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Abstract—This paper examines the effects of the switching
matrix on a multi-view and low-complexity portable microwave
imaging system for brain stroke monitoring. It considers two
switching solutions: an ad-hoc one relying on RF electrome-
chanical switches and a compact off-the-shelf one using solid-
state switches. The performed analysis deems path attenuation
and inter-channel isolation. It studies the impact of the different
components of the scanning time, such as switching, communi-
cation, acquisition times, and the system dynamics on imaging
performance and monitoring capabilities, optimizing the system
setting while identifying system bottlenecks. The system uses an
upgraded antenna-matching module and is experimentally val-
idated using a mimicked hemorrhagic stroke-evolving scenario,
demonstrating the effectiveness of both switching solutions in
tracking and localizing the stroke progression. Tests of repeata-
bility and sensitivity to false positive cases are also reported.

Index Terms—Biomedical electromagnetic imaging, brain
stroke, microwave antennas, microwave imaging.

I. INTRODUCTION

A stroke is a severe life-threatening emergency caused by
disrupted blood flow due to an artery rupture, vessel leak,
or blood clot [1]. This condition induces changes in the
dielectric properties of the affected tissues, with an increase
of their value in the case of bleeding (hemorrhage, HEM) and
a decrease during ischemia (IS) [2]. Such changes create a
dielectric contrast with respect to the healthy scenario that
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can be detected by a microwave imaging (MWI) system,
allowing to perform the diagnosis (detection and classification
of the stroke), and follow-up of the disease after its onset.
Despite their limitation in terms of spatial resolution (in the
order of centimeters, which is anyway suitable for the relevant
clinical conditions), MWI solutions complement the medical
imaging panorama, providing a non-ionizing, portable, and
cost-effective alternative with the potential for pre-hospital
diagnosis, bedside imaging, and post-acute monitoring [3], [4],
[5], [6], [7].

MWI retrieves contrast dielectric maps using back-scattered
signals from the domain of interest (DoI), and proper inversion
algorithms [8], [7], [9]. A typical MWI device comprises a
transceiver system, e.g., a Vector Network Analyzer (VNA),
multiple antennas, and a processing unit rendering the imag-
ing [4]. Moreover, some configurations use a switching ma-
trix (Sw-M) routing between an n−port transceiver and the
m−antenna array. This approach is mainly convenient because
it reduces the complexity and cost of the transceiver system,
but adds a switching component that may affect the overall
performance.

The Sw-M can be based on electromechanical or solid-
state technologies. The electromechanical Sw-M relies on the
physical movement of mechanical contacts, featuring low in-
sertion loss, albeit switching time in the order of milliseconds,
a large footprint, and a lifetime of about 10 million cycles.
On the other hand, solid-state-based Sw-M switches employ
electronic switches, typically either a PIN diode or cold FET
circuit, or some combination thereof. These are prone to higher
path attenuation compared to electromechanical counterparts
and have switching time in the order of microseconds, superior
resistance to shock and vibration, compact footprint, and long-
lasting lifetime [10].

The selection of a suitable switching technology for an
MWI system determines the performance of the imaging
capabilities, as well as depends on problem-specific factors.
For instance, in microwave imaging, the Sw-M is expected
not to deteriorate the information content of the signals back-
scattered by the inspected area, which the imaging algorithm
requires to reproduce the studied scenario correctly. Moreover,
time is also relevant in applications such as monitoring brain
stroke. So, different systems for breast and brain imaging opted
for both solid-state and electromechanical Sw-M [11], [12],
[13], [14], [15], [16].
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Fig. 1. Experimental setup using the pMWI system-based EMech and
Correlator Sw-M in (a) and (b), respectively. The (*) indicates all the elements
of the corresponding Sw-M.

This study concentrates on an upgraded multiview portable
MWI (pMWI) scanner designed for stroke monitoring, whose
previous versions have proven capable of experimentally mon-
itoring the evolution of HEM and IS strokes within real-
istically mimicked environments [9], [14]. Specifically, the
new system uses optimized antenna-matching modules and
tests electromechanical and solid-state Sw-M, denoted in the
following as EMech and Correlator, respectively. The two Sw-
M connect a 2-port VNA to an array with twenty-two Antenna-
Matching Module (Ant-MM). The analysis presented in this
paper consists of two parts. The first part analyzes the scanning
time and the trade-off with the MWI system dynamic, hence
going beyond a technology comparison and delving into their
limiting effects on an actual device operation. The second
part focuses on the imaging capabilities of the MWI systems
exploiting EMech or Correlator, respectively, in an experiment
mimicking an evolving HEM condition.

II. PORTABLE MICROWAVE IMAGING SYSTEM

The pMWI system comprises a laptop, HP EliteBook 830
G5 with 8 GB RAM, a compact P5003B VNA [17], a Sw-M,
EMech or Correlator, and twenty-two antennas placed around
the head phantom, which is an anthropomorphic thin plastic
container filled with a liquid mimicking the average dielectric
properties of brain tissue. The system is shown in Fig. 1. The
laptop is devoted to the setting and control of the measurement
system, as well as to the processing of the measured data. The
image formation is performed in real-time, taking just a couple
of seconds, using a differential linear inversion algorithm
based on the distorted Born approximation and a truncated
singular value decomposition (TSVD) scheme, coupled with
an artifact removal strategy [9]. As far as the scope of this
article is concerned, the antennas and the Sw-M are further
described in the following.

A. Antenna-Matching Module

Based on the design presented in [9], we optimize the
Ant-MM, reducing the complexity of manufacturing by joining
a printed monopole in a FR4 substrate and a slab of the match-
ing medium as depicted in the top row of Fig.2. The matching
medium is made of a mixture of 30% graphite powder and

Fig. 2. Top: antenna scheme. Bottom: measure the reflection and transmission
coefficients’ amplitude using the Correlator.

70% urethane rubber, presenting a complex permittivity of
ϵr = 20 and σ = 0.16S/m at 1.1GHz. Moreover, thanks to the
antenna’s flexibility and softness, the antenna array can easily
conform to the head shape, minimizing the air gap between
the head and the antenna.

The optimized Ant-MM is designed to work in direct
contact with the head surface, operating around 1.1GHz in
accordance with and supported by the rigorous design guide-
lines detailed in [18], [19]. This frequency choice is intended
to reach a balance between the electromagnetic (EM) field
penetration depth into brain tissues and the achievable spatial
resolution, which is expected to be in the order of 5mm [20].
Transmission parameter pairs fall between −80 and −30 dB,
and the reflection parameters resonate around 1.2GHz, as
shown in the bottom of Fig.2. The latter’s variability is due to
positioning and manufacturing issues.

B. Switching Matrices

EMech is an ad-hoc matrix comprised of two single-pole
four-throw (SP4T), eight single-pole-six-throw (SP6T), and
twenty-four single-pole-double-throw (SPDT) electromechan-
ical coaxial switches [21], [22], creating a 2 × 24 configu-
ration, as detailed in [9]. The SP4T switches are connected
to the VNA ports using flexible coaxial cables, while the
SPDT switches are connected to each antenna using the same
kind of cables. Connections between switches are made via
rigid coaxial cables with uniform path lengths. In the whole
considered frequency bandwidth, 0.8 – 1.8 GHz, EMech shows
a single path attenuation less than 0.9 dB, a matching lower
than -20 dB, and a channel isolation exceeding 90 dB [22].
Timing aspects of both matrices are explored in Sect. III-A.

It is worth noticing that in addition to the switches them-
selves (component *4 in Fig. 1(a)) , this setup also requires
an external power supply, a communication board, and the
control module, component *1,*2,*3, respectively, in Fig. 1(a),
making the whole Sw-M bulkier. The dimension of the EMech
Sw-M is about 30× 80× 20 cm3.

The Correlator is an off-the-shelf solid-state Sw-M [23]
that achieves a single path attenuation less than 4.9 dB, a
matching below -15 dB up to 1.4 GHz and below -10 dB up
to 1.8 GHz, and a measured isolation level exceeding 80 dB.
It is a compact unit that does not require an external supply
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or a communication board. For this test, we employ a 2× 64
version, which is the one available in our lab, though only 22
output ports are used. As illustrated in Fig. 1(b), the Correlator
is clearly more portable than the EMech system, having a
dimension of 15× 18× 2.5 cm3.

C. Calibration Procedure

To calibrate the system, we assume the same electrical paths
between the ports of the antenna and the VNA. In the EMech
case, we guarantee the same electrical length for all paths
since all paths are designed and manufactured with the same
physical length. As for the Correlator, we first measured the
electrical path from the VNA ports to all available 64-antenna
ports, and then we selected 22 paths with the same electrical
length. Next, we implement a full-port calibration to either
Sw-M in a systematic two-step process: (I) 2-port calibration
and (II) calibration extrapolation. (I) We performed a 2-port
calibration of one of the selected pair paths, using an E-Cal
module [24]. Thus, we translate the calibration plane at the
antenna ports. (II) The obtained calibration coefficients are
then applied to all the other pairs before measuring the 22×22
scattering matrix. This calibration allows to obtain a maximum
variation in magnitude within 0.2 dB and in phase within
0.1 deg respect to a standard full-port 22 × 22 calibration,
which require at least 4n - 1 measurements, where n is the
number of ports [25].

III. SYSTEM EVALUATION

In this section, the acquisition time with respect to the VNA
intermediate filter (IF) is first assessed, and then the effect
of the switching on the system’s monitoring capabilities is
investigated, presenting an analysis of the overall trade-off
between measurement time, system dynamics and imaging
performance. For the measurements, we use MATLAB v2023b
to control the VNA and the EMech via VISA standard over
TCP/IP I/O interfaces, using USB and Ethernet connections,
respectively. Moreover, the Correlator is controlled by a serial
port connection, running over USB, using the serial-port func-
tion of the Instrument Control Toolbox. To read the scattering
data, we employ the MATLAB readbinblock function, which
is set up with double precision and transfers the data via the
VISA–TCP/IP connection.

A. Measurement Time Analysis

Let Tscan = TM
sw + Tmeas, be the time required for a

complete patient scan, i.e., the time required to acquire the
whole N2

a × Nf scattering matrix, where Na is the number
of antennas and Nf is the number of frequency points, and
TM
sw standing for the total switching time, with M indicating

EMech or Correlator, and Tmeas for the measuring time.
In turn, TM

sw depends on the kind of switching matrix, the
single switch time, tsw, and the communication time between
the control unit and the switching matrix, tcom, as:

TM
sw = (tsw + tcom) ·Nsw, (1)

where Nsw is the total number of switch steps required to form
the whole scattering matrix and is given by ((Na − 1)/2)Na.

Tmeas
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Fig. 3. Time analysis for gathering a 22× 22 scattering matrix.

On the other hand, Tmeas is dictated by the specifications and
settings of the VNA, encapsulated in the acquisition time,
tVNA, as well as by the data saving time, tsave, which indicates
the time required to transfer and save the 2×2×Nf scattering
matrix from the VNA to the imaging processing unit, i.e.,
the laptop. Notably, because the full 22 × 22 × Nf is filled
sequentially, we have:

Tmeas = (tVNA + tsave) ·Nsw. (2)

Figure 3 reports a graph indicating the required measurement
time for different IF and Nf , showing, as expected, an overall
decrease of measurement time with higher IF and an increment
with Nf . Then, it can be noticed that Tmeas scales down
linearly with Nf respect to each IF, but when Nf tends to
1, the selection of the IF is less influential because Tmeas

is dominated by tsave. Moreover, TM
sw remains constant for

both EMech and Correlator for all configurations, having a
5× gain for the Correlator (see values in Fig. 3). In the
case of Nf = 201, Tscan is always dominated by Tmeas.
In cases that required small Na, it is observed that for the
EMech case, Tmeas and TM

sw are comparable across all three
configurations (each nearly 50%), whereas in the Correlator
case, Tmeas is the dominant term. It is worth noting that tcom
and tsave become a bottleneck for fast-measuring setups. For
instance, even if solid-state-based switching technologies work
with speeds in the order of µs, this can be degraded to ms due
to communication issues.

B. IF Filter Analysis

This section is concerned with the selection of the optimal
IF as a trade-off between measurement time and imaging per-
formance. In the differential imaging scheme herein adopted,
the input of the inversion algorithm is the differential scattering
matrix obtained from the difference of the matrices measured
at two different time-instants during the follow-up. Since at
each instant the device measures the scattering matrix due
to the whole head, sufficiently accurate measurements must
be carried to faithfully extract the “useful” signal from the
measured one. The available VNA shows a measured dynamic
range (DR) of 130, 120, and 110 dB with an IF of 0.1, 1,
and 10 kHz, respectively [17]. In the analysis performed to
design the first device prototype [19], these DR values allow to
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Fig. 4. Two detection experiments using EMech and Correlator-based
systems. Top: differential scattering matrices. Bottom: normalized dielectric
contrast sliced in the middle of the stroke region. The dotted contours indicate
the expected position and shape of the stroke variation.

appraise a differential scattering matrices corresponding to vol-
ume variations in the order of 30 cm3, while the noise level is
consistently low. Accordingly, the selection of the appropriate
IF can be performed considering the noise introduced by the
SW-M in the measurement process. To investigate this effect,
we have designed a slightly more challenging (and realistic)
experiment in which there is a 20 cm3 volume increase due
to the insurgence of a HEM stroke from a healthy condition.
We have performed the measurements with both the Sw-M,
repeating them three times, for the different IF values. Fig.4
shows the differential scattering matrices measured at 1.1 GHz
with their corresponding imaging results. As can be noticed,
the imaging performance is comparable for all considered
IFs. However, with the Correlator at 10 kHz, the S-parameters
are corrupted, provoking a wrong localization, mainly due to
its higher path attenuation, which becomes critical when less
accurate measurements are performed. Therefore, monitoring
measurements are conducted using a 1 kHz IF, which allows
for accurate reconstruction, while reducing the measurement
time as compared to 0.1 kHz IF. Finally, it is worth noting that
as long as Tscan is dominated by Tmeas, the imaging results
can be improved for instance using a multi-frequency imaging
algorithm processing up to Nf = 21 frequencies.

C. False Positive

To verify the robustness of the device to false positive
cases, the data collected from the same scenario (healthy
condition) at different times is used as input for the imaging
algorithm. The findings are reported in Fig. 5 and show that
the differential scattering matrices achieve lower values (below
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Fig. 5. False positive test. (a-b): the differential scattering matrices. (c-d):
normalized dielectric contrast sliced at the maximum.

−90 dB), and the corresponding imaging results do not focus
on any target.

D. Stroke Monitoring

As a final assessment, two different experiments are used
to evaluate the monitoring capabilities achieved with both
Sw-M. These replicate the procedure in [9], consisting of a
HEM scenario evolving from 0 to 40 cm3, emulated with a
balloon filled with an alcohol-based liquid with the dielectric
properties of blood. Figure 6 depicts the monitoring results,
representing volume variations of the stroke of 0 − 20 cm3

and 20 − 40 cm3, respectively. For EMech and Correlator,
the sagittal views of normalized contrast are centered at their
respective maximum. Observing the image, one can infer
that the shape using values above −3 dB, indicated by the
yellow zone. Note that two different experiments have been
performed, one for each Sw-M configuration, so that the
position of the target and its actual evolution is different
between the two cases.

IV. CONCLUSION

This work studied the effects of the switching technol-
ogy on the operation performance of a multi-view and low-
complexity pMWI system for brain stroke monitoring. First,
a time analysis identified that, in addition to the switching
and the data acquisition times, (essential parameters for a
real-time operation) that depend on the switching technol-
ogy and the system dynamic, it is also critical to consider
communication and data saving times since these became
the operation bottleneck. Second, it was verified that the
imaging monitoring capabilities were comparable regardless
of the switching technology, though, this was degraded for the
Correlator solution when a higher VNA IF was set. However,
the Correlator allowed a significant reduction in the device’s
dimensions, representing an essential advancement towards the
deployment in pre-hospital and bedside conditions.
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Fig. 6. Monitoring of stroke progression – comparison of the imaging results
between the two configurations. Sagittal view of the normalized reconstructed
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from healthy state to a 20 cm3 stroke, and (c-d) the progression from a 20 cm3

stroke to a 40 cm3 stroke.
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Casu, L. Crocco et al., “A prototype microwave system for 3d brain
stroke imaging,” Sensors, vol. 20, no. 9, p. 2607, 2020.

[15] S. Semenov, R. Planas, M. Hopfer, A. Hamidipour, A. Vasilenko,
E. Stoegmann, and E. Auff, “Electromagnetic tomography for brain
imaging: Initial assessment for stroke detection,” in 2015 IEEE Biomed-
ical Circuits and Systems Conference (BioCAS), 2015, pp. 1–4.

[16] Q. Mahmood, S. Li, A. Fhager, S. Candefjord, A. Chodorowski,
A. Mehnert, M. Persson et al., “A comparative study of automated
segmentation methods for use in a microwave tomography system
for imaging intracerebral hemorrhage in stroke patients,” Journal of
Electromagnetic Analysis and Applications, vol. 7, no. 05, p. 152, 2015.

[17] “Streamline series vector network analyzer,” Avail-
able at https://www.keysight.com/us/en/products/
network-analyzers/streamline-series-usb-vector-network-analyzers/
p50xxb-streamline-series-vector-network-analyzers.html.

[18] R. Scapaticci, L. Di Donato, I. Catapano, and L. Crocco, “A feasibility
study on microwave imaging for brain stroke monitoring,” Progress In
Electromagnetics Research B, vol. 40, pp. 305–324, 2012.

[19] R. Scapaticci, J. Tobon, G. Bellizzi, F. Vipiana, and L. Crocco, “Design
and numerical characterization of a low-complexity microwave device
for brain stroke monitoring,” IEEE Transactions on Antennas and
Propagation, vol. 66, no. 12, pp. 7328–7338, 2018.

[20] D. O. Rodriguez-Duarte, J. A. T. Vasquez, R. Scapaticci, L. Crocco, and
F. Vipiana, “Assessing a microwave imaging system for brain stroke
monitoring via high fidelity numerical modelling,” IEEE Journal of
Electromagnetics, RF and Microwaves in Medicine and Biology, vol. 5,
no. 3, pp. 238–245, 2021.

[21] J. A. Tobon Vasquez, R. Scapaticci, G. Turvani, G. Bellizzi, N. Joachi-
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