
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 1

On the Feasibility of Breast Cancer Imaging
Systems at Millimeter-Waves Frequencies
Simona Di Meo, Student Member, IEEE, Pedro Fidel Espín-López, Student Member, IEEE,

Andrea Martellosio, Student Member, IEEE, Marco Pasian, Senior Member, IEEE,
Giulia Matrone, Member, IEEE, Maurizio Bozzi, Senior Member, IEEE,

Giovanni Magenes, Member, IEEE, Andrea Mazzanti, Senior Member, IEEE,
Luca Perregrini, Fellow, IEEE, Francesco Svelto, Fellow, IEEE,

Paul Eugene Summers, Giuseppe Renne, Lorenzo Preda, and Massimo Bellomi
(Invited Paper)

Abstract— Medical imaging currently relies on several tech-
niques, including X-rays, magnetic resonance, and echography.
However, these techniques exhibit drawbacks, and alternative
approaches are required. Microwave imaging has been proposed
as a possible solution, especially for breast cancer imaging.
However, most of these systems work with a central frequency
of a few gigahertz, and this leads to a suboptimum resolution,
which can jeopardize the image quality. Millimeter waves can
provide superior resolutions, at the cost of a lower penetration
depth within the breast tissue. In addition, a significant fraction
of the power generated by a mm-wave imaging system would
be reflected back from the skin. For these reasons, and also
considering that mm-wave transmitters and receivers have been
historically outperformed by microwave counterparts in terms
of available power and sensitivity, mm-wave imaging has not
been considered a possible solution. This paper contributes
to demonstrate a paradigm shift toward the possible use of
mm-waves for breast cancer imaging of targets a few centimeter
below the skin, a useful penetration depth for several cases. All
key points are addressed using analytical, full-wave, and multi-
physics simulations, including the system architecture (linear and
conformal), the safety aspects (power density, specific absorption
rate, and temperature increase), and the use of realistic breast
models derived from ex vivo measurements.
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I. INTRODUCTION

BREAST cancer is a leading disease worldwide affecting
a significant fraction of women. Breast cancer detection

is currently achieved (along with manual palpation) by using
three different imaging techniques, i.e., X-ray mammogra-
phy, ultrasound echography, and magnetic resonance. How-
ever, all techniques have some disadvantages. Echography is
strongly dependent on the physician’s ability, thus generating
an extremely variable success rate; X-ray mammography is
based on uncomfortable compression and ionizing radiation,
thus preventing its use for mass periodical screening; magnetic
resonance requires an extremely large and costly machine, thus
preventing its use for mass periodical screening. Therefore,
alternative and/or complementary imaging techniques are wel-
comed.

Microwave imaging is proposed as a possible solution to
this problem [1]–[6]. The most important advantages are the
use of nonionizing radiation and the availability of relatively
low-cost equipment. In addition, all proposed systems require
no (or smooth) compression and are conceived to be oper-
ator independent. Different system architectures have been
exploited, the most common being tomography and multistatic
radar, and they all rely on the contrast between the dielectric
proprieties of normal and tumorous breast tissues [7], [8].

All proposed microwave-imaging systems to date share
similar operational frequencies, not exceeding a few gigahertz.
Consequently, they tend to lack in resolution, a critical prob-
lem for breast imaging, because a low resolution is directly
translated into a difficult morphological reference for the
physician [1], [9]. The natural solution to this problem relies
on the use of higher frequencies, which allows for a better
spatial resolution and a downscaling of many components
(in particular sensors and antennas). However, the main prob-
lem attributed to the use of higher frequencies, in particular
mm-waves, is the low penetration depth. For this reason,
in the framework of an increasing interest for the use of
higher frequencies in the field of biomedical applications [10],
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systems working at mm-waves and beyond (THz-regime) have
been often limited to applications where the penetration depth
is not a key parameter, such as skin cancer detection, cancer
margins detection during surgical removal, corneal, and dental
monitoring [11]–[14].

However, it has been recently suggested that this limitation
can be overcome to provide breast imaging at different
frequencies, up to the THz and infrared spectrum [15]–[19].
In particular, mm-wave frequencies deserve high interest,
because they represent a natural continuation of a well-
established research path at microwave frequencies, and
because the latest technological developments in the field
of automotive (car radar), security (body scanner), and
communication (short-range links) markets can now provide
suitable transmitters and receivers at a relatively moderate
cost [20]–[22].

This paper discusses the possibility of using mm-waves at
around 30 GHz for breast cancer imaging, taking into account
for the first time newly available experimental values for the
dielectric properties of breast tissues up to 50 GHz [23], [24].
In addition, also the safety aspects related to the body exposure
to relatively high levels of electromagnetic power are con-
sidered [25], [26]. It has been demonstrated that, in several
cases, a penetration depth of a few centimeters is possible,
while maintaining reasonable safety margins, and specifically
in terms of temperature increase. In addition, design guidelines
are provided for future system architectures. This paper is
organized as follows. Section II discusses the safety limits
imposed by current regulations and, using full-wave and mul-
tiphysics models, it calculates the power density, the specific
absorption rate (SAR), and the temperature increase within the
body for different power levels. Sections III and IV discuss
on the basis of analytical equations the system architecture, in
particular, in terms of number and position of the radiators,
providing design guidelines for two different array config-
uration, i.e., linear and conformal. Section V demonstrates
two examples of image formation within a relevant simulated
breast.

II. SAFETY LIMITS

The safety aspects related to the exposure to nonionizing
electromagnetic fields are discussed by a number of scientific
panels, including the independent International Commission
on NonIonizing Radiation Protection (ICNIRP), which is
considered by many regulatory bodies, including the European
Union, in establishing safety recommendations [27]. Notably,
the ICNIRP data are divided into two parts: the first part,
referred to as basic restrictions, concerns quantities directly
related to the biological effects within the body, e.g., the
SAR, and an extract is summarized in Table I. The sec-
ond part, referred to as reference levels, concerns quantities,
mathematically derived or extrapolated from the quantities
reported in Table I, but easier to measure or simulate, such
as the electric or magnetic field, and an extract is summarized
in Table II. The mandatory limits are those summarized in
Table I (basic restrictions), and because of the extrapolations
necessary to move from Tables I to II, reference levels are
calculated with a safe margin in such a way that compliance

TABLE I

ICNIRP BASIC RESTRICTIONS FOR GENERAL PUBLIC (VALUES
IN PARENTHESIS ARE OCCUPATIONAL LIMITS)

TABLE II

ICNIRP REFERENCE LEVELS FOR GENERAL PUBLIC (VALUES

IN PARENTHESIS ARE OCCUPATIONAL LIMITS)

with reference levels (easier to be verified) automatically leads
to compliance with basic restrictions (directly related to health
effects). Conversely, if reference levels are exceeded, this does
not automatically mean that the basic restrictions are not met,
and more accurate analyses and verifications are required.

However, the values reported in Tables I and II are affected
by a number of limitations when applied to mm-wave frequen-
cies. First, these limits were derived before the rapid growth in
the availability of mm-wave devices. Second, above 10 GHz,
a limit in terms of power density is given (10 and 50 W/m2

for general and occupational public, respectively), but recent
studies pointed out that current exposure guidelines may be
not fully appropriate [25]. This is because the evaluation of
the power density in a complicated scenario, as it can often be
the case for biological applications where the radiators may
be in proximity (i.e., near-field) of highly reflective tissues
(e.g., skin), is often not univocal. Conversely, the results may
vary depending on the methods used for the numerical or
experimental investigation.

On the other hand, the SAR, probably the common para-
meter to evaluate the interaction between the electromagnetic
fields and the biological target, is not given at mm-wave
frequencies. This reflects recent studies where a possible
uncorrelation between the SAR and the temperature increase
in the tissue at mm-wave frequencies is demonstrated [25].
A number of studies have tried to address these problems,
providing a more detailed analysis of the interaction of human
tissues with mm-waves [28].

However, for many applications, e.g., communication
devices, the radiators are not intended to directly illuminate
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Fig. 1. Schema of the full-wave/multiphysics model used to calculate the
safety limits. The WR28 open-ended waveguide is depicted in black, the skin
in light gray, and the breast tissue in white. (a) Side view. (b) Front view.

human tissues, and the presence of electromagnetic fields
within the body is, ideally, something to be minimized, as
traditionally pursued for mobile devices at both microwave
and mm-wave frequencies [29]. Two recent applications,
that involve directly illuminating the human body, are
mm-wave body scanners and microwave breast imaging sys-
tems. However, mm-wave body scanners are not intended
to penetrate below the skin, and a very low power density
(around 6 mW/m2) is supposed to be generated [30]. On the
contrary, microwave breast imaging systems seek to penetrate
the whole breast. While supporting the safety of these systems,
previous studies have confirmed that the highest temperature
increase is identified within the skin, and this risk increases
with frequency [31]–[33].

It is, therefore, clear that for an mm-wave breast cancer
imaging system, designed to deliberately illuminate human
breasts in such a way that a penetration depth of a few cm can
be achieved, it is vital to properly evaluate the interaction of
mm-waves with breast tissues, in particular, the skin. In order
to provide a complete overview of the most relevant dosimetric
quantities at play, a full-wave model (based on a commercial
software employing a time-domain method with multiphysics
capabilities) is developed to calculate the power density, the
SAR, and the temperature increase within the breast tissue.
In particular, the full-wave approach allows possible limita-
tions based on far-field formulation to be overcome, while the
multiphysics approach, which includes bio-heat equations to
calculate the thermal power dissipated because of the blood
circulation, allows to calculate the temperature increase, which
is particularly relevant given the current debate on regulations
in mm-waves.

The breast model, shown in Fig. 1, consists of two planar
layers. The dielectric properties of the outer layer are tailored
to mimic the normal human skin, while those of the inner layer
are tailored to mimic normal human breast tissues with a high
adipose content [23], [34]. As an example, it is worth noting
that, according to an experimental campaign where the ex vivo
dielectric permittivity of breast tissues was measured on more
than 200 samples obtained from more than 50 patients, breast
samples with an adipose content greater than 80% account for
a large fraction (almost one out of two) of all the measured
samples. The thicknesses of the tissues are 2 and 8 mm for
the skin and the breast tissue, respectively. In particular, the

TABLE III

PARAMETERS OF THE BREAST MODEL AT 30 GHz

thickness of the skin is designed to be representative of normal
biological conditions, while the thickness of the breast tissue
is designed to be thick enough to avoid significant reflections
at the back-end of the layer itself. All details are summarized
in Table III, which also includes the properties of the tumorous
tissue, used in the calculations presented in Sections IV and V.
Furthermore, as the free-space wavelength at 30 GHz is
around 10 mm, well below the radius of curvature of breasts,
the planar multilayer model is a viable choice. The lateral
dimension of the planar multilayer model shown in Fig. 1 is
intentionally designed to be 44.72 mm to comply with ICNIRP
guidelines. Indeed, the thresholds reported in Tables I and II
are averaged for a total area exposed to the electromagnetic
radiation of 20 cm2.

For the full-wave model, a continuous wave exposure
is assumed, and for the calculation of the thermal effects
(multiphysics simulation), an exposure time Te (i.e., the time
required to reach a steady state from the thermal point of
view) of around 115 s is accounted for, again according to
the ICNIRP guidelines. In particular, these guidelines indi-
cate an exposure time calculated as Te = 68/ f 1.05 (where
f is the working frequency measured in GHz, and Te is
measured in minutes). The breast model is illuminated using
as the antenna an open-ended rectangular waveguide WR28
(7.112 mm × 3.556 mm). For completeness, the antenna
can be placed at a variable distance from the skin. Fig. 2
shows the simulated results for the power density, calculated
at the skin surface, i.e., at the maximum. In particular, as
an example, Fig. 2(a) shows the power density for different
distances between the antenna and the skin surface, using a
transmitting power Ptx = 100 mW. It is observed that the
near-field nature of the problem yields a dependence on the
distance different from the usual square law typical of the far-
field propagation. For example, at around 20 mm, the power
density is around 8 W/m2, while at around 40 mm the power
density is around 6 W/m2. On the other hand, Fig. 2(b) shows,
as an example, the power density for different values of the
transmitting power Ptx, using an antenna-to-skin distance of
around 15 mm. As expected, it is observed that the trend is
described in linear proportion. For example, at 0.1 W, the
power density is around 10 W/m2, while at 1 W, the power
density is around 100 W/m2. Overall, it is shown that it is
possible to use both parameters, i.e., transmitting power and
antenna-to-skin distance, to meet either the general public
(10 W/m2) or the occupational limits (50 W/m2), reported
in Tables I and II.

Although the SAR limits are not relevant for mm-wave
frequencies, and as described earlier, no thresholds are given,
as already discussed, Fig. 3 shows the SAR calculated for an
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Fig. 2. Power density at the skin surface for (a) different distances between
the antenna and the skin surface, using a transmitting power Ptx = 100 mW
and (b) different values of the transmitting power Ptx, using an antenna-to-
skin distance of around 15 mm.

Fig. 3. Power density within the breast model shown in Fig. 1 calculated
for a transmitting power Ptx = 100 mW and an antenna-to-skin distance of
around 15 mm.

antenna-to-skin distance of around 15 mm, and a transmitting
power Ptx = 100 mW. It is observed that the highest values
for the SAR occur in the skin, while the amount of power in
the breast tissue is not expected to create relevant effects for
the safety aspects.

As anticipated, a multiphysics approach, including bioheat
equations to calculate the thermal power dissipated because of
the blood circulation, is required to provide the most important
parameter, which is the temperature increase. Indeed, since

Fig. 4. Temperature increase within the breast model shown in Fig. 1
calculated for a transmitting power Ptx = 100 mW and an antenna-to-skin
distance of around 15 mm.

the most relevant biological effects on the mm-waves are
expected to be associated with thermal effects, beyond the
limits provided by the ICNIRP guidelines, the temperature
increase represents a fundamental verification.

Fig. 4 shows the temperature increase calculated for an
antenna-to-skin distance of around 15 mm, and a transmit-
ting power Ptx = 100 mW. It is observed that the highest
temperature occurs in the skin, but it remains below 1°,
which can be considered a conservative limit for thermal
effects [35]. In addition, it is demonstrated that the model
dimension (10 mm) is enough to take into account the portion
of the breast where quantities related to the safety aspects
are expected to be calculated. Taking into account all these
results, in particular those related to the temperature increase,
a transmitting power Ptx = 100 mW is taken as the reference
value for the subsequent system architecture optimization,
presented in Section IV.

III. SYSTEM ARCHITECTURE—OVERVIEW

The working principle of the system conceived for breast
cancer imaging at mm-wave frequencies, shown in Fig. 5,
is based on a multistatic radar architecture. It consists of
M antennas able to either transmit or receive a signal at
mm-waves. In particular, while an antenna is used to transmit
the signal, all the remaining M − 1 antennas are used to
receive the backscattered signal. This procedure is repeated
M times, each time using a different transmitting antenna. It is
immediately calculated that the number of transmitter–receiver
combinations is M(M−1). Therefore, the backscattered signal
(without losing generality, the target is supposed to backscat-
ter uniformly in all directions) is collected and coherently
summed M(M−1) times. This improves the received power by
a factor equal to (M(M − 1))2. At the same time, the receiver
noise, supposed to be incoherent, is integrated M(M−1) times.
Therefore, the final signal-to-noise ratio (S/N) is improved by
an improving factor F = M(M − 1), greatly enhancing the
dynamic range of the system. However, this holds only when
all received signals are equal to each other. In fact, while the
noise is always integrated M(M−1) times, the power received
is a function of the actual collected signals.

In particular, for a generic imaging system, a source of
imbalance among the received signals is the different propa-
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Fig. 5. Schema of the working principle. The target (black ellipse) is at a
distance D from the antennas, which comprises M antennas separated by a
distance d. The antennas positively contributing to the final S/N are shown
as black circles, and an example of propagation path is shown from antennas
#1 to #7. The antennas negatively contributing to the final S/N are shown
as gray circles, and an example of propagation path is shown from antennas
#1 to #12. The symmetry plane is depicted as the central light gray line.
In this example M = 23(ML = 1), while the total number of useful radiators
(black circles) is 15.

gation distance. If an ideal case, with no losses is considered,
the received signals will be equal to each other, thus delivering
the ideal improving factor F = M(M − 1), regardless of the
different propagation distances. However, for real propagation
media, this rigorous condition does not hold, and the ideal
improving factor can only be approached when the attenu-
ations of the different transmitter–receiver paths are similar
to each other. This can be achieved when the propagation
distances are similar and/or in case of a low-loss medium.
As an example, imaging systems at microwave frequencies
working according to this approach have been proposed [2].
Conversely, at mm-wave frequencies, the attenuation in the
propagation medium may be notable, causing significantly
different propagation losses even among adjacent radiators,
thus partially spoiling the improving factor.

To better explain this aspect, let us consider a typi-
cal example where a hypothetical target is at a distance
of D = 5 cm from the antenna plane, which comprises, for
simplicity, only three antennas separated by a relative distance
of d = 5 mm. In particular, antenna #1 is directly in line with
the target, antenna #2 with a lateral displacement of 5 mm, and
antenna #3 with a lateral displacement of 10 mm. According
to the multistatic radar principle explained previously, the
signal backscattered by the target is collected six times as
reported in Table IV. However, each path exhibits a different
propagation distance, calculated according to a ray-optics
approach and reported in Table IV, slightly greater than the
two-way propagation distance between the target and the
antenna plane. Consequently, apart from the ideal case, where
no attenuation holds and a perfect improving factor is retrieved
(i.e., F = 6), a real propagation medium provides different
relative attenuations (with respect to the shortest path), causing
a reduction of the improving factor.

In the case of healthy breast tissue as the propagation
medium, the attenuations are calculated by taking into account
the dielectric properties at 30 GHz, already reported in
Table III. The relative attenuations between different paths,
shown in Table V, are as high as almost 0.5 dB, causing a
not negligible reduction of the improving factor with respect
to the ideal case (F = 5.3, Table VI). Moreover, although

TABLE IV

PROPAGATION SCHEMA FOR THE SYSTEM SHOWN IN FIG. 5

TABLE V

RELATIVE ATTENUATION WITH RESPECT TO THE SHORTEST PATH

(#1 AND #3 IN TABLE IV), MEASURED IN dB, FOR
BREAST FAT AT 30 GHz

TABLE VI

IMPROVING FACTOR FOR THE S/N FOR THE IDEAL

CASE AND FOR BREAST FAT AT 30 GHz

the number of the antennas is limited to three to explain the
working principle, it is worth observing that the difference
with respect to the ideal case rapidly increases with the number
of antennas.

This example clarifies that the usual benefits given by the
use of a multistatic system architecture, which most often
hold at microwave frequencies, should be carefully addressed
at mm-wave frequencies. In particular, it is very important
to design the proper number of radiators and their reciprocal
locations in order to maximize the improving factor for a given
penetration depth. Indeed, following the discussion reported
earlier, it is expected that the system S/N can be improved
with respect to the S/N of the single transmitter–receiver pair
by increasing the number of radiators up to a certain threshold.
Then, adding other radiators, the system S/N will begin to
deteriorate, as shown in Fig. 5.

IV. SYSTEM ARCHITECTURE—LAYOUT OPTIMIZATION

One of the most important advantages of an mm-wave
imaging system is the potential resolution. In particular, two
different resolutions can be discussed, the range resolution δR

and the lateral resolution δL . Without losing generality, let us
assume a 2-D scenario, where the system is intended to form
an image of the plane containing the radiators. If they are
arranged along a line, as shown in Fig. 5, the range resolution
δR is the resolution achievable along the direction normal
to the antennas, while the lateral resolution δL is resolution
achievable along the direction parallel to the antennas. In
particular, the range resolution δR can be calculated as

δR = v/(2B) (1)

where v is wave speed into the medium, and B is the signal
bandwidth. Taking into account the dielectric permittivity
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reported in Table III, and considering as a practical case
the use of standard open-ended waveguides WR28, with a
fundamental-mode bandwidth from 26.5 to 40 GHz, a range
resolution δR = 6 mm at 30 GHz can be calculated. On the
other hand side, the lateral resolution δL is also a function of
the wave speed v, but it also includes the dimension of the
aperture plane, and it can be calculated as

δL = vD/( f L) (2)

where D is the distance from the aperture plane to the target,
f is the working frequency, and L = (M − 1)d is the
aperture dimension. As an example, for a target at a distance of
D = 5 cm imaged with nine antennas (L = 4 cm), a lateral
resolution of δR = 6.75 mm at 30 GHz can be calculated,
approximately that of the range resolution. It is worth observ-
ing that the wave speed v in the medium, being lower than
the speed of light (around 1.7 · 108 m/s instead of around
3 · 108 m/s), contributes to enhance both resolutions.

To reduce the burden of full-wave simulation, the system
architecture is designed, implementing an analytical solution
based on an approximated link budget that allows testing and
optimizing several different system configurations. The prop-
agation loss for each transmitter–receiver path is calculated
according to the data reported in Table VII, and computing
the propagation distance according to the ray-optics approach
mentioned in Section III. Given the approximated nature of
the calculation, a conservative margin is taken for a number
of parameters [e.g., the receiver noise figure (NF)], having in
mind a subsequent verification of the final configuration by
means of full-wave test cases, discussed in Section V.

The transmitted power is limited by the safety aspects
reported in Section II. In particular, using Ptx = 20 dBm
(100 mW), it was demonstrated that the maximum temperature
increase can remain below 1 °C. At the receiver side, a reason-
able NF, i.e., NF = 10 dB, and an imaging time compatible
with in vivo human breast imaging, i.e., Ti = 30 min, are
considered. It is worth noting that the current state of the art
for the NF is well below 10 dB; thus, this choice is taken to add
an extra conservative margin [36]–[38]. In addition, it is also
worth noting that the imaging time is derived from the medical
experience of other imaging techniques, where unavoidable
patient movements, such as breathing, can be largely reduced
using a prone position and a dedicated breast cup. Once the
imaging time Ti is known, the available integration time Trx
for each receiver, hence the integration bandwidth B , can be
calculated according to the number of radiators M . Indeed, as
explained in Section III, the signal backscattered by the target
is collected M times.

Therefore, the higher the number of antennas, the shorter
is the integration time (hence, the larger the integration band-
width) for each sweep, and, consequently, the higher is the
receiver noise. As an example, reported in Table VII, with
M = 8, an integration time Trx = 225 s is calculated.
According to state-of-the-art electronics, the entire bandwidth
from 26.5 to 40 GHz is scanned in the specified integration
time using an intermediate-frequency bandwidth (i.e., the inte-
gration bandwidth B) of around 18 Hz. Assuming now that the
system is operated at room temperature, with a thermal noise

TABLE VII

EXAMPLE OF SYSTEM LINK BUDGET

floor of around −173 dBm/Hz, this is translated into a receiver
noise of around −150 dBm. Therefore, the attenuations from
the transmitter to the receiver are calculated according to the
actual path geometry (as discussed in Section III for the case of
three antennas) and including, on top of standard propagation
losses, also the dissipation losses given by the imaginary part
of the propagation medium (Table III), and extra losses taking
into account the skin reflections and the target reflectivity. In
particular, an overall loss of 20 dB is included in the link
budget for these latter contributions, which can be estimated
on the basis of the dielectric properties of the different parts
(skin, normal, and tumors breast tissues, reported in Table III)
and assuming that the reflections from the skin can be partially
compensated for by adding a matching layer, or with a
dedicated antenna design aimed at radiating directly in contact
with the human body, and/or filtering out this reflection using
various techniques (e.g., time-domain reflectometry, geomet-
rical rotations of the target, and so on), as already attempted
for similar applications in the microwave region [1].

Again, it is clear that the system layout, in particular the
number of antennas, is the result of a compromise between
receiver noise, system S/N , and resolution.

However, the use of the approximated link budget allows
to take into account these opposite trends, analyzing several
different configurations in a reasonable amount of time. More-
over, to further simplify the system model, the symmetry plane
shown in Fig. 5 is exploited, working on a monolateral aperture
plane. In this way, it is also included a safety margin, being the
target at the side of the aperture a worst case scenario, because
the number of antennas positively contributing to the final S/N
is reduced. Each configuration is driven by two fundamental
parameters, i.e., the target distance D from the aperture plane,
and the number of monolateral antennas ML = (M + 1)/2,
separated by a relative distance of d = 5 mm (free-space half
wavelength). For each configuration, both the improving factor
and the final system S/N are calculated. Then, a configuration
is discarded from the available solutions if the improving
factor is less than one or if the final S/N is lower than a
realistic target at the output of the correlator, i.e., 30 dB. The
results are shown in Fig. 6.

As an example, three different target distances are consid-
ered, D = 2 cm, D = 4 cm, and D = 6 cm. A number
of results can be derived. First, as anticipated in Section III,
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Fig. 6. Improving factor for a target distance D = 2 cm (light gray line),
D = 4 cm (black line), and D = 6 cm (dark gray line).

in all cases, an optimum exists. For D = 2 cm, this optimum is
represented by a number of antennas ML = 4, for D = 4 cm,
this optimum is represented by a number of antennas ML = 6,
while for D = 6 cm, this optimum is represented by a number
of antennas ML = 7. These are optimum for the system S/N ,
and for any extra antenna, the added noise would be larger than
the added signal, thus reducing the system S/N . However, a
possible compromise could be based on the use of a number of
antennas larger than the optimum to increase the lateral resolu-
tion, at the cost of a less-than-optimum result in terms of S/N .

Second, the achieved improving factor is significantly
smaller than that achievable with the ideal lossless case, and
the ideal case is better approached for larger target distances,
as expected. As an example, for D = 4 cm and ML = 6
(optimum), the improving factor is around 8, around 3.75 times
lower than ML (ML − 1) = 30, while for D = 6 cm and
ML = 7 (optimum), the improving factor is around 13,
around 3.23 times lower than ML (ML − 1) = 42. Better
approximations of the ideal case would be obtained for targets
at even larger distances. Indeed, as explained in Section III,
the differences between the propagation paths are smaller for
targets at larger distances; therefore, the signal received by
the different receivers is more similar to each other, better
approximating the ideal case. This is also the reason why for
targets at larger distance the optimum number of antennas
is larger. However, for targets beyond around D = 7 cm,
according to the approximated link budget, the final system
S/N is calculated to be below the intended threshold (30 dB),
because the improving factor is not able to compensate for the
larger propagation losses.

Overall, it is worth observing that once the maximum target
distance is calculated (for example, in this case, D = 7 cm),
then the total number of antennas for the system is derived,
possibly with a compromise for the lateral resolution, as
already discussed. However, the imaging system would benefit
from a shelllike design, where only a fraction of the antennas
are actually routed to the correlator according to the intended
distance of the portion of the breast to be imaged, thus
maximizing the system S/N for any distance.

To minimize the difference between the propagation paths,
a conformal (spherical to fit the requirements for breast cancer
detection) system architecture can be used, as shown in Fig. 7.
Indeed, it is observed that, for a given spherical radius, if the
target is placed at the center of the sphere all the propagation
paths are equal to each other, allowing a perfect improving
factor to be achieved, regardless of the propagation losses. For
targets placed with a displacement with respect to the center
of the sphere, the conformal architecture still minimizes the
differences, generating a better improving factor with respect
to the nonconformal case.

The approach and the parameters for the calculation of the
approximated link budget are the same as those used for the
linear case, and the results are shown in Fig. 8. As an example,
a spherical radius of 5 cm (representative of an average breast)
is taken, and two different target distances are discussed,
D = 2 cm and D = 4 cm. A number of results can be
derived. First, also for the conformal architecture, an optimum
exists. For D = 2 cm, this optimum is represented by a
number of antennas ML = 5; for D = 4 cm, this optimum is
represented by a number of antennas ML = 13. Second, the
achieved improving factor, while still being smaller than what
achievable in the ideal lossless case, is improved with respect
to the nonconformal architecture, as expected. Indeed, for
D = 2 cm and ML = 5 (optimum), the improving factor is
around 6.5, around 3.1 times lower than ML (ML − 1) = 20,
while for D = 4 cm and ML = 13 (optimum), the
improving factor is around 43, around 3.6 times lower than
ML (ML − 1) = 156. It is worth observing that, in Fig. 8,
the curve for D = 5 cm (target at the center of the sphere)
is not reported, because, as anticipated, it represents the ideal
case where all propagation paths are identical and the ideal
improving factor is achieved for any number of antennas.

Overall, the improvement given by the conformal architec-
ture is clear, in terms of the higher improving factor (i.e., of
the final system S/N) and in terms of available antennas, with
an impact also on the resolution. In addition, also for the case
of the conformal architecture, it is expected a shelllike design,
where only a fraction of the antennas are actually routed to
the correlator according to the intended distance of the portion
of the breast to be imaged, thus maximizing the system S/N
for any distance.

V. SYSTEM ARCHITECTURE—VALIDATION

In order to validate the system design described in
Section IV, a full-wave model (based on a commercial
software using a frequency-domain solver) of the confor-
mal architecture is implemented. In particular, a breast
radius of 5 cm is used, with a target at D = 4 cm.
Under these hypotheses, the optimum number of antennas is
ML = 13, which corresponds to a total number of antennas
M = 2ML + 1 = 27, as outlined in Section IV. How-
ever, as shown in Fig. 8, the number of radiators can be
increased up to ML = 16 (i.e., M = 33), improving the
resolution, with limited deterioration of the improving factor.
Therefore, a total number of antennas M = 32 is designed for
this validation. As anticipated, the radiators are open-ended
WR28 waveguides, with a fundamental-mode bandwidth from
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Fig. 7. Schema of the conformal architecture. The symmetry plane is depicted
as the central light gray line.

Fig. 8. Improving factor for a conformal architecture for a target distance
D = 2 cm (light gray line) and D = 4 cm (black line).

26.5 to 40 GHz. Open-ended WR28 waveguides represent a
convenient choice for the integration in the whole array, with
a broad radiation pattern able to provide a coverage on the
entire breast.

The target is modeled as a sphere with a diameter of 2 mm,
in line with the expected system resolution. For the first test
case a sphere made out of perfect metal is considered, while
for the second test case the sphere is assumed to be made
of tumorous tissue (realistic case). Both for the breast tissue
and the tumorous tissue, the parameters reported in Table III
are used. It is worth noting that, to reduce the computational
effort, the full-wave model is simplified not including the skin.
Indeed, the volume to be meshed for a breast radius of 5 cm
is around 1360λ3, where λ is the wavelength in the breast
tissue, calculated according to Table III. If a 2-mm-thick skin
was included in the full-wave model, it would add a volume
in the order of 2750λ3, tripling the total model dimension.
Still, even neglecting in the full-wave model the extra losses
given by the skin (but they are accounted for in the link
budget study in Section IV when determining the optimum
number of antennas), the full-wave model is representative of
the intended scenario, which is mainly devised to validate the
system architecture in terms of image formation at mm-waves
within a dissipative medium, for a conformal layout.

To obtain the image, two different sets of scattering para-
meters are calculated. First, the scattering parameters with the
target are calculated. Then, the scattering parameters without
the target are calculated, and the latter are subtracted from

Fig. 9. Cross coupling between antennas 1 and 2 (black line) and between
antennas 1 and 32 (gray line), as labeled in Figs. 10 and 11.

the former to calibrate out any spurious effect, including the
crosstalk with adjacent antennas, which is shown in Fig. 9,
for two notable combinations, namely between consecutive
antennas (antennas 1 and 2 in Figs. 10 and 11) and between
opposite antennas (antennas 1 and 32 in Figs. 10 and 11).

The final set of calibrated scattering parameters is then
used as input for the image reconstruction technique, which
is implemented in MathWorks MATLAB. In particular, a
delay-multiply-and-sum (DMAS)-based beamforming algo-
rithm, proposed also for ultrasound B-mode imaging and
called Filtered-DMAS (F-DMAS), is used for image forma-
tion [39], [40]. To compute the RF signals received by each
antenna, a Gaussian pulse ρTX with a standard deviation
σ = 50.6 ps, a central frequency f = 33.25 GHz and a
fractional bandwidth (measured at a taper of −20 dB) of
around 40% (26.5–40 GHz), is synthetized.

This means practically that the entire spectrum associated
with the pulse is compatible with the bandwidth of the open-
ended WR28 antenna. In addition, the pulse peak is at t0 = 4σ .
Thus, the transmitted signal can be written as

ρTX = cos(2π f (t − t0)) · exp(−(t − t0)
2/σ 2). (3)

Then, the transmitted signal is convolved with the scattering
parameters provided by the full-wave solver. In this way,
the signal received by each receiving antenna is calculated.
This step is followed by synthetic focusing in each point
of the image. The signals are realigned in the time domain
(i.e., focused) by computing the transmit/receive delays for
each antenna pair and each focal point in the considered
image space (i.e., the two-way propagation time from the
transmitting antenna to the focal point, and back to the
receiving antenna). An amplitude equalization factor equal to
the product of the transmission and reception path distances is
also applied to each image point to compensate for the wave
geometrical spreading. The signals are then beamformed by
implementing the steps of the F-DMAS algorithm described in
[40], which has already been tested also in synthetic-aperture
ultrasound imaging [41], [42]. In this case actually, all the
signals received after each transmit event (i.e., 32 × 31 = 992
signals) are considered as inputs of the beamformer, further
enhancing target detection. With respect to other standard
algorithms, F-DMAS provides improved performance in terms
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Fig. 10. Image obtained using the F-DMAS algorithm for a target (metal
sphere, diameter 2 mm) at 40 mm from the conformal antenna plane (breast
radius 50 mm), comprising 32 antennas working in the frequency range
of 26.5–40 GHz. Color scale in decibel.

Fig. 11. Image obtained using the F-DMAS algorithm for a target (sphere
made of tumorous tissue) at 40 mm from the conformal antenna plane (breast
radius 50 mm), comprising 32 antennas working in the frequency range
of 26.5–40 GHz. Color scale in decibel.

of both beam sidelobe reduction and main-lobe narrowing
(i.e., a higher image lateral resolution and contrast). The final
image is obtained after normal image formation techniques,
including envelope detection, amplitude normalization, and
logarithmic compression.

The results are shown in Figs. 10 and 11 for the metal
sphere and the realistic case, respectively. It is shown that the
target position, identified by the peak position, is at a depth of
around 41 mm, with a lateral displacement of around 0.2 mm.
This can be considered in good agreement with the theoretical
depth of 40 mm. In addition, the measured range and lateral
resolution (at −6 dB) are approximately δR = 7.0 mm
and δL = 2.2 mm, respectively, for the metal target, and
δR = 7.0 mm and δL = 2.3 mm, respectively, for the
realistic target.

VI. CONCLUSION

This paper presented the possibility to use mm-waves
to realize a breast imaging system. For the first time, the
system layout and architecture are designed and optimized
based on experimental data for the dielectric permittivity of
the breast tissue and taking into account the safety aspects
related to the body exposure to a relatively high level of
electromagnetic power.

It is demonstrated, using multiphysics and full-wave models,
that a penetration depth of several centimeters can be obtained,
and that conformal system layouts are capable of delivering
significantly better performance than linear layouts. For a
relevant example (i.e., breast radius 50 mm, target depth
40 mm, conformal architecture with 32 antennas working

in the frequency range 26.5–40 GHz), the breast image is
reconstructed using an advanced image formation technique
(F-DMAS), showing that the target can be clearly detected.
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