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Abstract
Several breast microwave sensing (BMS) systems have shown encouraging results as a poten-
tial breast cancer detection tool. The existing systems in the literature have diverse designs,
equipment, measurement protocols, and analysis methods. However, there is relatively little
investigation on the impact and performance of varying system designs. This work compares
the impact of system design parameters on three existing BMS systems. The first system, a
bed-based system, was designed for use in a permanent clinic.The second system, a bench-top
system, was created for laboratory research.The third system, a portable system, was designed
for use in low-income and remote communities.The bed-based system had the highest resolv-
ing capabilities, achieving a spatial resolution of 12.4 ± 0.5 mm. Additionally, the bed system
had the highest signal-to-noise ratio of 26 ± 1 dB. The portable system had the least intensity
dependence on polar positions within the imaging chamber. The bed system had the highest
contrast between tumor- and adipose-mimicking materials. However, the contrast of tumor-
and fibroglandular-mimicking materials was similar for each system. By comparing and eval-
uating the performance of multiple BMS systems, we improve our understanding of system
design, allowing for potential studies into an ideal BMS system.

Introduction

Breast cancer is one of the most prevalent cancers, affecting millions of women annually [1],
and early detection plays a crucial role in improving survival rates [1–3]. Traditional breast
cancer detection methods, such as X-ray mammography, magnetic resonance imaging (MRI),
and ultrasound, are well-established but have several limitations, particularly with regard to
their application in resource-limited, low andmiddle-income countries, and othermarginalized
communities [4–6]. These methods are often costly, large, use fragile equipment, require good
infrastructure, and require trained personnel to operate and interpret images [2, 7].

Given these challenges, there is an increasing need for alternative screeningmethods that are
cost-effective, safe, and portable. Breast microwave sensing (BMS) has emerged as a promising
approach for breast cancer detection due to its non-ionizing nature, smaller size, lower cost, and
potential for use in diverse clinical environments [7, 8]. Unlike traditional methods, BMS oper-
ates by exploiting the dielectric contrast between malignant and healthy breast tissues, making
it an attractive candidate for early detection in both developed and developing regions.

In recent years, research into BMS has led to the development of various systems, each with
differing designs, equipment configurations, measurement protocols, and analysis techniques
[8–10]. As a result, the performance of BMS systems can vary significantly. Factors such as
antenna design, frequency range, and signal and image processing algorithms directly impact
the accuracy and diagnostic capabilities of each system. Despite the advances, there remains a
lack of comprehensive studies comparing image quality and diagnostic metrics across different
BMS platforms.

Current BMS systems have primarily been evaluated through numerical simulations, phys-
ical breast phantoms, and, in some cases, early-stage clinical trials. However, the reported
diagnostic specificity ranges from 20% to 65% [11, 12], suggesting that the system design plays a
critical role in diagnostic success.Despite this, little attention has been given to traditional image
quality metrics such as spatial resolution, contrast resolution, noise, and artifacts–parameters
that are crucial for both characterizing and optimizing BMS systems before progressing to
clinical applications.

In this work, we expand on the evaluation and comparison of three distinct BMS systems
in [13]. These systems include a (a) bed-based system designed for long-term clinical use, (b)
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bench-top model for laboratory research, and (c) portable system
targeted at low-income and remote areas. These systems differ in
several critical aspects, including frequency bandwidth, angular
sampling, antenna configuration, and the analysis used.

To ensure rigorous comparison, we employed 3D-printed phan-
toms to assess spatial resolution, signal-to-noise, image accuracy,
and contrast resolution. By providing a comprehensive charac-
terization of each system, this work aims to inform the future
development of more efficient and accurate BMS designs, ulti-
mately contributing to the enhancement of breast cancer screening
technologies.

Methods

Microwave sensing systems

In this study, three BMS systems were evaluated using several
image quality analysis tools. These systems include a bed-based
system, bench-top system, and portable system, each designed
for different applications (Fig. 1). Their designs and measurement
parameters are summarized in Table 1. Each system operates in the
air to minimize system complexity.

(1) The Bed-Based System: This system [14] employs a bistatic
design with two horn antennas mounted on a rotating
platform. A Copper Mountain (C1209, Copper Mountain
Technologies, IN, USA) vector network analyzer (VNA),
which rotates with the antennas, was used to capture 2-port
scattering parameters across 1001 frequency points in the
2.0–9.0 GHz range. Designed for clinical settings, this system
uses a bed to provide patient comfort during scanning.

(2) The Bench-top System: Created for laboratory research, this
system comprises 24 Vivaldi antennas arranged along a 20
cm diameter cylindrical path. Scans are performed using a
2-port VNA (Planar 804/1, Copper Mountain Technologies,
IN, USA) connected to an electromechanical 2 × 24 switch
matrix, covering a frequency range of 0.7–8.0 GHz with 1001
frequency points. While capable of 24 × 24 S-parameter mea-
surements, only S11 data were utilized in this study for image
reconstruction.

(3) ThePortable System:Designed for low-resource settings, this
system [15] integrates 24 ultra-wideband (UWB) antennas
in a 20 cm diameter cylindrical array. Each antenna is con-
nected to an inexpensive NanoVNA V2-Plus device, allowing
for the collection of S11 data between 0.7 and 4.4 GHz at 381
frequency points. The system prioritizes portability and cost-
effectiveness through compact, affordable components and a
simplified geometric configuration, making it suitable for use
in remote or low-income communities.

For this work, the standard delay-and-sum (DAS) beamformer
was used to reconstruct images with all three systems.

Evaluation of spatial resolution

Spatial resolution, a critical metric for image quality, was assessed
using three methods:

(1) Time-Domain (TD) Full-Width Half-Max (FWHM)
Analysis: Scans were performed with a single rod at various
positions within the system using the positioning system
in Fig. 2a. The frequency domain S11 measurements were

Figure 1. The three BMS used in this work: (a) Bed-based imaging system,
(b) Bench-top system, and (c) Portable system.

converted to the time domain using the inverse chirp z-
transform [16]. From here, the spatial resolution was defined
as d = FWHMt × c/2, where c is the speed of light in air
and FWHMt is the full-width half-maximum of the rod’s
time-domain S11 signal.

(2) Modulation Transfer Function (MTF) Analysis: DAS-
reconstructed images of the single-rod scans were analyzed
using the method in [17]. The point-spread function (PSF)
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Table 1. Parameters of the three BMS systems used in this work

Bed System
Intermediate
System

Portable
System

Frequency Range 2.0–9.0 GHz 0.7–8.0 GHz 0.6–4.4 GHz

Bandwidth 7.0 GHz 7.3 GHz 3.8 GHz

Fractional
Bandwidth

1.27 1.68 1.52

Number of
Frequencies

1001 1001 381

IF Bandwidth 10 kHz 10 kHz 10 kHz

Output Power 15 dBm 10 dBm -13 dBm

Multistatic Array ✗ ✓ ✓

Mechanical
Motion

✓ ✗ ✗

Number of
Antennas

2 24 24

Antenna Type Horn Vivaldi UWB

Number of
Angular Positions

72 24 24

VNA C1209 (Copper
Mountain)

Planar
804/1
(Copper
Mountain)

NanoVNA
V2-Plus

was determined, which characterizes the system’s response to
a point source. The PSF was converted to its MTF to calcu-
late the spatial resolution, representing the best-case scenario
in the absence of scattering.

(3) Two-Target Analysis: Using a dual-rod positioning system
illustrated in Fig. 2b, scans were conducted with rods placed
at varying separation distances. Images were created using the
DAS reconstruction method. Similar to the method in [17],
the MTF was used to analyze the intensity responses along the
1D cross-section intersecting the two-rod responses. Spatial
resolution was defined as the minimum distance at which the
two targets became distinguishable, which was defined as the
intensity between the two rods being less than 90% of the
smaller maximum intensity.

Evaluation of data and image noise

Noise levels were evaluated using a 3D-printed cylindrical phan-
tom filled with a solution of 5% water and 95% diethylene glycol
monobutyl ether (DGBE), mimicking the dielectric properties of
adipose tissue (Fig. 3).

Thenoise in the datawas quantified by calculating themean and
standard deviation of differences between repeated S11 measure-
ments. The data signal-to-noise ratio (SNR), defined as the mean
and standard deviation of the differences between repeated scans,
was computed to assess data quality. Image noise was evaluated by
analyzing differences in reconstructed images from repeated scans
of the phantom. The image SNR was defined as,

SNR =
1
V ∑

r∈V

I(r)(n)

|I(r)(n) − I(r)(n+1)|
(1)

where I(r)(n) is the nth image and V is the volume of the imaging
domain.

Figure 2. (a) Single-rod positioning system, and (b) dual-rod positioning system
used to evaluate spatial resolution.

Figure 3. 3D-printed cylindrical phantom used to evaluate noise.

Evaluation of image accuracy

The accuracy of reconstructed images was assessed by scanning a
single rod placed at different locations within the imaging cham-
ber. Given the inherent non-linearity in microwave imaging due
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Figure 4. The real (top) and imaginary (bottom) relative permittivity of varying
DGBE–water liquid solutions from 0.6 to 9 GHz.

to factors such as antenna characteristics, the ideal response of a
point-like object should be symmetric and independent of its posi-
tion. To assess this, the maximum image intensity Imax of the rod
was measured at varying polar distances from the center of the
imaging chamber, allowing for the detection of position-dependent
intensity.

Evaluation of contrast

Contrast resolution, an essential metric for differentiating tissues
with similar dielectric properties, was evaluated using 3D-printed
cylinders (Fig. 5) filled with varying concentrations of DGBE and
de-ionized water. Eleven liquid samples were prepared, with rel-
ative permittivities measured using an open-ended coaxial probe
(DAK 3.5, SPEAG, Zurich, Switzerland) from 0.6 to 9 GHz (Fig.
4). These samples mimicked the dielectric properties of adipose,
fibroglandular, and tumor tissues.

For each scan, one cylinder was filled with water (representing
tumor tissue), while the other contained one of the DGBE–water
mixtures (representing different types of breast tissues). The DAS
reconstructionmethodwas applied to produce images of the cylin-
ders, and the contrast was quantified using intensity-volume his-
tograms (IVHs). The IVHs assess the percent-volume of the target
that has an intensity greater than I, where I is varied between zero
and the maximum target intensity. These IVHs plot the percent
volume of a target versus image intensity, providing a quantitative
measure of contrast between different tissue types.

Figure 5. 3D-printed cylinders that were filled with varying solutions of DGBE and
water to examine the contrast capabilities of the imaging systems.

Table 2. Spatial resolution of the microwave imaging systems

Spatial resolution (mm)

TD-FWHM MTF-based Two-target

Bed system 29.5 ± 0.7 12.4 ± 0.5 18 ± 1

Bench-top system 36 ± 3 18 ± 1 26 ± 1

Portable system 57 ± 8 24.5 ± 0.9 46 ± 1

The contrast between two targets can be defined between the
horizontal spacing of two IVH curves,

C%
v =

Ileft − Iright
1

2
(Ileft + Iright)

(2)

where C%
v is the contrast at a given percent-volume, I left is the

intensity of the left cylinder, and Iright is the intensity of the right
cylinder.

Results

Spatial resolution

The spatial resolution results for the three BMS systems are sum-
marized in Table 2. Overall, the bed-based system achieved the
highest spatial resolution across all evaluation methods. Using the
MTF-based method, the bed-based system demonstrated a spatial
resolution of 12.4 mm ± 0.5 mm.

The two-target analysis (Fig. 6) yielded slightly lower resolution
values due to the inclusion of scattering between the rods, which
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Figure 6. Two-target image analysis displaying indistinguishable (left) and
distinguishable (right) targets of the bed system (a, b), bench-top system (c, d), and
portable system (e, f).

more accurately reflects the conditions encountered in complex
imaging environments.

Table 3. Data and image noise of the microwave imaging systems

Data SNRD (dB) Image SNR (dB)

Bed system 26 ± 1 26 ± 2

Bench-top system 22 ± 2 14 ± 4

Portable system 7.9 ± 0.6 13 ± 3

The time-domain FWHMmethod exhibited the poorest spatial
resolution for all systems, with the bed-based system providing a
resolution of 29.5 ± 0.7 mm.

Noise

The noise levels in the three systems were assessed through both
data and image noise analysis. Table 3 presents the signal-to-noise
ratio (SNR) results for bothmethods.The bed-based system exhib-
ited the highest data and image SNRs, with values of 26 ± 1 and 26
± 2 dB, respectively.

The bench-top system had a data SNR of 22 ± 2 dB but a much
lower image SNR of 14 ± 4 dB.This discrepancy between data and
image SNRhighlights the potential impact of image reconstruction
artifacts, such as clutter, which may degrade image quality despite
relatively high-quality data.

The portable system demonstrated the lowest data SNR (7.9
± 0.6 dB), reflecting the limitations imposed by its lower output
power and dynamic range. However, the image SNRof the portable
system (13 ± 3 dB) was comparable to the bench-top system, sug-
gesting that while the raw datamay be noisier, the portable system’s
image reconstruction process was relatively effective at mitigating
noise.

Image accuracy

The accuracy of the reconstructed images was evaluated by ana-
lyzing the intensity dependence on the target’s position within the

Figure 7. Maximum target image intensity versus target polar radius position for the three imaging systems. The linear fit and uncertainties are in the shaded regions. The
p-values against the null hypothesis of zero slope are shown in parentheses in the legend.
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Figure 8. DAS-reconstructed images (left) and intensity-volume histograms (right) of water vs. 90% DGBE for the (a) bed system, (b) bench-top system, and (c) portable
system.

imaging chamber (Fig. 7). In both the bed-based and bench-top
systems, a noticeable intensity drop was observed as the target
moved further from the centre. For the bed-based system, the tar-
get intensity decreased by a factor of twowhen the polar coordinate
increased from0 to 7 cm.The bench-top system exhibited a smaller
drop, with the intensity reducing to 80% of itsmaximumvalue over
the same distance.

In contrast, the portable system showed no clear intensity
dependence on polar position.This may be due to the use of ultra-
wideband (UWB) antennas, which produce a more uniform beam
pattern, unlike the directional antennas used in the bed-based and
bench-top systems.

Contrast

IVHs were constructed to determine the contrast between tumor-
mimicking (water) and adipose-mimicking (90% DGBE) mate-

rials (Fig. 8), and tumor-mimicking (water) and fibroglandular-
mimicking (50% DGBE) materials (Fig. 9).

The contrast C%
v at a given percent volume was found for the

three imaging systems (Fig. 10). For the tumor vs. fibroglandular
scenario, the contrasts between each system were comparable. For
the tumor vs. adipose scenario, the contrast was highest for the bed
system and lowest for the portable system.

The contrast was found between the water and 11 solutions of
varying-percent DGBE.The mean and standard deviation C%

v was
found for all three imaging systems (Fig. 11).

When the DGBE concentration in the secondary cylinder
dropped below 40%, the contrast values C%

v for all systems
fell below 0.1, making it difficult to distinguish between the
two targets. At the lowest concentration (10% DGBE), the
bed-based system produced negative contrast values, suggest-
ing that the lower reflectivity object appeared brighter than
expected.
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Figure 9. DAS-reconstructed images (left) and intensity-volume histograms (right) of water vs. 50% DGBE for the (a) bed system, (b) bench-top system, and (c) portable
system.

Discussion

Three distinct methods were employed to assess the spatial reso-
lution of the BMS systems. Among them, the modulation transfer
function method yielded the highest spatial resolution, as it eval-
uates an idealized scenario where only a single-point source is
present. However, while this method provides the best-case spa-
tial resolution, it does not account for the presence of multiple
scattering sources, which is a critical factor in clinical applications.

The two-target method offered a more realistic assessment
of spatial resolution, as it incorporates the effects of scatter-
ing between two distinct targets. This makes it a more accu-
rate representation of spatial resolution in complex environ-
ments, such as human breast tissue. Both the PSF and two-target
methods depend heavily on the image reconstruction technique
used. In this study, the delay-and-sum (DAS) beamformer was
applied. However, more advanced reconstruction methods, such

as adaptive beamforming or machine-learning-based approaches,
could further enhance the spatial resolution by improving the
system’s ability to mitigate scattering effects and refine image
quality.

Conversely, the time-domain FWHM method provided the
poorest resolution. This is likely because this method ana-
lyzes absolute-value time-domain data, which inherently over-
looks constructive and destructive interference patterns intro-
duced from various sampling angles. As a result, the data-
based approach may fail to accurately capture fine spatial
details, reinforcing the importance of selecting an appropri-
ate reconstruction method tailored to the system’s imaging
environment.

Interestingly, the bed-based system achieved the best spatial
resolution despite having a lower bandwidth compared to the
bench-top system. This suggests that factors beyond bandwidth,
such as antenna type, configuration, and system geometry, play
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Figure 10. Contrast C%
v vs. percent-volume (top) and their corresponding histograms (bottom) for water vs. 50% DGBE (left) and water vs. 90% DGBE (right).

Figure 11. Mean contrast C%
v for the three imaging systems when varying the

percent DGBE in the secondary cylinder. The standard deviation of the contrast C%
v

is in the shaded region around the solid lines.

a role in determining spatial resolution. The bed-based system’s
optimized antenna configuration likely contributed to its superior
performance, whereas the portable system exhibited the worst spa-
tial resolution, which can be attributed to its limited bandwidth
and lower-quality equipment. These findings indicate that while

bandwidth is important, other system design elements must be
carefully considered to achieve optimal image quality.

The system noise was assessed by analyzing both the time-
domain S11 signals and DAS-reconstructed images of repeated
scans. The comparison between data and image noise metrics did
not yield a clear consensus on which method produced a bet-
ter signal-to-noise ratio (SNR), as performance varied across the
systems.

The portable system, equipped with lower-power vector net-
work analyzers (VNAs), showed higher levels of noise and clutter
in its DAS images.The limited dynamic range and output power of
the portable system’s VNAs are likely responsible for these artifacts,
as these factors directly influence the system’s ability to detect weak
signals. Despite these shortcomings, the image SNR of the portable
system was comparable to that of the bench-top system, suggest-
ing that other factors–such as clutter, artifacts, or reconstruction
algorithms–may be more influential in determining overall image
quality.

A notable difference was observed in the intensity dependence
of the bed-based and bench-top systems with respect to the target’s
polar coordinates. This non-uniformity in intensity could impact
the accuracy of spatial resolution measurements, especially in the
two-target method, where one rod was fixed at the center and the
other was moved outward. In this case, the intensity dependence
may affect the perceived point at which the two targets become
distinguishable.
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Conversely, the portable system exhibited no clear intensity
dependence on polar coordinates, likely due to the more uniform
radiation pattern of its ultra-wideband (UWB) antennas. These
antennas irradiate more uniformly in all directions compared to
themore directional antennas used in the other systems.While this
uniformity may have advantages, additional factors such as target
size, symmetry, and shape should be explored in the future to gain
a more comprehensive understanding of intensity behavior across
different systems.

In terms of contrast resolution, the bed-based system outper-
formed the other systems, particularly in distinguishing between
tumor-mimicking (water) and adipose-mimicking (90% DGBE)
materials. However, as the dielectric contrast between the objects
decreased, the performance of all systems converged. For exam-
ple, when the concentration of DGBE in the secondary cylinder
dropped below 40%, the contrast values C%

v fell below 0.1, mak-
ing it difficult to distinguish the objects. Notably, at a 10% DGBE
concentration, the bed-based system produced negative contrast
values, indicating that the lower reflectivity object appeared to
have higher intensity–a phenomenon that may warrant further
investigation.

The proposed method for contrast resolution analysis is the
simplest approach, using two targets in the air. For future work,
it would be beneficial to repeat these contrast resolution analyses
with more realistic breast phantoms to determine the systems’ true
capabilities in a clinical setting.

Conclusion

A comprehensive image quality analysis was performed on three
BMS systems to understand the effects of system design on image
quality. A microwave-based bed system, bench-top system, and
portable systemwere evaluated in terms of spatial resolution, noise,
image accuracy, and contrast. The bench-top system, despite hav-
ing the largest bandwidth of 7.3 GHz, was found to have worse
spatial resolution than the bed system. The bed system achieved
a minimum spatial resolution of 12.4 ± 5 mm when evaluating
the PSF and MTF of a single target. The portable system had the
lowest spatial resolution due to its small bandwidth of 3.8 GHz
and equipment limitations. The bed-based system had the best
SNR, followed by the bench-top system, and finally the portable
system. The portable system had the least intensity dependence
on polar positions within the imaging chamber, whereas the bed
systems intensities varied as much as 50%. Each system was able
to distinguish adipose-mimicking versus tumor-mimicking tar-
gets, with the bed-system producing the greatest contrast. The
systems were able to distinguish fibroglandular and tumor tar-
gets; however, objects with closer dielectric properties will prove
more difficult to differentiate. This work provides valuable assess-
ment on image quality that can inform other microwave-based
imaging systems, aiding in the advancement of system design and
performance.
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