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Microwave Imaging With a Reduced Number of
Transmission Channels in a Semi-Circular

Antenna Array
Laura Guerrero Orozco , Lars Peterson, and Andreas Fhager , Member, IEEE

Abstract—Muscle injuries, particularly in the muscles compos-
ing the hamstring, pose significant challenges in sports medicine.
Our aim is to use microwaves for the diagnosis of such injuries with
a compact and low-cost system. A primary challenge with compact
systems is the measurement time, caused by the time needed to
switch between transmission channels. In this study, we explore
the potential for reducing the number of transmission channels
in a semi-circular antenna array and its impact on reconstruction
accuracy. We hypothesized that antennas closer to each other are
more important for accurate reconstruction due to their higher
coherency, signal strength and lower noise levels compared to
distant antennas. Thus, the farthest antennas may be excluded
from measurements and reconstructions. Using both simulations
and measurements, we systematically decreased the number of
transmission channels to observe the effects on the reconstructed
image. Our findings demonstrate that it is feasible to reduce the
number of transmission channels by omitting the farthest antennas
from 56 down to 36 channels while limiting the reduction in Signal
to clutter ratio (SCR) to less than 12%.

Index Terms—Microwave imaging, medical diagnosis, trans-
mission channels, muscle rupture, image reconstruction, prototype.

I. INTRODUCTION

MUSCLE injuries pose a significant challenge in sports
medicine, often keeping athletes sidelined for long re-

covery periods [1]. In our previous work [2], [3], we introduced a
semi-circular microwave system to image the dielectric contrast
between blood and surrounding muscle and proposed an an-
tenna design that attenuates unwanted signals, improving image
reconstruction accuracy and stability across repeated tests.

A semi-circular antenna array is appealing as it simplifies
the design and operation of a muscle rupture detector. How-
ever, most 2D microwave imaging studies use full-circle arrays.
Therefore, it is interesting to investigate the differences in image
reconstruction accuracy between these two types of arrays. One
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of the goals of this paper is to study how a reduced antenna array
affects the image reconstruction accuracy.

Given the need for a compact, low-cost system that can be de-
ployed on-site by sports medicine teams or in primary care units,
we investigated the measurement quality of software-defined
radio (SDR) hardware [4]. Encouraged by these results, we aim
to replace the costly multi-port vector network analyzer (VNA)
with an SDR to reduce size and cost. However, SDRs and other
compact instruments (e.g., 2-port VNAs) require sequential
transmission channel switching, which increases measurement
time. Thus, it is advantageous to minimize the number of an-
tennas and transmission channels as much as possible while
maintaining acceptable imaging accuracy. Multi-static systems
aim to maximize the number of active antennas, but the optimal
number of antennas and transmission channels depends on the
specific application and imaging approach [5], [6], [7], [8],
[9], [10], [11], [12], [13]. In a fully multi-static system, every
antenna both transmits and receives, so the number of transmis-
sion channels grows exponentially, increasing acquisition time,
computational complexity, and cost [7]. Instead of focusing on
the number of antennas, this work explores reducing the number
of transmission channels.

Other research efforts have focused on evaluating reconstruc-
tions using different combinations of transmission channels. For
example, various weighted delay-and-sum beamformers have
been proposed [10], [14], [15], [16], assigning greater weight to
closely spaced antennas, which tend to exhibit higher coherency
than those farther apart. This study tests the hypothesis that
antennas spaced farther apart provide less useful information
due to lower channel coherence, increased signal attenuation,
and and elevated noise levels. If correct, these channels could be
omitted or not measured to reduce the number of measurements
without noticeably reducing image reconstruction accuracy. To
evaluate this, image reconstructions were performed with a grad-
ually reduced number of transmission channels, and the resulting
images were quantitatively assessed for position, shape, and
contrast of the bleedings. Comparisons were also made against a
fully-circular array. The rest of this paper is organized as follows.
Section II outlines the proposed channel-reduction method, the
measurement and simulation setups, and the image evaluation
metrics. Section III presents the reconstruction results for the cir-
cular and semi-circular arrays and evaluates image quality as the
number of transmission channels is reduced. Finally, Section IV
discusses the findings, and Section V provides the conclusions.

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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II. METHODS

The image reconstruction quality as a function of the number
of transmission channels was investigated using both simu-
lated and measured data. The simulations were made to allow
comparison with various experimental scenarios, similar to the
descriptions in [2], [3]. Both simulations and measurements
involved only two tissue types: muscle, representing the leg’s
hamstring area, and blood, simulating bleeding accompanying
a muscle rupture.

The Delay Multiply And Sum (DMAS) algorithm [17] was
used for image reconstructions and it was operated in a multi-
static configuration. Image quality was measured with metrics
to quantify the accuracy of localization, shape and contrast.

A. Simulations

Simulations were performed similar to the description in [2],
which however only dealt with homogeneous muscle tissue. In
this study, blood phantoms were added to evaluate reconstruc-
tion accuracy. Additionally, simulations with a circular antenna
array were included to compare results with those from the
semi-circular array.

Two sets of simulations were conducted:
� Semi-circular Array (8 Antennas): The first set involved

arranging the antennas in a semi-circular antenna array
comprising eight transmitter/receiver antennas spaced at
angular intervals of 20◦. This arrangement focuses the
coverage to the lower part of the muscle, where bleeds
are anticipated. A similar strategy of placing the antennas
towards the bottom of a hemisphere was used by Klemm
et al. [9], [18] for breast imaging. Given the size of the
antennas, 8 is the maximum number of antennas that in an
array that can fit a realistically sized leg. Electromagnetic
performance of the antenna array, such as S-parameters,
antenna coupling, and near-field radiation patterns have
been thoroughly investigated in our previous work [2].

� Circular Array (16 Antennas): The second set comprised a
circular array consisting of 16 antennas. Here, the antennas
were divided into two subgroups of 8 antennas each, spaced
at angular intervals of 20◦. One subgroup was positioned
at the top and the other at the bottom of the circular array.

The system was modeled with monopole antennas embedded
in lossy gel, matching the dimensions used in experiments.
The gel’s dielectric properties were nearly constant across the
relevant frequency range and thus approximated as constants
to simplify simulations. The plastic cups holding the gel in
experiments were excluded. The muscle phantom was modeled
as a cylinder (160 mm diameter, 80 mm length), and blood phan-
toms matched the sizes and positions used in measurements [2],
[3], shown with red dotted circles in Fig. 2. Material properties
were based on measured values: at 1 GHz, muscle permittivity
ε = 52.58 and conductivity σ = 1.05 S/m; blood permittivity
ε = 60.7 and conductivity σ = 1.5 S/m. Simulations were run
in CST Studio Suite 2020.07 over 0.5–3 GHz without added
noise.

Before DMAS image reconstruction, early-time signal
content was removed by subtracting lesion-free reference data
(muscle only) from object data (muscle and blood), following

Fig. 1. Illustration and picture of the experimental setup.

our previous studies. Two simulation types were conducted:
reference (muscle only) and object (with blood phantom), con-
sistent with the experimental setup.

B. Measurement

Measurements were performed using the same system as
in [2], [3], with both a homogeneous muscle phantom (reference)
and blood phantoms present (object). The cylindrical muscle
phantom measured 160 mm in diameter and had a 30 mm deep
hole filled with liquid muscle phantom of matching properties to
allow easy insertion of the blood phantoms, as shown in Fig. 1(a).

Fig. 1(b) shows the system setup, including the muscle phan-
tom and the aperture for the blood phantom, which was mounted
on a wooden stick for easy placement and removal. Measure-
ments were taken with and without the blood phantom.

A 16-channel vector network analyzer (Rohde & Schwarz
ZNBT8) measured signals over 0.5–2.0 GHz. The antennas were
connected via flexible coaxial cables and SMA connectors.

C. Metrics for Image Evaluation

The accuracy of the reconstructed images was evaluated us-
ing metrics measuring the localization of the blood phantom
and the contrast between blood response and clutter. These
metrics include localization-based, shape, and artefact-to-object
measures. The localization-based metric (Δr) is defined as the
Euclidean distance between the true and reconstructed bleeding
positions, with the latter identified as the pixel of maximum
intensity, calculated as:

Δr = |Pmax − Pblood|, (1)

where Pmax is the position of maximum intensity in the recon-
structed bleeding, and Pblood is the known center of the blood
phantom. For a true position of (80, 30)mm and a reconstructed
position of (82, 32)mm, the localization error is about 2.82 mm.

For shape and contrast metrics, the target region Ωb was de-
fined as the area inside the full-width at half maximum (FWHM)
boundary of the bleeding peak, where

Ir ≥ 1

2
Irmax,

with Ir being individual pixel values and Irmax the maximum
pixel value of the reconstructed bleeding image. Pixels outside
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Ωb form the clutter regionΩc. For reconstructions with the circu-
lar array, only the bottom half of the image region, y ≤ 80 mm,
was included to fairly compare with the semi-circular array.

The contrast metrics were defined as [19]:
� Signal to Clutter ratio (SCR),

SCR = 20 ∗ log10
( 〈Ir(Ωb)〉
〈Ir(Ωc)〉

)
(2)

� Contrast to noise ratio (CNR),

CNR =
|〈Ir(Ωb)〉 − 〈Ir(Ωc)〉|√

σ2
Ωb

+ σ2
Ωc

(3)

Here, 〈·〉 denotes the average and σ2 the variance. Accurate
reconstruction is indicated by low localization error (Δr) and
high SCR and CNR. For example, a reconstructed bleeding
region with average intensities of 0.73 inside and 0.02 outside
yields an SCR of about 30 dB.

The shape of the reconstructed bleeding were analyzed on
terms of its normalized height to width ratio (HWR), calculated
as

HWR =
heightΩb

/widthΩb

heightblood/widthblood
. (4)

The height-to-width ratio (HWR) of the target Ωb is divided by
the known HWR of the blood phantom. An HWR of 1 indicates
accurate shape reconstruction; deviations indicate distortion. For
example, a reconstructed size of 30 mm by 20 mm versus an
expected 20 mm by 20 mm gives an HWR of 1.33, showing
elongation.

D. Image Reconstruction Accuracy Vs. Number of
Transmission Channels

Our antenna array consisted of 8 antennas, resulting in up
to 8× 8 = 64 signal paths. First, the reflection measurements
were excluded, leaving at most 56 transmission channels. Im-
ages were reconstructed while gradually excluding an increas-
ing number of transmission channels. A first reduction was
made by excluding the farthest antenna pairs, i.e. S18 and S81,
leaving 54 of the 56 channels. The next reconstruction was
made with 50 combinations, excluding the additional channels
S17, S71, S28, S82. In this way antenna pairs were excluded
until only nearest neighbor antenna combinations remained,
i.e. S12, S21, S23, S32, . . . , S78, S87, resulting in 14 signal path
combinations.

III. RESULTS

A. Comparison of Semi-Circular Vs. Circular Antenna Arrays

The difference in reconstruction accuracy between the fully-
circular and semi-circular arrays was investigated using simu-
lated data. Images were reconstructed using a semi-circular array
of 8 antennas (56 transmission channels) and a circular array of
16 antennas (240 transmission channels), as shown in Fig. 2 and
Fig. 3, respectively. Four different cases were examined, with the
true shapes and locations of the blood phantoms indicated by red

Fig. 2. Reconstructed images using 8 antennas (56 channels) for (a) Case 1,
(b) Case 2, (c) Case 3, and (d) Case 4.

dashed lines. The figures also show the reconstructed bleedings,
along with the FWHM regions outlined by a red dotted line
and the position of the maximum intensity pixel marked by a
magenta point.

The positions of the reconstructed objects were evaluated
using the localization error defined in (1), with results for the
four cases shown in Fig. 4(a). In all cases, a single maximum
intensity point was found within the expected blood phantom
boundaries. In some reconstructions, this point closely matched
the phantom’s center, while in others it was nearer to the edges,
resulting in higher localization errors, as seen in Case 2. For
this case, the semi-circular array localized the target near the
bottom of the image, whereas the circular array produced two
target regions near the top and bottom. Thus, the shape of the
target region depends on both the phantom’s size and position.

The shape of the reconstructed objects was assessed using the
HWR metric, with results in Fig. 4(b). For ellipsoidal phantoms
(Cases 1 and 2), both arrays reconstructed FWHM areas accu-
rately as ellipsoids, with HWR ratios close to 1. For circular
phantoms (Cases 3 and 4), the circular array provided more
accurate shape reconstructions than the semi-circular array.
This suggests that the extra antennas in the full circular array
contribute more to shape accuracy than to localization.

Image quality was further evaluated using contrast metrics,
SCR and CNR, defined in (2) and (3), with results shown in
Fig. 5. The SCR values were high (SCR > 15 dB) for all cases
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Fig. 3. Reconstructed images using 16 antennas (240 channels) for (a) Case
1, (b) Case 2, (c) Case 3, and (d) Case 4.

Fig. 4. (a) Δr and (b) HWR ratio for semi-circular and circular array obtained
using 56 transmission channels and 240 transmission channels.

Fig. 5. (a) SCR and (b) CNR obtained using 56 transmission channels and
240 transmission channels.

and both array types, indicating that the reconstructed objects
were clearly distinguishable from clutter. The circular array
yielded higher SCR values, improving by 4–8 dB compared
to the semi-circular array. In contrast, the CNR remained fairly
consistent between the two arrays, suggesting that while the
clutter magnitude stayed similar, the semi-circular array ex-
perienced more clutter overall. This result is consistent with
expectations, as a greater number of antenna channels typically
enhances clutter rejection [17].

Fig. 6. Reconstructed images of larger bleedings. (a) Case 5 with 8 antennas
(56 channels), (b) Case 6 with 8 antennas (56 channels), (c) Case 5 with 16
antennas (240 channels), and (d) Case 6 with 16 antennas (240 channels).

We examined reconstructions of larger, horizontally oriented
elliptical bleedings (Cases 5 and 6, Fig. 6). While the recon-
structed objects and peak intensities stayed within true bound-
aries, the targets often appeared split or hollow—a known issue
linked to suboptimal microwave pulse frequency for the object
size [20]. This effect was more noticeable with the semi-circular
than with the circular array.

B. Image Reconstruction Accuracy for Reduced Number of
Transmission Channels in the Semi-Circular Array

In addition to the simulated results for Cases 1–4, we also
reconstructed measured data from similar targets using the semi-
circular array. Figs. 7 and 8 show the reconstructions for Case 1
with 56, 50, 36, and 14 transmission channels. Image accuracy
remains stable as the number of channels is reduced, but when
only 14 channels are used, clutter increases enough to potentially
lead to the false conclusion of multiple reconstructed bleedings.

The impact of reducing the number of transmission channels
was also analyzed using the same metrics as before. Local-
ization errors were computed and plotted in Fig. 9 for both
measured and simulated data. The measured data (Fig. 9(a)
show greater variations in localization error, while the simulated
data (Fig. 9(b) remain more stable. The results also indicate
that cases with smaller blood phantoms, such as Case 3, are
more challenging—here, localization stays stable down to 26
channels but then deteriorates as the target region shifts, and
a successful reconstruction cannot be achieved at 14 channels.
Case 4 is especially affected due to its deeper target and increased
clutter, consistent with findings reported in [3].

Furthermore, the HWR results in Fig. 10(a) and Fig. 10(b)
indicate that the reconstructed shape stays fairly consistent as
the number of transmission channels decreases, with only minor
variations. These variations can be attributed to a narrowing of
the FWHM region, as seen in Fig. 7 and Fig. 8.
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Fig. 7. Reconstructed images of measured Case 1 using (a) 56 channels
(b) 50 channels (c) 36 channels (d) 14 channels.

We calculated SCR and CNR for the four measured and
simulated cases as a function of transmission channels, shown
in Fig. 11. Both metrics remain fairly constant down to 44
channels, with occasional increases. Below 44 channels, SCR
gradually decreases while CNR stays stable. This aligns with
the visual results in Fig. 7 and Fig. 8, where object-background
contrast (SCR) remains steady down to 36 channels, and clutter
magnitude (CNR) remains unchanged.

Table I summarizes the metrics Δr, HWR, SCR, and CNR
for different numbers of transmission channels. The parameters
stabilize at around 36 channels and in most cases, increasing the
number of channels beyond 44 provides no noticeable improve-
ment. This trend is evident both quantitatively in the computed
metrics and qualitatively in the corresponding reconstructed im-
ages (Figs. 7 and 8), which show negligible visual enhancement
beyond this point.

IV. DISCUSSIONS

Omitting a moderate number of transmission channels from
distant antennas to reduce measurement time doesn’t signifi-
cantly affect the accuracy of the image reconstructions.

The objects were reconstructed within the expected bounds
using both semi-circular and circular arrays. The circular array
showed slightly better clutter rejection, especially in simulations

Fig. 8. Reconstructed images of simulated Case 1 using (a) 56 channels
(b) 50 channels (c) 36 channels (d) 14 channels.

Fig. 9. Δr for (a) measurements and (b) simulations as a function of the
number of channels.

Fig. 10. HWR ratio as a function of the number of channels for (a) measure-
ments and (b) simulations.
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Fig. 11. SCR for (a) measurements and (b) simulations; and CNR for (c)
measurements and (d) simulations.

TABLE I
Δr, HWR, SCR AND CNR FOR MEASUREMENTS (MEAS) AND SIMULATIONS

(SIM) AS A FUNCTION OF THE NUMBER OF CHANNELS

involving bleedings near the skin or surface of the phantom,
which aligns well with findings in [9]. Higher SCR were ob-
served when blood phantoms were placed near the surface rather
than deeper. This is because signals attenuate more and create
more clutter when propagating deeper.

Our results indicate that reducing the number of transmission
channels is feasible, particularly when prioritizing those with
shorter antenna distances, as supported by [14], [15]. However,
performance degrades below 36 channels (as seen in Table I),
partly due to SCR limitations influenced by system dynamic
range (DR) and signal-to-noise ratio (SNR). The exception
was a smaller, deeper blood phantom, where increased signal
attenuation and clutter led to significant reconstruction changes.
This would also be a challenging scenario in the leg since deeper
bleedings would be closer to the bone.

Our setup is limited to 8 antennas on the half-circle or 16 for
a full-circle due to physical constraints. Theoretical analyses,
with the degrees of freedom approach [21], indicate thatN = 26
antennas would be required to fully sample the field in our
application. N ≥ 2βba+ 1, where βb is the real part of the
background wave number and a is the radius of the imaging
domain [22]. However, this theoretical estimate is based on
far-field conditions, which do not apply to our near-field setup.
Moreover, practical limitations such as the DR and SNR of
the measurement system restrict the ability to fully exploit
all available degrees of freedom [8], [23]. As shown in these
studies, increasing the number of antennas beyond a certain
point does not necessarily improve imaging performance if
the system’s DR is limited [8]. In fact, smaller arrays can
offer increased robustness to measurement noise and modeling
errors while still achieving acceptable image quality, particu-
larly when the target is a small, localized variation, as in our
application [23].

While this study uses a VNA for measurements, the system
is designed with future SDR-based implementation in mind.
Despite SDRs having lower dynamic range, the antenna con-
figuration accounts for such limitations, so the core conclusions
are expected to hold.

The goal is not exact field reconstruction but rather to just
maintain acceptable accuracy. Using fewer antennas than the
theoretical optimum can be compensated by additional signal
processing techniques [11], [24].

The position of the reconstructed bleeding depends on the
size of the blood phantom as well as on the position of the
antennas but is still reconstructed within the boundaries of the
blood phantom.

Fig. 11 shows a 10 dB difference in SCR between measure-
ments and simulations, caused by simulation data being noise
free and measured data containing noise [2], [25]. Moreover,
simple phantoms were used, which somewhat limits the gener-
alisability of the results. A more tissue like phantom and a more
rigorous phantom study would for example include also bone.
However the results show that the application is feasible and
one could consider moving directly to clinical measurements in
a future study.

The results show that the object’s shape is more influenced by
the antenna placement than the number of channels used, and
viewing the target from multiple directions improves boundary
information, though further research is needed. The evaluation
metrics are inadequate for evaluating reconstructions of larger
blood phantoms where the object splits into distinct regions, so
these cases were evaluated qualitatively.
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The size of the bleeding can vary significantly depending on
factors such as local blood flow and muscle activation at the
time of injury [26], [27]. However, the typical region of interest
is generally a few centimeters in size. Our experimental setup
and imaging resolution are designed to match this scale, and
the results demonstrate adequate sensitivity for detecting such
localized variations.

Our current bleeding models primarily resemble acute in-
tramuscular bleedings [26], but other bleeding types, such as
diffuse intramuscular or intermuscular bleedings, may present
different imaging challenges and should be explored in future
studies to improve clinical relevance.

V. CONCLUSION

This article is a step in the development of a microwave
muscle rupture detector and deals with the aspects of minimizing
measurement time, which improves usability and reduces the
risk of motion artefacts. We investigated the minimum number
of transmission channels needed to accurately reconstruct an
image. Our results show that it is feasible to decrease the number
of transmission channels from 56 down to 36 channels while
limiting the reduction in SCR to less than 12%. The SCR serves
as the limiting factor in further reduction; it remains stable
initially but declines rapidly when fewer than 36 transmission
channels are used. While reducing the number of transmission
channels, we observed that the position of the reconstructed
blood phantom remains consistent, although its shape becomes
distorted. Given that our current goal is the detection of bleeding
indicative of muscle rupture, we can accept the trade-off of
reduced shape accuracy.
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