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ABSTRACT

The paper presents the design, development, and optimization of a hybrid mobile tomograph integrating ultra-
sound tomography (UST) and electrical impedance tomography (EIT) for long-term, non-invasive monitoring
of the lower urinary tract. The proposed solution is characterized by the integration of miniaturized and energy-
efficient electronic modules within a wearable system, facilitating wireless communication and real-time data
acquisition. The final prototype incorporates advanced power management, customized sensor systems, and the in-
tegration of UST beamforming and EIT signal acquisition. Comprehensive electromagnetic compatibility (EMC)
and electrostatic discharge (ESD) tests were conducted in compliance with medical device standards (PN-EN
60601-1-2), thereby confirming the tomograph’s suitability for clinical and home healthcare environments. The
findings indicate that the hybrid approach enhances diagnostic imaging while ensuring safety, comfort, and mobil-
ity for patients, particularly in pediatric applications. The solution contributes to the advancement of smart medical
diagnostic tools in biomedical engineering.

Keywords: ultrasound tomography, electrical tomography, energy optimization, electromagnetic compatibility.

INTRODUCTION

Children often suffer from urinary tract disor-
ders. Approximately 7-10% of children over the
age of 5 suffer from urinary incontinence. Genet-
ic, demographic, environmental, behavioral, or
physical factors may be the cause of this dis/or-
der [1]. Serious consequences, including kidney
damage and urosepsis, can result from neglected
disorders [2]. Because of the complexity of the
problem, accurate diagnosis is essential for suc-
cessful therapy. Due to the prevalence of blad-
der abnormalities and disorders, especially in the
pediatric population, innovative methods for ac-
curate diagnosis and treatment are needed. As a
result, researchers are trying to develop new ways
to diagnose and treat these conditions.

In recent years, there have been significant ad-
vances in imaging techniques such as ultrasound
and magnetic resonance imaging (MRI) for as-
sessing the urinary tract. New pharmacological
and non-invasive treatments have been developed
[3, 4]. However, more research is needed to fully
understand the causes of these disorders and deter-
mine the most effective methods of diagnosis and
treatment. In response to these problems, a hybrid
CT scanner was developed with the unique abil-
ity to provide real-time, non-invasive imaging that
goes beyond the limits of conventional methods.
It combines two imaging techniques — ultrasound
tomography (UST), and ielectrical impedance to-
mography (EIT). The UST system uses advanced
beam modeling technology to concentrate and con-
trol the ultrasound wave to generate images of the
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body’s tissue structures. Measurements are made
using a phased array ultrasonic probe. The EIT
system images the body’s electrical conductivity
using low-frequency electric currents. The device
uses a set of dedicated electrodes to measure im-
pedance. The insert with electrodes is an integral
part of the measurement system. Combining these
two technologies allows for optimizing the under-
lying physical and chemical processes. The syn-
ergistic combination of diverse technologies often
leads to enhanced capabilities, providing research-
ers and practitioners with a more comprehensive
understanding of complex systems [5].

Artificial intelligence is employed to address
various challenges in science and industry [6—10].
Innovative algorithms adapted to a hybrid imag-
ing system are intended to increase diagnostic
capabilities in medical diagnostics. This hybrid
system integrates UST and EIT. The algorithms
employed aim to interpret complex data gener-
ated simultaneously by UST and EIT, facilitating
early detection of irregularities and providing ap-
propriate information. Consequently, this syner-
gistic approach enhances the potential for early
detection of bladder diseases.

The key challenge was to develop miniatur-
ized functional modules of the system, which
were aimed at two important benefits: increasing
the device’s portability and optimizing its energy
efficiency. This process required precise optimi-
zation of each component to achieve a more com-
pact form while maintaining full functionality.
Thanks to the above tasks, the device has become
entirely mobile, which means it can be easily car-
ried by the patient and used in different places
while maintaining full functionality. Miniaturized
modules also positively impacted the aesthetics
and ergonomics of the device. Optimizing en-
ergy efficiency was also an extremely important
aspect of the solution design process. Thanks to
optimized modules and more efficient energy so-
lutions, the device can operate longer on a single
charge, increasing its usability and usefulness for
users. As a result, an energy-balanced device is an
important step towards modern and efficient tech-
nologies. Similar challenges related to embedded
system design and energy optimization have also
been discussed in other engineering domains, in-
cluding precision agriculture applications [11].

This study addresses current challenges in
urinary tract diagnostics by introducing a hybrid
imaging system that integrates UST and EIT in
a portable, long-term monitoring device. While
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previous studies have explored these modalities
separately or in stationary settings, the proposed
system represents a novel scientific contribution
by integrating both techniques into a single, por-
table platform designed for continuous, real-time
diagnostics outside of clinical facilities.

The originality of this work lies in the fusion of
complementary physical modalities — ultrasound
propagation and tissue conductivity - into a minia-
turized system that allows simultaneous structural
and functional assessment in mobile conditions.
This integration is supported by a novel method-
ological approach to signal synchronization and re-
construction that ensures stable and accurate multi-
modal imaging. In addition, the system introduces
an innovative energy-efficient hardware architec-
ture capable of high-speed operation and meeting
stringent electromagnetic compatibility (EMC)
standards for medical devices, an aspect rarely ad-
dressed in similar designs. As such, the solution
presented advances the field of multimodal bio-
medical engineering and can serve as a reference
model for future intelligent diagnostic platforms
targeting pediatric and ambulatory care.

MATERIALS AND METHODS

Medical ultrasonic tomography is usually
associated with large ultrasound devices and a
complex medical examination combined with the
participation of a doctor. Ultrasound imaging as a
stand-alone test has certain constraints or limita-
tions [12]. Such examinations are not a problem
for adults, but younger patients can be uncomfort-
able, especially if they are to be monitored for an
extended period, similar to a Holter examination.

The main goal of the project and the chal-
lenge was to design a tomographic device that
is mobile, wearable, wireless, and can monitor
the urinary system in real-time using UST [13]
and EIT [14]. Due to its complexity, the project
went through a long and complicated prototyping
process.

The hybrid computed tomography scanner,
designed for noninvasive real-time imaging of
urinary tract diseases, combines two technologies,
including the meticulous selection of electronic
components and an advanced algorithm. A focus
on energy efficiency and optimization was integral
to the device design process. The device’s hard-
ware consists of several components, each playing
a key role in achieving its innovative capabilities.
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The prototyping process

The initial prototype construction allowed for
testing key components of the ultrasonic measure-
ment system (Figure 1). It supported 16 ultrason-
ic channels. The test setup was created using an
STM32H7 microcontroller connected via a paral-
lel FMC bus to an Intel Cyclone IV FPGA and
two MAX2082 devices [15]. These devices are
integrated 8-channel circuits containing elements
necessary for generating ultrasonic excitation and
acquiring ultrasonic signals from a phased array of
ultrasonic transducers. Additionally, high-voltage
power converters (+/-72V) were placed on the
board to supply power to the ultrasonic excitation
circuits. Ultimately, the test setup exposed several
issues addressed in the subsequent version.

The subsequent construction was expanded to
a 32-channel ultrasonic tomography system and di-
vided into measurement cards. Connecting a single
FPGA with a single MAX2082 instead of two al-
lowed for synthesizing properly functioning soft-
ware and provided adequate SRAM memory for
captured measurement data. This configuration also
reduced crosstalk levels between LVDS differential
transmission and single-ended FMC transmission.
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Figure 1. The first prototype of a 16-channel
ultrasonic tomograph was developed to test the key
components of the system

The modular construction simplified assembly and
ensured better heat dissipation. Due to the initial
assumption that the tomograph would be hybrid,
combining both ultrasonic and impedance tomog-
raphy, another solution was designed (Figure 2).

In the following version, the tomograph was
expanded to 64 ultrasonic channels using 2:1
multiplexers and was designed for use with medi-
cal ultrasonic probes for abdominal cavity ex-
amination. As mentioned earlier, the tomograph
has been enhanced to include the capability for
impedance tomography measurements. An ad-
ditional measurement card supporting 16 chan-
nels for measuring the impedance of the human
body with a current excitation up to 100 pA at
100 kHz has been integrated (Figure 3). The de-
sign enabled experiments using a 128-channel ul-
trasound transducer head, specifically the Philips
C5-2 model (Figure 4). The integration of signal
multiplexers within the transducer head allowed
for the handling of such a large number of ultra-
sound channels [16-18].

Several housing variants were designed for
the new solution, and ultimately, the version with
a white housing, gold logo, and a colored LED
strip to indicate the device’s operational status
was chosen. The housing was produced using
stereolithography (SLA) 3D printing. Enclosing
the electronics in the housing improved its safety
against accidental damage and allowed for exper-
iments on phantoms (Figure 5).

The first fully functional and stable construc-
tion of the tomograph for monitoring the lower
urinary tract, equipped with ultrasonic and im-
pedance tomography, was a stationary version,
not optimized for energy efficiency, and lacked
wireless communication. Due to this, the deci-
sion was made to adopt another improvement to
the existing design as the primary solution. At
this stage, an analysis was also performed on the

Figure 2. The second prototype of the 32-channel ultrasonic tomograph, divided into measurement cards
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Figure 3. The third version of the prototype tomograph designed for monitoring the lower urinary tract, featuring
an integrated 64-channel ultrasound tomography and a 16-channel electrical impedance tomography

AT,
g —

120000

100000

80000

60000

40000

20000

o

0 2000 4000 6000 8000 10000

Figure 5. The third version of the tomograph is used to study the lower urinary tract during measurements on
phantoms, along with the measured signal from a single channel of the ultra-sound transducer head

arrangement of all electronic components relative
to each other, ensuring that the designed device
could be mobile, highly miniaturized, and ergo-
nomic. The subsequent version of the tomograph
was improved in these aspects and represents the
final design of the device.

Final hardware design ensuring mobility and
energy efficiency

The final version of the tomograph has been
completely redesigned in terms of appearance,
usability, and power supply. The new version is
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fully portable and designed as a compact back-
pack. The housing dimensions are minimal (tai-
lored to electronic components). Simultaneously,
the part adjacent to the back remains flat. Comfort
during wear will be enhanced by foam attached to
the rear part of the housing and a spacer mesh at-
tached to the backpack straps. Power cells are po-
sitioned to ensure an even distribution of the de-
vice’s weight. At the same time, the design allows
for the detachment of the module and removal of
the cells for replacement. Specially designed han-
dles are incorporated into the housing to fasten
with the straps securely. The miniaturization of
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the device results in a high power density of the
device [19], which is why it was so important to
take care of heat dissipation. Ventilation openings
are integrated into the design to facilitate the dis-
sipation of warm air from the housing. An LED
strip complements the aesthetics and serves as a
communication link between the device and the
user. The housing body is made of PA-12 using
SLS printing technology (Figure 6).

Each circuit in the new design has the capabil-
ity of remote power control. Critical circuits, such
as the STM32H7 microcontroller and the ESP32
Wi-Fi communication board, are powered by a
highly efficient LMR12020 converter operating at
a frequency of 2MHz throughout the entire device’s
operation. On the other hand, the power supply to
the UST and EIT measurement cards can be dis-
connected during breaks between consecutive mea-
surements, allowing for significantly lower energy
consumption stored in the batteries (Figure 7a).

The new design has also changed the method
of generating high voltage. The new model of HV
converters necessary for developing the excita-
tion signal of the phased measurement head oper-
ates in SEPIC technology [20]. This allows these
converters to work with much greater efficiency
and voltage stability than the previously used
compact NMT1272SC converters with galvanic
isolation. Depending on the load, the new LT3958
converters also have much better and more stable
temperature characteristics (Figure 7b).

The new main board design includes an in-
tegrated BMS (battery management system) for
four 18650 battery cells, which is necessary for
optimizing the energy efficiency of the charging
process. The main board is also equipped with a
Li-Ion battery charger using the LTC4006EGN-4

A
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Figure 6. 3D model of UST & EIT tomograph
construction

circuit. An important aspect of the device design
was developing a sensor system that enables
simultaneous measurements using ultrasonic
tomography and impedance. One of the chal-
lenges to overcome was developing a method
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Figure 7. The final version of the main board for the tomograph monitoring the lower urinary tract:
(a) top view, (b) bottom view
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for mounting sensors on the patient’s body at the
bladder level (Figure 8).

The STM32H7 microcontroller serves as the
basis for the main board. It enables communica-
tion with the impedance measurement card via
UART and QUAD SPI, and provides parallel
FMC data transfer from ultrasonic measurement
cards at a rate of 100 MHz. The motherboard also
includes a Wi-Fi module and USB 1.0 and USB
2.0 communication interfaces for connection to
the image reconstruction system. In addition, the
motherboard provides each module with the ap-
propriate power levels.

The board is made of six-layer copper and
manufactured on a 2 mm thickness PCB to ensure
the best separation of high-voltage signals from
connected ultrasound measurement cards. Each

Figure 8. The final version of the tomograph
mainboard for monitoring the lower urinary tract

toeLavt

UST measurement card has eight measurement
channels, resulting in 32. The motherboard also
has built-in 2:1 multiplexers, which allows multi-
plying UST channels up to 64. The UST cards are
synchronized by a standard clock, allowing control
of the excitation on each channel with an accuracy
of up to Ins. This feature is required for ultrasound
beamforming measurements [21-24] (Figure 9).

Beamforming technology gives the ability to
perform a large number of reflection measure-
ments using a small number of channels/trans-
ducers (and their number is mainly due to the step
with which the phase of the transmitting signal
will be shifted). The phase shift on each of the
transmitting transducers allows for the direction
of the wave beam at a specific angle, thanks to
which, using static transducers, it is possible to
image similarly to using one transducer with a
mechanically controlled angle/direction. Beam-
forming also allows the ultrasonic wave to be fo-
cused at a point, making it possible to inspect the
object sector by sector.

The UST measurement card includes an
octal-channel measurement integrated circuit
MAX2082 from Maxim and an FPGA Altera Cy-
clone IV from Intel. The MAX2082 contains 8x
high-voltage 3-level 2A Pulses, 8x T/R switchers,
8x low-noise amplifiers (LNA), 8x variable-gain
amplifiers (VGA), 8x anti-aliasing filters (AAF),
8x ADC 12 bit 50 MSPS, and 8x Digital High-
Pass Filters (Figure 10).
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Figure 9. Ultrasonic beamforming implementation
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Figure 10. Implementation of measurement data deserialization and summation in phase

The above figure shows the data acquisi-
tion method from a single MAX2082 chip. The
phase-shifted measurement data are deserialized
in the first block with the 300MHz clock from
the MAX2082 chip. Using a 25 MHz clock, data
from 8 ADCs are fed simultaneously to the sum-
mation block. Based on the table of delays for
eight channels, this block receives eight trigger
signals (TRIG[7..]), which sums up data from all
channels with a given delay. The summed output
data (ADCX DATA[15..0]) are transferred to the
FPGA’s internal RAM, from where, using the
FMC bus, they are loaded to the STM32H7 mi-
crocontroller along with data from other measure-
ment cards, where the already completed data are
added up, as a result of which the result of a sin-
gle sample measurement is 17 bits. The number
of measurements per one measurement matrix is
set with the parameter ILOSC_PROBEK [15..0].
This number is 16-bit, but due to the limited
amount of RAM available in the FPGA and the
STM32H7 microcontroller, this number is limited
to 10000 sample measurements (Figure 11).
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Before measurements, the mainboard param-
eterizes the UST cards. They send data about de-
lays on each channel, the number of measurement
samples, excitation frequency, pulses, filtering,
and active channels. The standard clock and the
low state on the GPIO trigger line are responsible
for accurately synchronizing the start of measure-
ments. The collected data are summed up based on
the delay data to create a common 16-bit measure-
ment vector and are sent via FMC and USB or Wi-
Fi to the image reconstruction system (Figure 12).

The EIT measurement card provides imped-
ance measurements using 16 electrodes made of
silver and covered with gold. The voltage and
current values are measured using the ADC con-
verter system from Linear Technology LTC2203,
which has a sampling rate of up to 25 Msps and
uses a pipelined architecture with a built-in PGA.
Data transmission to the FPGA is performed us-
ing a parallel bus. Current excitation is achieved
using digital-to-analog converters. The FPGA
system controls two DAC8830 converters using
a serial bus. The converters work concurrently,

Figure 11. Ultrasound 8-channel beamforming measuring card
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Figure 12. Electrical impedance 16-channel measuring card

with one converter’s output being used as a refer-
ence signal for the other. This enables the system
to generate any waveform shape while maintain-
ing the necessary resolution for digital control of
amplitude (Figure 13).

The wireless communication of the hybrid to-
mograph for monitoring the lower urinary tract
was implemented using the ESP32 Wi-Fi module
with an external antenna installed inside the hous-
ing. The module was programmed to operate as
an access point. The device can function in any
conditions as it doesn’t require connection to ex-
ternal networks; it’s sufficient to connect to the
network broadcasted by the device. Internal com-
munication between the ESP32 module and the
main STM32H7 microcontroller was achieved
using the SPI bus (to transmit measurement data)
and UART (to control the measurement sequence
and parameterization).

Measurement sensors

An essential aspect of the device design was
developing a measurement sensor system that en-
ables simultaneous measurement using ultrasonic

tomography and impedance. One of the chal-
lenges to overcome was developing a method
for mounting sensors on the patient’s body at the
bladder level. Developing the best solution for
making electrodes and selecting the appropriate
electrically conductive material was important.

The first concept of the electrode system is
a belt with attached textile measurement points.
A problematic aspect of this variant was the lack
of possibility for proper cleaning and disinfection
(Figure 14).

The design of the measurement system has
been improved. Textile electrodes have been at-
tached to a silicone insert. Dedicated underwear
and a pocket for electrodes attached to Velcro have
been designed for this solution. However, tests of
this solution did not yield satisfactory results. In
the next version, textile electrodes were replaced
with measurement points in approximately 5
mm diameter spheres made of silver coated with
gold. The convex shape of the spheres ensured
proper contact pressure. The material they are
made of allows for thorough disinfection. An op-
timal solution was achieved by improving each

.
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Figure 13. The Wi-Fi wireless communication module
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Figure 14. First concept (right) and prototype (left) of the electrode system as belt with attached textile
measurement electrodes for impedance measurement

subsequent version of the measurement sensors.
The developed solution is a probe with electrodes
mounted on dedicated underwear. The probe has
an electrode arrangement optimized for EIT and
UST measurements. It has been designed to al-
low easy and secure connection to the measure-
ment system. A crucial aspect was maintaining a
balance between wearing comfort and electrode
contact quality.

A pocket attached with Velcro to the under-
wear was chosen to achieve optimal electrode fit
and improve signal conduction. The electrode in-
sert can be easily inserted and removed from this
pocket. This solution represents a compromise
between effective electrode pressure, simplicity
of installation, disinfection capability, and patient
comfort during examination. With this approach,
the insert becomes universal for different body
types of patients, and adjusting its size only re-
quires adjusting the textile underwear using Vel-
cro straps (Figure 15). The electrode assembly
involves the following steps:

1. Inserting the electrode system into the insert.

2. Fasten the strap located in the insert.

3. Securing the insert with electrodes onto the
dedicated garment.

4. Routing the plug through the dedicated open-
ing in the garment.

The EIT measurement electrode system con-
sists of 16 electrically conductive measuring
points. The wires leading to the measuring points
are carefully protected and concealed inside the
insert to isolate them from the patient’s body. A
mounting hole for the dedicated UST transducer
was designed in the middle of the insert. The ul-
trasonic transducer was designed for the measure-
ment system and adapted for imaging the bladder.
Additionally, its physical construction allows ad-
aptation to human anatomical structure, ensuring
comfort during measurements. The applied trans-
ducer has a linear 32-channel array of transducers
with a step of 500 pm, a maximum focusing depth
of'about 13 cm, and a rotation angle of +/-30° [25].

RESULTS - ELECTROMAGNETIC
COMPATIBILITY (EMC)

The Accredited Laboratory of Electromag-
netic Compatibility at the Wroclaw University
of Science and Technology in Poland conducted
tests on the tomograph for monitoring the low-
er urinary tract. The purpose of the tests was
to verify the device’s suitability for use in the
“environment of professional healthcare facili-
ties and home healthcare” as defined by PN-EN

Figure 15. Textile underwear for hybrid UST/EIT sensor
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60601-1-2 [26]. The initial tests were conducted
during the device’s design phase to identify issues
and proactively prepare it for subsequent certifi-
cation examinations. As part of the research, the
following tests were conducted:

EMC immunity testing:

e Electrical fast transient (EFT) immunity tests
according to PN-EN 61000-4-4 [27].

e Surge immunity tests according to PN-EN
61000-4-5 [28].

e ESD immunity tests according to PN-EN
61000-4-2 [29].

e Burst transient immunity tests according to
PN-EN 61000-4-4 [27].

e Conducted immunity test according to PN-EN
61000-4-6 [30].

e Radiated immunity tests according to PN-EN
61000-4-3 [31].

e Magnetic field immunity test at a frequency of
50Hz according to PN-EN 61000-4-8 [32].

e Voltage Dips, Drops & Interruptions immu-
nity test according to PN-EN 61000-4-11 [33].

Emission tests:

e Conducted emissions tests according to PN-
EN 55016-2-1 [34].

e Radiated emissions tests in the frequency
range from 30 MHz to 1 GHz, radiated at a
distance of 10 meters according to PN-EN
55016-2-3 [35].

e Radiated emissions tests in the frequency range
from 1 GHz to 6 GHz, radiated at a distance of
3 meters according to PN-EN 55016-2-3 [35].

e Harmonic tests according to PN-EN 61000-3-
2 [36].

e Flicker tests according to PN-EN 61000-3-3
[37].

Due to the extensive number of tests conduct-
ed, only a few selected ones are presented and
discussed below.

Conducted emissions tests

Conducted disturbances measurements have
been carried out according to the procedure de-
fined in PN-EN 55011 [38], PN-EN 55032 [39]
and PN-EN 55016-2-1 [34] standards as required
in PN-EN 60601-1-2 [26] (Figure 16). Asym-
metrical high-frequency conducted disturbances
inducted by the equipment under test (EUT) at
the power supply port are measured using an Ar-
tificial Mains Network and the EMI receiver in
the frequency range from 150 kHz to 30 MHz
for each of the two lines (L and N). The mea-
surements for the EUT were performed in the
shielded room (Figure 16) [40]. The UST/EIT
tomograph equipment under test was connected
to the Artificial Mains Network and located 40
cm above the reference ground plane (shielded
room’s floor) on charging mode, using the Mean
Well GSM60B18-P1J charger. An excess of the
mains cable was bundled to provide a distance of
80 cm between the EUT and the AMN.

Preliminary measurements of conducted
emissions for the UST/EIT tomograph confirmed
compliance with class B, group 1 limits specified
in PN-EN 55011 [38] and PN-EN 55032 [39] stan-
dards. The results demonstrated that the highest
measured values across the 150 kHz to 30 MHz
frequency range remained within the permissible
limits for both quasi-peak and average detectors.
Minor peaks close to the threshold were observed
and addressed through design refinements in sub-
sequent versions of the device.

Figure 16. UST/EIT tomograph for monitoring the lower urinary conducted emissions tests
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Radiated emissions tests in the frequency
range from 30 MHz to 1 GHz, radiated
at a distance of 10 meters

Electromagnetic compatibility testing was
conducted in the frequency range from 30 MHz
to 1 GHz and from 1 GHz to 6 GHz. Measure-
ments have been carried out according to the
procedure defined in PN-EN 55016-2-3 [35], PN-
EN 55011 [38] and PN-EN 55032 standards as
required in PN-EN 60601-1-2 [26].The tests al-
lowed for identifying electromagnetic field sourc-
es exceeding permissible standards. The detected
issues mainly stemmed from insufficient filtering
of internal signals that passed through the wiring
outside the device. During the first tests (design
tests), identified problems were systematically
addressed, and measurements were repeated until
emission source elimination surpassed the final
certification test standards.

In the 30 MHz to 1 GHz frequency range, the
tomograph was positioned on a mannequin simu-
lating realistic clinical use, while the measure-
ment antenna was mounted on an automatically
adjustable mast (height range: 1 to 4 meters, with
vertical and horizontal polarization changes).
The test setup included a rotating table enabling
360° rotation in 45° increments. Initial measure-
ments showed that instantaneous emission levels
exceeded the regulatory limits in several fre-
quency bands, particularly between 30 MHz and
100 MHz. These anomalies were attributed to the
100 MHz internal clock and long parallel bus lines
of the UST cards. Appropriate filtering and layout
modifications were implemented, which ultimately
reduced emissions to compliant levels. Final qua-
si-peak measurements confirmed full conformity
with class B, group 1 device limits specified in PN-
EN 55011 and PN-EN 55032 standards.

The result of this measurement ultimately
determines whether the signal complies with the
standard or not. As seen in the Table 1 above and

the chart, the system selected 6 frequencies requir-
ing quasi-peak measurement. In the case of the
100 MHz frequency, the device met the standard,
being 0.05 dB below the limit. The high emission
at 100 MHz and its harmonics are due to all UST
measurement cards connected by a long parallel
bus operating at a clock frequency of 100 MHz.

Radiated emissions tests in the frequency
range from 1 GHz to 6 GHz, radiated
at a distance of 3 meters

Measurements were also performed in a semi-
anechoic chamber (SAC). For measurements in
the frequency range above 1 GHz, the EUT was
placed in the center of the turntable on a non-con-
ductive table 80 cm above the floor, which was
partially covered with electromagnetic absorbers
to reduce reflections from the floor and simulate
conditions as in the FAR (fully anechoic room).
The measuring antenna was located 3 meters
apart from the EUT and was installed 1m above
the floor on the antenna mast, and its polarization
(vertical and horizontal) was changing.

Statement of conformity for this test was de-
clared by the disturbance limits defined for class
B devices group 1 in PN-EN 55011 [38] and PN-
EN 55032 [39] standards and decision rules de-
fined in PN-EN 55016-4-2:2011 [41] standard.

Emission levels were recorded across the 1
GHz to 6 GHz range using a peak detector during
preliminary measurements. The test focused on
identifying the highest emission levels for each
frequency, with all observed values falling signif-
icantly below the regulatory thresholds — typical-
ly by at least 10 dB. It is important to note that the
device is designed to emit intentional signals in
the 2.4 GHz Wi-Fi band to support wireless com-
munication. In accordance with the standards,
this frequency band was excluded from the con-
formity assessment. Figure 17 presents the setup
used during radiated immunity tests in both the

Table 1. Results from quasi-peak measurements on radiated emissions tests

Frequency | QuasiPeak Limit Margin .Meas. Bandwidth Height Pol Azimuth Corr. (dB)
(MHz) (dBpV/m) | (dBpV/m) (dB) Time (ms) (kHz) (cm) (deg)
40.440000 14.21 30.00 15.79 15000.0 120.000 118.0 \Y 98.0 14.4
46.500000 14.55 30.00 15.45 15000.0 120.000 375.0 \ 179.0 10.8
61.020000 4.57 30.00 25.43 15000.0 120.000 393.0 \ -116.0 4.6
99.990000 29.95 30.00 0.05 15000.0 120.000 120.0 \ 144.0 9.9
147.960000 17.06 30.00 12.94 15000.0 120.000 137.0 \ -120.0 8.9
624.990000 33.37 37.00 3.63 15000.0 120.000 257.0 H 45.0 20.1
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Figure 17. UST/EIT tomograph for monitoring the lower urinary tract mounted on a phantom during radiated
immunity test in the frequency range from 80 MHz to 1| GHz and from 1 GHz to 6 GHz

80 MHz to 1 GHz and 1 GHz to 6 GHz ranges,
with the tomograph mounted on a phantom under
controlled test conditions.

Radiated immunity tests

A radiated, radio-frequency, electromagnetic
field immunity test has been carried out accord-
ing to the procedure defined in PN-EN 61000-4-3
[31] standard, as required in PN-EN 60601-1-2.
During radiated immunity tests, the tomograph
was exposed to a field with an intensity of 10 V/m
at frequencies ranging from 80 MHz to 6 GHz.
Four sides of the tested EUT were subjected suc-
cessively to exposures — horizontal and vertical
polarized electric fields.

The EUT was placed within the test volume
(plane of calibrated uniform electric field) on a
non-conductive support 80 cm above the metallic
floor (reference ground plane). During the cali-
bration of this test setup, the part of the floor be-
tween the transmitting antenna and the EUT was
lined with RF absorbers.

This study assessed whether the electromag-
netic field could disrupt or interrupt the device’s
operation. The investigation during the first tests
(design tests) revealed that, with one antenna po-
larization, issues occurred with the proper func-
tioning of the tomograph. The cause of these
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problems was identified as the LED strip located
on the front of the device, which induced interfer-
ence and allowed it to propagate to the microcon-
troller on the main board. This issue was resolved
by attaching a ferrite bead to the wire connecting
the LED strip and the main board. The final test
was successfully completed with a positive result.
Throughout all immunity and emission tests,
the tomograph was connected to specially pre-
pared test software monitoring temperature, bat-
tery voltage level, charging current level, signals
received from ultrasonic and impedance sensors,
and the measurement duration. These data served
as indicators of the proper operation of the de-
vice. The results are shown in Figures 18—19.

ESD immunity tests

Electrostatic discharge immunity tests have
been carried out according to the procedure de-
fined in PN-EN 61000-4-2 [29] standard as re-
quired in PN-EN 60601-1-2 [26]. During the ESD
immunity test, the EUT was placed on a dielectric
support above a conducted and grounded plane.
Contact discharges were applied when the test gen-
erator touched the metallic parts of the EUT, hori-
zontal coupling plane HCP, and vertical coupling
plane VCP. Air discharges were applied when the
test generator was touched to non-metallic parts.



Advances in Science and Technology Research Journal 2025, 19(10) 329-346

. Mﬁ -w"‘x/\r\/’*\/w'-w;_,

Figure 18. Levels recorded by test setup during radiated, radio-frequency, electromagnetic field immunity test in
the SAC a) (80 MHz-1 GHz) for horizontal polarization (blue line — exposure level - E field level,
b) (1 GHz-6 GHz) for vertical polarization (left chart) and horizontal polarization (right chart)
(blue line — exposure level - E field level
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Figure 19. Measured data throughout all immunity and emission tests as indicators
of the proper operation of the device

Discharges from the ESD generator were applied
to selected points on the EUT’s surface, which are
accessible to personnel during normal usage. For
every one of these points, 10 positive and 10 nega-
tive discharges were applied with a minimum 1 s
time interval between each one. ESD discharge re-
sistance tests started with a voltage level of 4 kV,
which was gradually increased to 8 kV and finally
to 15 kV [42]. Air and contact discharges were
directed toward the tomograph in a point-and-
surface manner. The discharges were also directed
toward the EIT electrodes and the UST transducer.

The device without USB service cables connected
worked continuously during these tests. In the case
of connected USB service cables, problems with
wired communication occurred already at an 8 kV
surge. In the case of these tests, this is an accept-
able situation. The device may have trouble com-
municating with the external system, but should
be ready to resume transmission without a power
reset. These problems could not be repeated during
the final certification tests because all communica-
tion is only via Wi-Fi, and the end user cannot ac-
cess the service USB ports (Figure 20).
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Figure 20. UST/EIT tomograph during ESD
immunity tests

DISCUSSION

Based on conducted research and prototype
work, it has been proven that combining ultrasonic
and impedance tomography for long-term bladder
monitoring significantly improves diagnostic qual-
ity. However, miniaturizing ultrasound tomog-
raphy for medical applications, especially with
UST signals > 2 MHz, is a complex challenge.
This complexity arises due to the high speed of
UST signals, requiring high-speed measurement
analog-to-digital converters (ADCs) (minimum
20 MBPS on each channel). This, in turn, neces-
sitates the use of large and high-speed RAM, the
incorporation of FPGA systems, and high-speed
communication buses in the measurement system
(in the case of this device, a parallel FMC bus).
Phased arrays of ultrasound transducers also re-
quire symmetrical power supplies of at least +/-50
V with high current efficiency, as the transducer
can draw a peak current of several amperes. High
voltages and high frequencies on PCBs increase
the device’s emissions, which, in the case of medi-
cal devices, are subject to stricter regulations than
those for consumer devices. Additionally, due to
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the direct contact of impedance measurement elec-
trodes with the patient’s body, the device must be
galvanically isolated from the power source (char-
ger) for user safety, even when the manufacturer’s
recommendations prohibit charging during active
use. Meeting electromagnetic compatibility re-
quirements also requires the designer to protect
all device ports from electrostatic discharges and
prevent the leakage of signals that wires as elec-
tromagnetic radiation could emit. This is crucial
to avoid interference with the operation of other
devices. Protecting power ports from emitting sig-
nals to the power network is also important. The
device must resist the effects of an electromagnetic
field over a wide frequency range. It is unaccept-
able for the influence of the field to interrupt the
device’s operation, cause restarts, or damage it.

Beyond these engineering challenges, the
work presented in this study offers significant sci-
entific value by exploring how two fundamentally
different imaging techniques — ultrasound tomog-
raphy and electrical impedance tomography — can
be effectively combined in a wearable format,
which aligns with recent developments in wear-
able EIT systems aimed at real-time monitoring
[43]. The hybrid nature of the system allows for
the simultaneous acquisition of structural and
functional information, which has the potential to
improve diagnostic accuracy in cases where con-
ventional imaging provides limited insight. The
synchronization of data streams, real-time signal
processing, and integration into a miniaturized,
power-efficient platform represent an important
step forward in the development of multimodal
biomedical devices, in line with current trends in
wearable ultrasound technology [44].

The proposed solution also addresses an im-
portant gap in the current diagnostic tool land-
scape - the need for non-invasive, portable sys-
tems that can operate continuously outside the
clinical environment. Its modular design, ad-
vanced power management and wireless com-
munication capabilities make it particularly well-
suited for pediatric and ambulatory monitoring.
These features may support not only improved di-
agnostics, but also improved patient compliance
and comfort, especially for children who require
frequent or prolonged assessments. Similar ef-
forts to improve energy efficiency and diagnostic
functionality in wearable EIT-based systems have
been reported in recent studies focused on bladder
monitoring [45]. Although formal clinical trials
have not yet been initiated, the device has been
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thoroughly tested under laboratory conditions us-
ing tissue-mimicking phantoms and specialized
testing software. The measurement system and
ergonomic sensor interface have been evaluated
in scenarios simulating clinical use, with empha-
sis on hygienic reusability, patient comfort, and
signal stability during prolonged use. The integra-
tion of EMC-compliant electronics and medically
safe interfaces confirms the device’s readiness for
use in realistic healthcare environments, especial-
ly those involving mobile or pediatric care.

Plans are underway to begin preliminary
clinical testing to assess diagnostic performance
and compare the system’s results with conven-
tional imaging modalities. This clinical validation
phase is a natural extension of the research and
will provide valuable data on diagnostic accuracy,
system reliability and usability under real-world
conditions. The results of this study are consis-
tent with recent research on hybrid imaging sys-
tems and multimodal signal processing. [5, 10]
which show promise for improving diagnostic
performance by integrating complementary sig-
nal sources. However, most previous work has
focused on algorithmic simulations or stationary
setups and has not addressed the full system-level
challenge of combining real-time UST and EIT
imaging in a portable format. Issues such as pow-
er optimization, EMC compliance, and continu-
ous wireless data transmission remain largely un-
resolved in the literature [18, 24]. The presented
system addresses these gaps by providing a novel
framework that integrates hardware miniaturiza-
tion, real-time multimodal imaging, and medical-
grade electromagnetic protection-all within a
functional, battery-powered diagnostic platform.
Efforts involving sinogram-based reconstruction
and deep learning have likewise been explored in
the context of stratified flow imaging [46]. Recent
studies have explored the challenges associated
with multimodal signal integration and hardware
optimization in the context of ECT-based imaging
applied to industrial two-phase flows [47], further
supporting the relevance of hybrid approaches in
real-time systems.

Taken together, the proposed solution demon-
strates not only technical feasibility and regulato-
ry compliance, but also scientific innovation in the
integration of synchronized multimodal imaging
into a wearable system. It advances the state of
the art in mobile medical diagnostics by solving
previously unaddressed engineering and biomedi-
cal challenges. This work contributes to ongoing

research in intelligent diagnostic devices and may
inform future efforts in Al-driven signal interpre-
tation, personalized health monitoring, and next-
generation multimodal imaging strategies.

CONCLUSIONS

Using a spectrum analyzer and near-field
probe to test your device at every stage of devel-
opment is the best design practice. Finding the
frequencies at which the device emits the most
allows the use of low-ESR ceramic capacitors
in power supplies, especially converters, and the
selection of appropriate ferrite filters for specific
current loads. The use of double-sided copper lay-
ers to shield wires and long traces on the PCB, the
use of trough-hole ferrite beads on long cables,
and the use of carefully selected capacitance to
smooth sharp signal edges from communications
lines or generators. Another option is to shield the
PCB’s case or other parts that emit strong electro-
magnetic radiation signals. However, it’s impor-
tant to note that shielding is most effective when
it is completely sealed. In many cases, this is a
challenge due to the presence of vents. Shielding
protects sensitive circuits from surface or point
electrostatic discharge (ESD), especially when
the enclosure is made of thin material. Another
effective way to protect against ESD is to pre-
pare the enclosure with thick material and place
the PCBs inside the enclosure as far away from
the enclosure walls as possible to provide optimal
isolation. This arrangement also improves air cir-
culation inside the device.

This article expounds on the design process
of a mobile ultrasound impedance tomograph in-
tended for long-term monitoring of the lower uri-
nary tract. The design process incorporates con-
siderations of miniaturization and electromag-
netic compatibility. The integration of ultrasound
tomography (UST) and EIT facilitates the acqui-
sition of precise images of the urinary tract while
maintaining a compact device configuration. In
addition, the process of miniaturization and op-
timization of energy efficiency contributes to the
comfort of use of the device during examinations.
A key scientific novelty lies in the successful
combination of these two imaging modalities into
a single, portable system capable of synchronized
data acquisition and real-time operation, which
has not been previously implemented in a wear-
able format.
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The developed solution represents a sig-
nificant advancement in the field of diagnosis of
urinary tract diseases. By addressing previously
unresolved challenges in hardware integration,
signal processing and EMC compliance within a
compact platform, the proposed approach opens
new perspectives for both technological and clini-
cal innovation. Looking to the future, the inno-
vative approach to the diagnosis of urinary tract
disorders opens up new opportunities for the de-
velopment of this field, introducing modern tech-
nologies for the accurate diagnosis and treatment
of urinary tract disorders, especially in the pedi-
atric population.
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