors increase when the surface of the tumour becomes
more irregular, which means that the received signals from
the malignant tumour have stronger damping factors. This
is a potentially useful feature for distinguishing between
malignant and benign tumours, especially when they are of
similar size. Simulation results show that the use of the CNRs
can successfully discriminate between a spherical benign
tumour with a radius of 5 mm and a speculated periphery
with an average radius of 5 mm. Further work will focus on
the experimental work using a more realistic breast model
to address various practical problems, and especially that
of highly noisy environments. Besides, we are considering
two approaches to achieve a better discrimination between
the benign and malignant tumours. One way is to increase
the working frequency of the antenna so that the image
resolution can be improved. Another way is to employ the
deep learning based semantic segmentation network such as
U-net for tumour discrimination.
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