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Design features of a portable ultrasonic-impedance tomograph 
for bladder monitoring 

 
 
Abstract. This paper describes the construction of an ultrasonic tomograph combined with an impedance tomograph for bladder monitoring. The 
combination of both tomography techniques allows for an increase in the accuracy of urinary tract imaging. The main advantages of a dual 
tomographic system are the non-invasiveness, low cost of production and small size. The device supports the ultrasound beamforming technology 
and makes measurements using a phased array ultrasonic transducer. The impedance measurement device uses electrodes made of conductive 
material placed directly on the body. 
 
Streszczenie. W artykule opisano budowę tomografu ultradźwiękowego połączonego z tomografem impedancyjnym do monitorowania pęcherza 
moczowego. Połączenie obu technik tomografii pozwala zwiększyć dokładność obrazowania dróg moczowych. Głównymi zaletami podwójnego 
systemu tomograficznego jest bezinwazyjność, niski koszt produkcji i niewielkie rozmiary. Urządzenie obsługuje technologię ultradźwiękowego 
kształtowania wiązki i wykonuje pomiary za pomocą głowicy ultradźwiękowej typu phased array. Do pomiaru impedancji urządzenie wykorzystuje 
elektrody wykonane z materiału przewodzącego, umieszczane bezpośrednio na ciele (Cechy konstrukcyjne przenośnego tomografu impedancji 
ultradźwiękowej do monitorowania pęcherza moczowego). 
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Introduction 
 Urinary system abnormalities are a notable concern 
among children, with estimates indicating their impact on 
over 20% of children and 2-4% of adolescents below five [1-
2]. These anomalies can be linked to diverse urinary tract 
irregularities, bowel movement difficulties, and central 
nervous system disorders like spina bifida and cerebral 
palsy [3]. Nevertheless, many children may solely 
experience functional issues, which pose challenges in 
accurate diagnosis and effective management due to the 
absence of affordable, non-intrusive diagnostic techniques 
that offer a comprehensive functional assessment of the 
urinary system [2]. 
 The purpose and motivation of the conducted research 
was to create a low-cost and convenient device for effective 
diagnosis and treatment of urinary system abnormalities in 
children and adults. The prepared article discusses the 
technical issues of the designed device. 
 
Tomograph construction 
 The design of the measuring device for dual diagnosis 
of the urinary tract is divided into several PCB boards. It 
consists of the mainboard, four ultrasounds measurement 
cards (UST), one impedance measurement card (EIT) and 
LED board for operation status indication.  

 
Fig.1. 3D model of UST & EIT tomograph construction 
 
 The mainboard was based on the STM32H7 
microcontroller. It supports parallel FMC data transmission 
operating at 100MHz clock from ultrasonic measurement 
cards and provides communication with the impedance 

measurement card using UART and QUAD SPI. In addition, 
the motherboard has USB 1.0 and USB 2.0 communication 
ports for connection to the image reconstruction system. 
The motherboard also provides the appropriate supply 
voltage levels to the individual modules. 
 

 
Fig.2. Mainboard of  a portable ultrasonic-impedance tomograph for 
bladder monitoring 
 

 
Fig.3. Assembled tomograph mainboard 
 

 The board was made in six-layer copper and was 
manufactured on 2mm thickness PCB to ensure the best 
separation of high-voltage signals from connected 
ultrasound measurement cards. 
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 Each UST measurement card has eight measurement 
channels, which gives 32 measurement channels. The 
motherboard also has built-in 2:1 multiplexers, allowing 
UST channels to multiply up to 64. The UST cards are 
synchronized with each other by a common clock, which 
allows control of the excitation on each channel with an 
accuracy of up to 1ns. This feature is required for 
ultrasound beamforming measurements. 
 

 
Fig.4. Ultrasonic beamforming implementation. 
 
 Beamforming technology gives the ability to perform a 
large number of reflection measurements using a small 
number of channels/transducers (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 the direction of the 
wave beam at a specific angle, thanks to which, using static 
transducers, it is possible to image similarly as using one 
transducer with a mechanically controlled angle/direction. 
Beamforming also allows the focus of the ultrasonic wave at 
a point, making it possible to inspect the object sector by 
sector [4]. 
 

 
 
Fig.5. Part of internal schematic of MAX2082 from Analog 
Devices[16] 
 
 The UST measurement card includes an octal-channel 
measurement integrated circuit MAX2082 from Analog 
Devices [Fig. 5] and FPGA Altera Cyclone IV from Intel. The 
MAX2082 contains 8x High Voltage 3-Level 2A Pulsers, 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.  
 

 
Fig.6. Implementation of measurement data deserialization 
alignment in phase and summation 

 The above figure shows the data acquisition 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 25MHz 
clock, data from 8 ADCs are fed simultaneously to the 
summation 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 
microcontroller along with data from other measurement 
cards, where the already completed data are added up, as 
a result of which the result of a single 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 16000 
measurements. 
 

 
Fig.7. Ultrasound 8-channel beamforming measuring card 
 
 Before the measurements, the UST cards are 
parameterized by the main board. They send data about 
delays on each channel, the number of measurement 
samples, excitation frequency, pulses, filtering and active 
channels. The common clock and the low state on GPIO 
trigger line are responsible for the accurate synchronization 
of the start of measurements. The collected data are 
summed up based on the delay data to one common 16-bit 
measurement vector and sent via FMC and USB to the 
reconstruction image system. 
 

 
Fig.8. Electrical impedance 16-channel measuring card 
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 The EIT measurement card provides impedance 
measurements using 16 wearable textile electrodes made 
of conductive material. The voltage and current values are 
measured using the ADC converter system from Linear 
Technology LTC2203, which has a sampling rate of up to 
25Msps and uses a pipelined architecture with a built-in 
PGA. Data transmission to the FPGA is done using 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, with one converter's output being used 
as a reference signal for the other. This enables the system 
to generate any waveform shape while maintaining the 
necessary resolution for digital amplitude control. 
 

 
Fig.9. Assembled portable ultrasonic-impedance tomograph for 
bladder monitoring with Philips Convex ultrasound phased array 
128 channel transducer C5-2 
 

Measurement sensors 
 The task aimed to develop measuring sensors for 
ultrasonic and impedance tomography and the method of 
their assembly on the patient's body. Both of these goals 
have been achieved. The developed solution is based on a 
measuring insert mounted in textile underwear. 
 

 
Fig.10. Elastic insole with UST small phased array transducer and 
EIT measuring sensors 
 
 This solution allows using the measuring sensor with 
underwear in different sizes. The pocket on the underwear 
fixes the measuring sensor at the level of the bladder. The 
pressure of the sensor on the patient's body is carried out 
using Velcro tapes, which also allows for a better fit of the 
underwear to a wide range of patients with different 
anatomy. 
 

  
Fig.11. Textile underwear with Velcro fasteners for attaching the 
measuring insert to the patient's body 
 
 For the measuring insert presented above was made a 
dedicated ultrasonic transducer. The transducer has been 
adapted to the hole inside the measuring insert and made 

with attention to the smallest possible size. Parameters 
were matched to bladder imaging. The head used has a 
linear 32-channel array of transducers made with a 500um 
pitch, with a max focusing depth of 13 cm, approx. and 
steering angle +/-30°. 
 

 
Fig.12. Dedicated 32-channel linear measuring ultrasound phased 
array transducer with a center frequency of 3MHz 
 
Measurements 
 The device's measurement sequence strictly depends 
on the tested object and the connected UST measuring 
probe. Based on the geometry of the probe and the 
examined area, it should be assumed how many 
measurements will be sufficient to perform image 
reconstruction. The simplest and fastest measurement 
sequence consists of as many vectors as the ultrasonic 
head of piezoelectric elements. In the case of a 128-
channel head, the device can perform 128 measurements 
from each piezoelectric element separately without 
beamforming technology, allowing for image reconstruction 
in the shortest time and in the poorest quality. Image quality 
can be significantly improved by compacting the 
measurement vectors by changing the direction of 
ultrasonic wave propagation. 
 

 
 
Fig.13. Image reconstruction system with EIT measurements 
results on left side and UST measurements results on right side 
 

Many different methods are used to analyze data [5-17]. 
Figure 14 illustrates the results of different imaging 
techniques applied to a medical phantom visible on the left 
top panel display. The right top panel shows the 
reconstructed bladder using the B-mode algorithm in 
ultrasound tomography (UST), while the right bottom panel 
shows the reconstruction obtained using the Philips Lumify 
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system for comparison. The left bottom panel presents the 
differential reconstruction of electrical impedance 
tomography (EIT), specifically the measurement difference 
between a filled and empty bladder. The reconstruction was 
obtained using the Damped Gauss-Newton method with a 
regularization constant (λ) set to 1e-9. 
 

 
Fig.14. Reconstructions results 

 
 Metrics such as Peak Signal-to-Noise Ratio (PSNR) and 
Structural Similarity Index (SSIM) coefficients were 
calculated to evaluate the quality of the results obtained 
with the original device. Based on the average values of 
these coefficients from 24 measurements, the PSNR was 
determined to be 29.45 (with a standard deviation of 0.27), 
and the SSIM was found to be 0.65 (with a standard 
deviation of 0.01).  
  
Discussion and summary 
 In conclusion, the paper presents the design features of 
a bimodal tomograph for examining the lower urinary tract, 
enabling simultaneous ultrasound and impedance imaging. 
The combination of both measurement techniques allowed 
to increase the accuracy of imaging. Both tomographs are 
non-invasive for patients. The collected test results show 
that the designed system will provide the necessary 
information to diagnose lower urinary tract diseases. The 
presented design solutions will be constantly improved and 
will ensure much better mobility, low cost, and better access 
to urological examinations. We anticipate that our device 
will streamline the treatment of urological diseases and 
facilitate the planning individualized therapies for patients. 
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