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Featured Application: The proposed millimeter-wave imaging system could be used as an alter-
native technique for early-stage breast cancer detection, significantly increasing survival chances.

Abstract: Breast cancer is one of the leading causes of cancer death among women; to decrease the
death rate for this disease, early detection plays a key role. Recently, microwave imaging systems
have been proposed as an alternative to the current techniques, but they suffer from poor resolution
due to the low frequencies involved. In this paper, for the first time, an innovative millimeter-wave
imaging system for early-stage breast cancer detection is proposed and experimentally verified on
different breast phantoms. This has the potential to achieve superior resolution for breasts with a
high volumetric percentage of adipose tissue, and the merit to overcome the common misconception
that millimeter-waves cannot achieve useful penetration depths for biological applications. Three
phantoms were prepared according to the dielectric properties of human breast ex vivo tissues in the
frequency range [0.5-50] GHz. Two cylindrical inclusions made by water and gelatin or agar, mimicking
dielectric properties of neoplastic tissues, were embedded in the phantom at different depths up to
3 cm. Two double ridge waveguides, with mono-modal frequency band equal to [18—40] GHz, were
used to synthetize a linear array of 24 elements in 28 positions, acquiring signals with a Vector Network
Analyzer. The images were reconstructed by applying the Delay and Sum algorithm to calibrated
data. The feasibility of a new imaging system with a central working frequency of about 30 GHz is
experimentally demonstrated for the first time, and a target detection capability up to 3 cm within the
phantom is shown. The presented results pave the way for a possible use of millimeter-waves to image
non-superficial neoplasms in the breast.

Keywords: breast cancer detection; early diagnosis; microwave imaging; millimeter-wave imaging;
tissue-mimicking phantoms

1. Introduction

Breast cancer is the most diagnosed cancer among women worldwide, the second most
common cancer overall, and the fifth most common cause of death for cancer in women [1].
However, the current imaging techniques allow to detect cancer in early stage, increasing
the survival chance for the patient. Nevertheless, their disadvantages (e.g., exposition
to ionizing radiation for x-ray mammography), are pushing for new complementary or
supplementary techniques for breast cancer detection [2].

To this aim, the possibility of using microwaves has been largely investigated by
several research groups worldwide, since microwave medical imaging systems represent a
potential low-cost, low-risk, and easy-to-use alternative [3,4]. In addition, the technolog-
ical progresses made in microelectronics, material sciences and integrated systems have
rendered compact and relatively low-cost instrumentation available, further encouraging
the research on this topic.
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Generally, microwave medical imaging systems are based on the detection of the
dielectric contrast between healthy and neoplastic tissues, and several experimental cam-
paigns demonstrated that this contrast exists up to 50 GHz, especially when the volume
percentage of adipose tissue is comparatively high [5-10].

Microwave imaging systems rely on tomographic or radar approaches. In both cases,
several prototypes have been proposed over the past decade [11-17], and some of them
reached a high level of maturity, being tested on up to 400 women in pre-clinical stage [11].
Most recent works on microwave imaging have been published in 2019 and 2020 [18-22].

However, the central working frequency of all these systems does not exceed15 GHz.
This, for radar systems, provides a good penetration depth for virtually all breasts, but
resolutions are not always optimal for an early diagnosis, especially for breasts with a high
fat content (hence, low dielectric permittivity, which in turn means a comparatively large
wavelength). On the other hand, for tomographic approaches, which in principle could
offer optimal resolution in breasts with a high fat content, problems like high computational
costs, long processing times, and the non-univocal solution of a usually ill-posed inverse
problem, leave the search for better solutions still open.

To address this problem, higher frequencies could be used, even if the high values
for propagation losses within biological tissues have been historically considered as the
main motivation for them being employed only in the biomedical imaging of shallower
regions [23].

Nevertheless, the idea of using millimeter-wave (mm-wave) frequencies has been
recently explored, aiming at a possible use on breasts with a high fat content, by working
on the dielectric characterization of breast tissues, the fabrication of breast phantoms suited
for mm-wave operations, and the validation of the working principle on simulated and
preliminary setups [7-10,24-27].

In this work, for the first time, several experimental tests of a mm-wave imaging pro-
totype on tissue-mimicking breast phantoms (with dielectric losses up to around 40 dB/cm)
are shown, demonstrating the possibility to reach a penetration depth of several centime-
ters (up to 3 cm), while achieving a good resolution. In particular, the linear synthetic array
prototype used for these tests was based on two double-ridge waveguides (with mono-
modal working bandwidth from 18 GHz to 40 GHz) and two linear actuators to move
the antennas in the desired positions, emulating an array of 24 radiators in 28 positions.
Different types of breast phantoms with increasing values for dielectric losses were used as
imaging scenario. After the calibration of the measured data, the Delay and Sum (DAS)
algorithm was employed for image formation.

The paper is organized as follows. In Section 2, the experimental setup is described,
together with both the complete procedure for system calibration and the characterization
of the system Point Spread Function (PSF). In Section 3, the algorithm for image reconstruc-
tion is described. In Section 4, the imaging results are shown and discussed. Finally, some
conclusions are given in Section 5.

2. Materials and Methods
2.1. Experimental Setup

Because of the high signal loss during propagation within biological tissues, the
multi-static radar architecture was adopted for all measurements. With this approach, it is
possible to improve the final signal-to-noise ratio of the system, since the signal backscat-
tered by the geometry is collected M (M — 1) times, where M is the number of antennas
within the array. In particular, each antenna in turn transmits, and all other (M — 1) an-
tennas receive the signal backscattered from the target. This procedure is repeated M
times, each time using a different transmitting antenna. The complete experimental setup
consisted of:

e Two truncated double-ridge waveguides (PNR180) with cut-off frequency for the
fundamental mode, TE10, of 15.12 GHz and mono-modal bandwidth of [18-40] GHz;
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o A two-port PNA Network Analyzer (Keysight E8361C, [28]), working in the frequency
range from 10 MHz to 67 GHz, used to generate the signals and to store the scattering
parameters for each transmitting /receiving configuration;

o  Two flexible coaxial cables with high performance, to connect the PNA to the two
antennas;

e  Four micro-step actuators (Zaber T-LSM200A) used both to support the antennas and
to allow their movement in the intended positions for the generation of the synthetic
linear array;

e Alaptop to drive both the actuators and signal acquisition.

A picture of the complete experimental setup is shown in Figure 1. In all tests pre-
sented in this paper, only two actuators were moved, allowing for the creation of a synthetic
linear array for 2-D imaging. The antennas were oriented toward the floor and several
anechoic panels were used to mitigate external interferences; a polystyrene layer was used
as air-like phantom support. In all phantoms used for the test of our prototype, the skin
layer was not included, being out of the main scope of this paper, which is the experimental
validation of the possibility to achieve significant penetration depths, even at mm-wave
frequencies within realistic phantoms, allowing for the formation of a suitable image.

Flexible coaxial

Linear
actuators = i
|

-
-

[
¥

. £ Double ridge

Phantom waveguides

Figure 1. Experimental setup used for signal acquisition.

This is a simplifying hypothesis for what concerns the overall power budget, and
the creation of multiple reflections within the propagation medium. However, on the
one hand, the possibility of accounting for the skin losses as well, when adopting dedi-
cated mm-wave transmit/receive modules, was already demonstrated [24]. On the other
hand, possible strong multiple reflections (certainly increased by the skin, but at any rate
created even by the sole presence of the air-fat interface of the phantoms used in this
work, which intentionally does not use any coupling medium) can be largely addressed
adopting image-formation algorithms more sophisticated than the DAS algorithm [29].
Therefore, this simplifying hypothesis is included to focus the attention on the main aspect
(penetration depth at mm-wave frequencies), compensating for the sub-optimum power
budget provided by a standard Vector Network Analyzer (VNA), and not confusing the
results with more complex image-formation techniques, DAS being sufficient for the aim
of this work, to compensate for the multiple reflections created by the air-fat interface.
However, although due to the limitations of the standard VNA we used (especially its
Noise Figure, NF), it was not possible to insert the skin layer or reduce the scanning time
(about one hour, as explained below), the contribution of the skin was included in the
theoretical calculation [24].

In addition, it should be noted that the final system, of which this prototype aims
only to demonstrate the feasibility, will be composted both by dedicated transmit/receive
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modules, with much lower NF (adding margin to consider the contribution of the skin too),
as well as by a switch matrix connected to the physical antennas, which will significantly
reduce scanning times.

In Figure 2, a sketch of the measurement scenario is represented. The Stepped Fre-
quency Continuous Wave (SFCW) radar approach was used for data collection, and only
transmission measurements were done (therefore, for each couple of antennas, only the
521 coefficient was measured). In the SFCW approach, each antenna-target-antenna combi-
nation is considered as a linear transfer function, with its behavior defined by means of its
measured scattering matrix.

Line of the radiators | Center of the array

(JI interface

diarget Produced

ety phantom

Target
Polystyrene

Anechoic panel

Figure 2. Sketch of the measurement scenario with the phantom, where dyg/get is the depth of the
inclusion within the phantom, d;yefce is the distance of the phantom from the array, and x;s, is the
lateral displacement of the target with respect to the center of the array.

The complete information on the target is derived by the amplitude and the phase of
such transfer function between two antennas, and this information is used as input in the
image reconstruction process, after the calibration procedure.

The synthetic array of 24 elements in 28 positions was achieved by linearly shifting the
two antennas along a predetermined line with a phase center shift among adjacent radiators
of 5 mm (i.e., half wavelength in air at 30 GHz), except for the physically adjacent antennas,
for which the flange limited the spacing at 25 mm. The final width of the synthetic aperture
was equal to 135 mm.

A MATLAB (The MathWorks, Natick, MA, USA) routine was used to coordinate both
the signal acquisition and the antenna movement. The acquisition of each row of the
scattering matrix was achieved as follows. Assume that at the beginning of the acquisition
the transmitting antenna (#1) is in x_#1 = 0 mm, while the receiving antenna (#2) is in
X_#2 = 25 mm. After the acquisition of the transmission parameter corresponding to this
position, keeping the position of #1 fixed, #2 is shifted by 5 mm; therefore, we have
x_#1 = 0 mm and x_#2 = 30 mm. This procedure is repeated until #2 reaches x_#2 = 135 mm.
At this point, #1 (and consequently also #2) is shifted by 5 mm. So, for the acquisition of
the whole second row of the scattering matrix we have x_#1 = 5 mm. Antenna #2, instead,
is moved in linear steps of 5 mm from the initial position x_#2 = 30 mm to x_#2 = 135 mm.
This procedure is repeated until antenna #1 reaches x_#1 = 110 mm.

Each time, only the transmission parameters (521) were measured, and owing to the
symmetry of the scattering matrix (reciprocal property of a passive network), it was not
necessary to acquire each symmetrical transmission parameter, halving the acquisition time.

The antenna positions at each step are shown in Figure 3. Due to the physical dimen-
sion of the antenna support (flanges and other fixtures), the final synthetic array is not fully
sampled, which turns out into several zeros in the complete scattering matrix. The relative
transmit/receive apodization matrix is drawn in Figure 4; in this matrix, we indicated with
1 the cells that correspond to an active combination of transmit/receive antenna position,
while 0 indicates that the transmit/receive event has not occurred (as an example, the
element in Figure 4 cell (1,1) corresponds to x_#1 = 0 mm and x_#2 = 25 mm). The time
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required by the antennas to cover the full active aperture and record all the data was about
one hour per scan.
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Figure 3. Schema of data acquisition. In this simplified schema realized for explanation purposes,
15 antenna positions are considered (instead of the 28 positions of the real array). Red and blue dots
represent transmitting and receiving antennas, respectively.
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Figure 4. Transmit/receive apodization matrix.

2.2. System Calibration

Before using the received signals for image reconstruction, they must be properly
calibrated. This operation is fundamental, since in this configuration the proximity between
radiators provides very large mutual coupling, masking the contribution of all useful but
very weak signals reflected by the illuminated scenario.

This unwanted signal is usually referred to as “crosstalk” and it is easily removed by
subtracting the measurement done without the target to the one acquired with the target.
In this way, both the antenna coupling and the environment multiple reflections are largely
suppressed. In addition, since the imaging procedure makes use of both amplitude and
phase information to reconstruct the final image, it is fundamental to properly calibrate the
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phase of the received signal too. In fact, this is influenced by several factors (propagation in
the waveguides, transitions, spurious backscattering, etc.). To this aim, a known calibration
target is used, that is a metallic plate. This is a good standard, since its backscattering
matrix is analytically known, and the corresponding phase delay is directly related to its
distance from the antennas.

Therefore, according to [30], the complete calibration procedure is as follows. A first
measurement (M) with the metallic plate at a given distance in front of the array is
done and the corresponding scattering matrix is calibrated by the crosstalk contribution
(i.e., measurement with the plate minus measurement without the plate (M,;t¢,)). The
delay matrix corresponding to an ideal metallic plate at the same distance is analytically
computed (Mguaiytics) [31]; the elements of this matrix are complex numbers given by e~ 12nft,
where f is the frequency and 7 is the time delay. After this, the calibration of the whole
imaging systems, made by cables, transitions and antennas is achieved by means of the
ratio between these two matrixes. Then, the measurement of the target (Migget) calibrated
by the crosstalk is multiplied by this correction matrix and the result is used in the image
reconstruction procedure. The complete calibration procedure (M,;) can be summarized
by the following formula:

Mobj = (Mtarget - Mmatch) / (Mplate - Mmutch) ’ Mﬂnulytics 1

This approach is valid in general and no further steps are required for target detection
in air. On the other hand, for target detection within realistic breast phantoms, an additional
step must be carried out. In this case, the calibration procedure must also consider the
artifacts due to the strong reflection at the air-phantom interface. This contribution is
generally very high and masks the following useful signal contribution that contains
information about tumor presence. The use of a proper coupling medium could reduce it.
However, due to the difficult maintenance of the system submerged in oil and problems
related to the sterilization between repeated applications on different patients (in a potential
clinical environment), as well as the impossibility of using the abovementioned calibration
procedure with a coupling liquid, in this work, no coupling medium was employed.

To solve this problem, the time-gating approach is adopted; therefore, the image is
reconstructed starting from the end of the interface reflection in time and space (therefore
all the experimental images in phantoms do not start from z = 0 mm).

2.3. Simulated Point Spread Function

The PSF describes the response of an imaging system to a point source or to a point
object, thus it can be seen as the impulse response of the system. From a practical point
of view, the PSF gives a direct measure of the quality of an imaging system, being strictly
related to the spatial resolution.

Two full-wave simulations (using the Ansys Electronics Desktop software) were done
to determine the simulated PSF of the proposed mm-wave imaging system. Both the
simulated full-wave models included 28 rectangular waveguides (working in the frequency
range [26.5-40] GHz) in a linear configuration, in air (Case 1) and in a dielectric medium
with the same dielectric properties of human breast ex vivo tissues (Case 2).

The antennas used in the simulated scenarios are common open ended WR28 waveg-
uides. These have the same upper working frequency of the antennas used for the ex-
perimental setup (PNR180), but a higher lower working frequency (26.5 GHz instead of
18 GHz). Although this simulated setup works at frequencies not identical to those of the
experimental setup, it is useful to provide an estimation of the PSE, while maintaining the
computational effort within the limits of the available workstations (to deliver accurate,
simulated, results for the image formation algorithm, the working bandwidth is discretized
with a fine step of 50 MHz, and all points are calculated independently, thus the WR28
antennas are more convenient, to this aim, than PNR180 antennas). The distance between
phase centers of adjacent radiators is equal to half wavelength at 30 GHz in each corre-
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sponding medium. In both cases, the target was a sphere with the same average dielectric
properties of human neoplastic tissues (¢/@30 GHz = 19 and ¢”@30 GHz = 20, [8]), with
a diameter of 2 mm (i.e., point-like, in accordance with the guidelines published in [32]
for the evaluation of the PSF for a radar system), and placed at 4 cm depth from the center
of the array. In these simulations, the final dimension of the array was 13.5 cm in air and
7.8 cm in fat.

The main-lobe width along the lateral and range directions of the simulated PSFs in
both cases, i.e., in air and in fat, are summarized in Table 1, where also the comparison with
the theoretical spatial resolution (computed according to [31,33]) is shown. In Figure 5a,b
the DAS image for the simulations corresponding to Case 1 and Case 2 are shown, respec-
tively. Results show that, in both cases, the theoretical and the simulated resolutions are
comparable, considering that the formulas used to predict the theoretical values, while
useful to provide an estimation, make use of assumptions that cannot be rigorously applied
to the cases under analysis. First, the formulas are derived under far-field approximations,
which is not the case, and the lateral resolution is determined according to the lateral
dimension of the array, which is not immediately defined according to simple geometrical
consideration because of the lossy medium and, again, the near-field propagation. In any
case, the plane-wave approximation to derive the order of magnitude of the achieved
resolution was used because it can greatly simplify the study of the problem and the
interpretation of the results, without compromising the veracity of the analysis itself.

Table 1. Spatial Resolution Measured on the Simulated Point Spread Functions (PSFs) and Theoretical
Values @ 33.25 GHz.

Simulated Theoretical Simulated Theoretical
Range-Resolution  Range-Resolution  Lateral-Resolution Lateral-Resolution

Case 1 14.6 mm 14.3 mm 4.4 mm 2.7 mm
Case 2 10 mm 8 mm 3.4 mm 2.7 mm

-60 -40 -20 0 20 40 60
X [mm]
a)

20
‘540
g
N 60

80

X [mm]
b)

Figure 5. Simulated Point Spread Function for (a) Case 1 and (b) Case 2.

2.4. Phantoms

According to the recipes proposed in [25,26] by our research group, different kinds of
tissue-mimicking phantoms with increasing values of dielectric losses have been produced
and used for the test of the mm-wave imaging system. In particular, three phantoms based
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respectively on solidified oil (Phantom1), solidified Polysorbate 80 [26] (Phantom2), and oil-
in-gelatin mixtures [25] (Phantom3) were used. The numbering of phantoms corresponds
to the increasing values of dielectric properties, as well as to the logical and temporal
progression of the performed tests. In Figure 6, a photo of the produced oil-in-gelatin
phantom is shown. Details about the preparation of phantoms are omitted from this paper
for brevity (being outside the scope of this work); however, interested researchers can find
a detailed description of the recipes and procedures in [25,26]. In [25], the study of the
reproducibility of the produced phantoms was presented.

Figure 6. Picture of the produced phantom (Phantom3) used for mm-wave imaging, in which the
inclusion is visible.

On the same day of phantom preparation and imaging tests, the dielectric properties
of the produced phantoms were also measured in order to avoid any alteration of results
due to unwanted water evaporation. The dielectric properties were measured by means
of an open-ended coaxial probe (Keysight 85070E Dielectric Probe Kit) in the frequency
range [0.5-50] GHz, following the approach proposed in [25,26] to ensure both accurate
and repeatable measurements, and they were compared to [8].

The targets embedded within the phantoms were made by water and gelatin or
water and agar, in order to ensure a very significant dielectric contrast with the background
phantom with a very fast and easy-to-produce mixture. The values of the real and imaginary
part of the relative dielectric permittivity of the mixture made by water and gelatin at
30 GHz are 23 and 24.6, respectively; while, for the mixture made by water and agar
at 30 GHz, they are 26.8 and 31.9, respectively. The comparison between the dielectric
properties of low-density tissues (mean value + one standard deviation) [8] and the ones of
the produced phantoms in the frequency range [18—40] GHz is provided both for the real
and imaginary parts of ¢ in Figure 7. In addition, the values for the dielectric permittivity
of the three phantoms at 30 GHz are summarized in Table 2.

20 - 14 A
18 --Low Density --Low Density
16 Phantom?2 w 12 Phantom?2
w14 —Phantom3 :i 10 | —Phantom3
S
>~
s 6
g
P4 o ot B MR e o o o g
E (e 7 e o CU e ' N
2
0
18 20 22 24 26 28 30 32 34 36 38 40 18 20 22 24 26 28 30 32 34 36 38 40
Frequency (GHz) Frequency (GHz)
a) b)

Figure 7. Comparison between the dielectric properties of the produced phantoms and the ones of the Low density ex vivo
tissues [8] in the frequency range [18-40] GHz for the (a) real and (b) imaginary part of the dielectric permittivity.
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Table 2. Dielectric Properties of the Produced Phantoms @ 30 GHz.

¢ e o (dB/cm)
Phantom1 2.53 0 0
Phantom?2 3.67 0.13 1.85
Phantom3 7.62 4.33 41.25
Low density ex vivo tissues [8], mean value 6.27 3.2 33.83

As may be noted, whereas for healthy tissues we did a categorization based on fat
content, for tumor tissues we did not make any categorization. This was due to the physio-
logical fact that tumor tissues are all characterized by increased blood supply and, therefore,
higher water content. Our goal in this work was to demonstrate the possibility of detecting
dielectric lesions up to a few centimeters in phantom with increasing values of attenuation
(from zero to about 40 dB/cm). For these reasons, as well as because of the large variability
of the tissues’ dielectric properties, we produced simple mixtures composed only of water
and gelatin to realize the dielectric inclusion, without focusing on the exact reproduction of
the average dielectric properties of tumor tissues. The dielectric contrast (i.e., the difference
between the dielectric properties of healthy and tumor tissues) we achieved was approx-
imately 1:3 at 30 GHz when Phantom3 for healthy and the mixture of water and gelatin
for cancerous tissues are considered, and approximately 1:6 at 30 GHz when Phantom?2
and the mixture of water and gelatin are considered. In both cases, realistic values were
achieved [7,8]. The target of our imaging system working in the mm-wave regime, indeed,
is a breast with a high-volume percentage of fat tissue, i.e., with low values of ¢.

From Figure 7, as well as from Table 2, it can be seen that the dielectric properties of
Phantom1 and Phantom2 assume lower values than the average of human breast low density
ex vivo tissues (i.e., lower signal attenuation values). Instead, for Phantom3 the dielectric
properties are slightly higher than the average of human breast low density ex vivo tissues.
The final dimension of each phantom was about 23 x 10 x 5 cm? (~800 mL). Due to the
nature of phantoms, during imaging acquisitions, the temperature of the room was kept at
~20 °C to prevent the melting of the whole phantom.

3. Image Reconstruction

The image reconstruction process basically consists of two steps: the generation
of backscattered signals from the measured and calibrated S21 coefficients, and DAS
beamforming.

The S21 matrix was fed in input to a MATLAB routine that computed the radiofre-
quency (RF) signals received by each antenna after each transmission event (multi-static
configuration with M antennas). To do so, a Gaussian pulse stx with a standard deviation
o =31 ps, a central frequency f( = 29 GHz and a fractional bandwidth (measured at —6 dB)
of ~60% was considered:

stx(t) = cos(2mfo(t —40)) exp (—(t - 40)2/02) (2)

Such a signal was multiplied by each term of the scattering matrix S21 in the frequency
(f) domain, to obtain the corresponding received signal sgx after the application of the
inverse Fourier transform, that is:

Srx ij(f) = F{stx(t)}521;(f) (©)

srx ij(t) = F ' {Srx 1j(f) } 4

where 7 and j represent the transmitting and receiving antenna, respectively, and F denotes
the Fourier transform.

After that, synthetic focusing and DAS beamforming were implemented. The image
was discretized in a set of 500 x 500 pixels, and for each pixel with coordinates (x, z) the
time delay corresponding to the traveling path (7) of the mm-wave from the transmitting
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antenna in (x;, z;) to that image point and back to the receiving antenna in (x;, z;) was
computed:

7,(x,2) = v (7i(x,2) + 7(x,2))

T(x,2) =\ (r =) + (= 2) ©

2 2

5(x2) =/ (x— %)+ (- 2)
where v is the wave speed in the considered propagation medium. Subsequently, for each
pixel, DAS beamforming was applied:

I(x,2) = Y Yo srx (7 (%, 2)) (6)

The final image was obtained by applying envelope detection to I, then squaring and
finally normalizing the image, which was shown on a linear scale.

4. Results and Discussion

The mm-wave imaging prototype was first tested in air (Figure 8) and then on different
kinds of phantoms with increasing values for dielectric losses (Figures 9-12), both including
perfect scattering targets and more realistic ones, as previously summarized in Section 2.

X (mm)
a)
0
20
£ 40
B
N 60
80
-50 0 50
X (mm)
b)

Figure 8. Reconstructed mm-wave image for (a) Test 1 and (b) Test 2.

-50 0 50
X (mm)

Figure 9. Reconstructed mm-wave image for Test 3.
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Figure 10. Reconstructed mm-wave image for Test 4.

Z (mm)

-50 0 50
X (mm)

Figure 11. Reconstructed mm-wave image for Test 5.

-50 0 50
X (mm)

Figure 12. Reconstructed mm-wave image for Test 6.

Six cases will be presented in the following part of this paper. The first two tests are
in air, both on a perfect scatterer (i.e., a metallic sphere, with 4 mm diameter, placed 7 cm
(dinterface = 7 cm) far from the center of the array and 3 em laterally (1xy5, | =3 cm), (Test 1),
and on a non-perfect scatterer, corresponding to a cylinder of deionized water and gelatin,
with 8 mm diameter, placed 7 cm far from the center of the array in air and 0.5 cm laterally
interface =7 cm, | Xgisp | = 0.5 cm) (Test 2).

Subsequently, a different test involving the wave propagation in an almost lossless
medium at 30 GHz is done on Phantom1. In this case (Test 3), the phantom top surface is 3 cm
from the antenna array axis (diuterface = 3 cm), and includes a cylinder made of deionized
water and gelatin (diameter of 8 mm) at a depth of 1.2 cm (digrget = 1.2 cm). The lateral
position of this target is about 1 cm (1 x4, | =1 cm) with respect to the center of the array.

Two further tests on tissue mimicking phantoms are then performed, this time using
materials with non-zero dielectric losses, i.e., Phantom2. In both cases, the phantom included
again a cylinder made by deionized water and gelatin or agar (diameter of 8 mm). First
(Test 4), the Phantom2 is placed 5 cm (djnterface = 5 cm) from the antenna array, and the target
inside it is at a 1.5 cm depth from the top surface (dtarger = 1.5 cm). In the second case (Test 5),
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Phantom2 is 2.5 cm from the synthetic antenna array (d;userface = 2.5 cm) and the inclusion is
placed at 3 cm depth (diarget = 3 cm).

The last test (Test 6) reported in this paper is done on a phantom with high dielectric
losses (Phantom3 in Figure 7). In this case, the 8 mm cylindrical inclusion is made of
deionized water and agar. It is placed at a depth of 1.5 cm below the surface of the phantom
(dtarget = 1.5 cm), while laterally it is almost aligned to the center of the array. The phantom
is placed 3.5 cm from the antennas (dyterface = 3.5 cm).

In Table 3, a summary of the presented tests is shown. In all cases where the target is
embedded into a phantom (i.e., not in air), the depth (Z axis) of the target shown in the
following figures is computed considering the real propagation velocity of the signal in the
phantom (which is equal to v = 2rf / , where f is the frequency and g is the phase constant
of the wave, computed by considering the dielectric properties of the phantom [34]).

Table 3. Summary of the presented tests.

Target Materials

Test Medium (Diameter) dinterface l Xdisp I dturget
Test 1 Air Metallic sphere (4 mm) 7 cm 3 cm -
Test 2 Air Water & Gelatine (8 mm) 7 cm 0.5 cm -
Test 3 Phantom1 Water & Gelatine (8 mm) 3cm 1cm 1.2 cm
Test 4 Phantom?2 Water & Gelatine (8 mm) 5cm - 1.5 cm
Test 5 Phantom?2 Water & Gelatine (8 mm) 2.5 cm - 3cm
Test 6 Phantom3 Water & Agar (8 mm) 3.5cm - 1.5 cm

Therefore, calling d,;, the equivalent distance in air of the target and djyserface the
distance between the phantom top surface and the axis of the synthetic antenna array (cf.
Figure 2), the real depth of the target within the phantom (called dayget) is determined as:

(dair - d'mterface)/c = (dtarget) /v ()

The DAS images corresponding to the six case studies explained above are shown in the
following pages. In particular, Figure 8a refers to Test 1, Figure 8b to Test 2, and Figures 9-12
to Test 3—Test 6.

As anticipated in Section 2, skin has not been considered in the tests reported in this
paper, as this is the first experimental work on mm-wave imaging in tissue-mimicking
phantoms; therefore, our primary objective was to demonstrate the ability to detect non-
shallow targets within breast phantoms with increasing attenuation values using a system
with a central working frequency of about 30 GHz. Although this simplifies the power
budget and the effect of multiple reflections, does not imply a lack of validity. The extra
loss given by the skin is calculated to be compensated for by dedicated transmit/receive
modules [24]. Concerning multiple reflections, the setup intentionally avoids any coupling
medium for the reasons explained in Section 2 (difficult maintenance/sterilization and
calibration, aspects critical in a clinical perspective). This has the extra effect of generating
multiple reflections even without the skin, which can be tackled by the DAS algorithm
used in this work. Skin would no doubt increase multiple reflections, but these can be
counter-acted for, at least partially, by using higher-order image-formation algorithms [29].

Comparing the two results in Figure 8a,b, it is evident that Figure 8a is more affected
by side lobes than in case 8b, due to multiple reflections between the metallic target (used
for Figure 8a) and the setup structure, which are instead absent in the case of the cylindrical
gelatin inclusion (Figure 8b). The visible side lobes in each image, possibly due to the data
acquisition procedure, could be reduced using more sophisticated beamforming algorithms.
However, in this work we have chosen to use the basic DAS in order to compare the
different test cases in the very same basic conditions and to evaluate system performance
without adding further degrees of freedom in the image reconstruction process. It is
also worth mentioning that an irregular shape of the target can be observed in Figure 11.
However, this is due to a slight melting of the target during the inclusion procedure.



Appl. Sci. 2021, 11,432

13 of 16

In addition, the multiple reflections presented in the image derived from measurements
on Phantom?2 (Figures 10 and 11) are higher than those derived from measurements on
Phantom3 (Figure 12), index of a higher air bubble presence within Phanton2 due to the
fabrication procedure. By comparing Figures 10 and 12 another consideration could be
done. In these two cases both the target dimension and composition are the same, as well
as the target depth, which is almost 1.5 cm in both configurations. However, by comparing
the resulting images, a bigger target can be seen in Figure 12 than in Figure 10. This result
agrees with the theoretical expectation, because the signal attenuation in Phanton3 is higher
than the one in Phantom?2; therefore, the effective array dimension in the case with highest
dielectric losses is smaller, proving a worse resolution.

Concerning the diameter (8 mm) used for the water-gelatin inclusion, it should also
be pointed out that this choice was determined by the fabrication procedure. Indeed, while
offering great benefits such as low cost, safety, and ease of handling, out phantoms can
only be modeled at high temperatures (before the solidification process takes place), and
when the target mixture is injected in the background material [35] its high temperature
causes a minimal melting of the background surrounding the inclusion. For this reason,
in this work it was not possible to use cylinders with smaller diameters, although one of
our next goals is to further modify the phantom fabrication procedure to overcome this
limitation. Targets with a smaller diameter (2 mm) were in any case used for simulation
analyses of the Point Spread Function presented in Section 2.3.

The distance between the radiator line and the phantom never exceeded a few cm;
therefore, the phantom is in the near-field region of the antennas. Because of this proximity,
the propagating electromagnetic wave is a spherical wave. This choice was based on the
following considerations: on the one hand, in the final application the breast is expected
to be in the vicinity of the antenna array (thus reasonably in the near-field region); on the
other hand, moving the phantom farther from the antennas would have required a larger
sample (along the lateral direction) due to the Half Power BeamWidth, becoming no longer
compatible with the size of the standard phantom molds available in our laboratory.

Finally, let us clarify the aspects related to the resolution of microwave and mm-wave
systems for imaging of highly adipose tissues. Let us suppose, for example, a simple case,
i.e., a linear array of 14 cm size (please note that this is a fixed value that cannot be rescaled
with frequency, it is imposed by the geometrical considerations about breasts) with a target
placed 4 cm away from the center of the array surrounded by fat tissue, with very low
dielectric permittivity values, which are constant for all the frequencies of interest (¢' = 3,
¢’ = 0.3). This last assumption can be approximately correct only when low water content
tissues, such as fatty ones, are considered.

Let us also suppose that between the fat tissue and the antenna array there is neither a
matching layer nor an air layer, so 4 cm are entirely within fat. Under these hypotheses,
we can make a comparison between the expected theoretical resolutions achievable by
common microwave systems and our own.

If we consider, for example, two possible central working frequencies for a microwave
imaging system of 5 GHz and 10 GHz, with bandwidths of 3 GHz and 6 GHz, respectively,
the achievable range/lateral resolutions (computed by means of the formulas proposed
in [31,33]) are 2.88 cm/9.89 mm and 1.44 cm/4.94 mm, respectively.

In our system, the central working frequency is 29 GHz with a 22 GHz band, so the
expected theoretical range and lateral resolutions are 3.9 mm and 1.7 mm, respectively.
Therefore, an improvement in terms of theoretical resolutions obtained when using higher
frequencies in particularly fatty tissues is evident, which could allow an earlier diagnosis.

On the other hand, the main limitation of mm-waves in the biomedical field is the
reduced penetration depth of the signal into tissues, due to the high values of attenuation
during propagation. In this paper, we have shown that penetration depths in the order
of a few centimeters are experimentally possible in tissue-mimicking breast phantoms
and that our proposed system is able to correctly identify the target position in all the
presented scenario. In particular, for Phantom2, with an attenuation slightly below 2 dB/cm,
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a penetration of around 3 cm was achieved. It is worth noting that deeper penetrations
are possible, provided that a thicker phantom can be realized. For Phantom3, with an
attenuation slightly above 41 dB/cm, a penetration of around 1.5 cm was still possible,
despite the sub-optimum hardware possibilities, most notably the use of a standard VNA
instead of a dedicated transmit/receive module.

This performance (both in terms of penetration depth and scanning time) can undoubt-
edly be improved, through the use of dedicated transceivers and switch matrices, although
it should be noted that penetration depths of a few centimeters are sufficient to entirely
scan a flattened breast (derived from the woman supine position). In addition, it has been
shown in [9] that about 40% of post-menopausal women included in the database [7,8] have
a breast characterized by a high percentage of adipose tissue (with dielectric permittivity
values between 2.6 and 4.9 for the real part and between 0 and 2.7 for the imaginary part),
so it is realistic to assume particularly low dielectric permittivity values, making significant
penetration depths possible also at mm-waves. In this regard, it is important to note that,
since the proposed imaging technique is intended to be a screening system, the target
population is not the whole female population (where the percentage of very fat breasts
would not be high), but the one considered at risk (depending, among other factors, on
age), where a higher percentage of fat breasts is expected.

5. Conclusions

In this paper, the first experimental tests of an innovative mm-wave imaging system
for early-stage breast cancer detection were presented.

In particular, a synthetic linear array achieved by shifting two double-ridge waveg-
uides, with mono-modal frequency band from 18 to 40 GHz, in 28 different positions was
used and three different phantoms mimicking the dielectric properties of human breast fat
tissues were considered as propagation media. The targets consisted of materials able to
mimic the dielectric properties of human neoplastic tissues, and they were included from
1.2 cm to 3 cm depth within the phantom, demonstrating the good detection capability of
the proposed system in all cases. In this work we demonstrated the feasibility of a millime-
ter wave imaging system, where dedicated transmit and receive modules, characterized by
a lower Noise Figure (which would add further margin in terms of detectable signal), are
supposed to be used. In addition, this envisaged future system will be based on a large
number of physical antennas (e.g., 28). Although this is not going to modify the working
principle with respect to the presented two-antennas scenario, it will improve significantly
the scanning time, as in that case the different measurements are collected very rapidly
using a switch matrix, instead of mechanically positioning the antennas. This will bring
the system a step forward a real-life usability. Therefore, these promising results are cer-
tainly significantly below the limits that can be achieved with dedicated transmit/receive
modules, conformal arrays, and advanced image-formation algorithms, they represent the
first images of their kind in the field of mm-wave biomedical imaging.
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