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Passive Shimming for Improving B₀ Homogeneity in a Low-Field MRI 
System 

Miroslav Silovský 

 Faculty of Biomedical Engineering, Czech Technical University in Prague, Kladno,  

Abstract—Low-field MRI based on permanent magnets can reduce system cost and 
complexity, but sufficient B₀ homogeneity is essential for image quality. This work presents 
passive shimming for a low-field MRI scanner, that is being developed at the Faculty of 
Biomedical Engineering, Czech Technical University in Prague. The magnetic field was 
measured at 3567 points within a 20 cm diameter spherical volume (DSV) using an automated 
Hall-probe system. A Monte Carlo-based Python optimization was used to select the positions 
and orientations of corrective magnets. The final configuration used 917 NdFeB N45 magnets 
(8 × 8 × 8 mm) and reduced simulated field inhomogeneity from 27,291 ppm to 1,953 ppm. 
3D-printed holders and carriers were also designed for practical implementation. 

1. INTRODUCTION 

Magnetic resonance imaging provides detailed anatomical images without ionizing radiation. 
Its correct operation requires a sufficiently homogeneous static magnetic field B₀, because 
field variations change the local Larmor frequency and can produce image artifacts. [1] Low-
field MRI systems using permanent magnets offer lower acquisition and operating costs, but 
manufacturing tolerances and surrounding ferromagnetic materials can significantly affect 
field homogeneity. Passive shimming compensates for these variations using appropriately 
positioned magnetic elements without additional power [2], [3]. The aim of this work was to 
reduce B₀ inhomogeneity below 2,000 ppm within a 20 cm DSV. 

2. METHODS 

The magnetic field distribution was measured using an automated three-axis positioning 
system with a Hall probe connected to a teslameter. The dominant Bx component was 
measured at 3567 positions within a 20 cm DSV. Data were stored in CSV format and 
processed in Python. 

 
A numerical MRI model with predefined shim positions was optimized using a Monte Carlo-
based algorithm. Random configurations differing in magnet position and orientation were 
evaluated and only solutions improving field homogeneity were retained. We also compared 
cubic 8 × 8 × 8 mm NdFeB magnets of grades N40, N45 and N48. The field inhomogeneity 
was calculated as: 

𝑃𝑃𝑀 =
𝐵𝑚𝑎𝑥 − 𝐵𝑚𝑖𝑛

𝐵𝑎𝑣𝑔
 ∙  106 

 
where Bmax, Bmin and Bavg are the maximum, minimum and average measured magnetic 
flux densities. Shim holders were subsequently designed in Autodesk Fusion and 
manufactured from PETG using a Prusa XL 3D printer. 
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3. RESULTS 

The initial field inhomogeneity was 27,291 ppm. Table 1 summarizes the investigated magnet 
configurations. Increasing the number of magnets progressively improved homogeneity. The 
best result was obtained with 917 N45 magnets, reaching 1,953 ppm and therefore satisfying 
the required value below 2,000 ppm. 

 
Figure 5.2 shows the optimized MRI magnet geometry and the predefined shim region. The 
optimization determines which shim positions are occupied and the orientation of individual 
magnets so that their fields compensate for the measured B₀ inhomogeneity. N45 magnets 
were selected as a suitable compromise between achieved homogeneity, magnetic properties, 
cost and mechanical implementation. 

Table 1. Results of numerical simulations for different shim magnet configurations. 

Magnet 
grade 

Dimensions 
[mm] 

Number of 
magnets 

Average 
remanence [T] 

Final 
homogeneity 

[ppm] 
N48 8 × 8 × 8 168 1.40 5043 
N48 8 × 8 × 8 336 1.40 2901 
N48 8 × 8 × 8 772 1.40 2093 
N40 8 × 8 × 8 168 1.29 5430 
N40 8 × 8 × 8 336 1.29 3336 
N40 8 × 8 × 8 772 1.29 2515 
N45 8 × 8 × 8 168 1.35 5131 
N45 8 × 8 × 8 336 1.35 3036 
N45 8 × 8 × 8 833 1.35 2051 
N45 8 × 8 × 8 917 1.35 1953 

Figure 5.2 shows the optimized MRI magnet geometry and the predefined shim region. The 
optimization determines which shim positions are occupied and the orientation of individual 
magnets so that their fields compensate for the measured B₀ inhomogeneity. N45 magnets 
were selected as a suitable compromise between achieved homogeneity, magnetic properties, 
cost and mechanical implementation. 

 

Figure 5.2. Final arrangement of the optimized magnet system and shim positions. 
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4. DISCUSSION 

The simulations indicate that passive shimming can substantially improve B₀ homogeneity in 
the investigated low-field MRI system. [4] However, the achieved value is numerical and 
practical performance may differ because of magnet manufacturing tolerances, positioning 
errors and differences between the simulated and real field. Another limitation is that only 
the dominant Bx component was measured. In addition, the optimization used a single field 
map; nearby ferromagnetic objects may alter the field distribution in a mobile scanner. 
Experimental installation should therefore be followed by repeated field measurements and 
iterative optimization. 

5. CONCLUSION 

A passive shimming system for a low-field MRI scanner was designed from measured field 
data. Monte Carlo-based optimization reduced simulated inhomogeneity from 27,291 ppm to 
1,953 ppm using 917 cubic NdFeB N45 magnets. This fulfilled the target of less than 2,000 
ppm within the 20 cm DSV. 3D-printed holders and carriers were developed for accurate 
magnet placement. Future work will focus on installation of the complete shim configuration 
and experimental verification of the resulting field homogeneity. 
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Abstract—Mitral annular disjunction (MAD) is a structural abnormality of the mitral valve 
associated with altered mechanical behavior of the mitral apparatus and an increased risk of 
ventricular arrhythmias. A semiautomatic annotation system was developed and tested on a pilot 
dataset from one patient. Cine cardiac magnetic resonance (CMR) images covering seven 
systolic phases were annotated using four reference points defining the mitral valve plane and 
the papillary muscle (PM) apex and base. The resulting coordinates were used to quantify PM to 
mitral valve distance, PM length, changes in distance over time, and PM apex velocity 
throughout systole. The developed system successfully enabled tracking and quantitative 
assessment of the selected structures, while comparison with previously published findings 
indicated physiological PM behavior in the pilot patient without substantial functional 
abnormalities. Validation in a larger patient cohort is required to determine its clinical relevance. 

1. INTRODUCTION 

Mitral annular disjunction (MAD) is a structural abnormality of the mitral valve characterized by 

separation of the mitral annulus from the left ventricular myocardium [1][2]. It is frequently 

associated with mitral valve prolapse (MVP), occurring in more than 30% of patients with MVP[3], 

which itself affects approximately 2–3% of the population in Western countries[4][5]. Although 

MVP generally has a favorable prognosis, MAD and arrhythmogenic MVP phenotypes have been 

associated with ventricular arrhythmias (VA) and, in some cases, sudden cardiac death 

(SCD)[6][7]. Current evidence suggests that MAD may increase mechanical stress on the mitral 

apparatus, contributing to myocardial remodeling, fibrosis, and electrical instability[8][2]. Other 

features, including systolic curling, myxomatous valve degeneration, and myocardial fibrosis, may 

further contribute to arrhythmic risk[9][10][11]. Cardiac magnetic resonance (CMR) enables 

detailed assessment of cardiac anatomy and function and can detect myocardial fibrosis using late 

gadolinium enhancement (LGE)[12]. However, the mechanical behavior of the papillary muscles 

(PM) and its relationship with MAD remain insufficiently understood. Previous CMR findings 

have suggested altered trajectories and increased mobility of PM in patients with MVP[13]. 

Therefore, this study aims to assess mitral valve dynamics, with particular emphasis on PM motion 

and its relationship with MAD, using cine CMR data. 

2. METHODS 

A pilot cine CMR dataset from one patient was used to develop and test the proposed annotation 

and analysis system. The original dataset consisted of 168 DICOM files acquired in multiple 

imaging series and views. After automated quality control and selection of the series with the 

required visualization of the mitral apparatus and a resolution of 300 × 384 pixels, 84 images were 

retained for analysis. Based on their spatial position and acquisition time, the images were 

organized into 12 anatomical slices, each containing seven temporal frames covering systole. 



Automatic annotation system was developed to enable interactive tracking of the mitral valve and 

PM throughout systole. In each frame, four reference points were manually annotated, two defining 

the mitral valve plane and two representing the PM apex and base. The resulting coordinates were 

exported in MAT and CSV formats and processed by a separate analytical module, where pixel 

coordinates were converted to real distances in millimeters using spatial information from the 

DICOM metadata. The calculated parameters included the perpendicular distance between the PM 

apex and the mitral valve plane, PM length, the rate of change in PM to mitral valve distance, and 

the actual velocity of PM apex displacement between consecutive frames. Temporal information 

was derived from the DICOM trigger time, and all measurements were normalized to the relative 

duration of systole (0–100%) to enable comparison of mitral apparatus dynamics throughout the 

cardiac cycle. 

3. RESULTS 

The developed annotation system enabled successful identification and tracking of the mitral valve 

and PM throughout the systolic phase of the cardiac cycle. The four reference points defining the 

mitral valve plane and the PM apex and base were annotated across consecutive cine CMR frames. 

An example of the resulting annotation is shown below. 

 

Figure 1: Example of annotation for three slices at two timeframes 

4. DISCUSSION 

The proposed semiautomatic approach demonstrated the feasibility of quantifying mitral apparatus 

dynamics from cine CMR data and may provide a useful framework for investigating mechanical 

alterations associated with MAD. The measurements obtained in the pilot patient were generally 

consistent with the findings reported by Han et al. [27] and indicated physiological PM behavior 

without substantial functional abnormalities. Manual expert guided annotation was preferred over 

fully automated detection because of the limited dataset, anatomical variability, and low contrast 



between some cardiac structures, which reduced the reliability of automatic localization. However, 

manual annotation introduces potential observer dependent variability that should be evaluated in 

future studies. The current analysis was further limited to PM motion within the imaging plane and 

was performed on a single pilot dataset, therefore, no conclusions regarding the relationship 

between PM dynamics, MAD, and arrhythmic risk can yet be drawn. Future work should include 

a larger patient cohort, multiple independent observers, assessment of reproducibility, and more 

detailed analysis of PM motion.  

5. CONCLUSION 

A methodology for assessing mitral apparatus dynamics using cine CMR data was developed and 

implemented, including a semiautomatic annotation system for tracking the mitral valve and PM 

and quantifying selected geometric and dynamic parameters. 
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Abstract— The aim of this study was to analyze an existing matching network topology for 
a predesigned RF (Radio Frequency) coil of a LF (Low-Field) MRI. The goal being the 
determination of component values such that the reflection coefficient was at an acceptable 
level. The determination of the values ​​of the circuit elements was achieved using analytical 
calculations, numerical simulations, as well as a combined process of both mentioned 
approaches. The final circuit configuration led to a reflection coefficient of approximately - 
7.8 dB at a centre frequency of 2.2 MHz. Future work will focus on further improvement of 
both the coil designs as well as the matching network topology.  

1.​ INTRODUCTION​
 

Since the time of the first MRI systems being commercialized, they have always been limited 
by their high acquisition costs, large size and expensive operation. This has severely restricted 
the availability of this modality in developing regions, mobile care as well as individual 
hospital departments. Portable LF MRI systems offer a solution for Point-of-Care diagnostics. 
Current available examples include the commercially available 64 mT Hyperfine Swoop (640 
kg) [1] and experimental 72 mT systems (150 to 200 kg total weight) [2]. While these LF 
systems successfully capture T2w images, their image quality remains relatively low and 
unsuitable for reliable clinical diagnostics. Examples of captured images can be seen in Figure 
1. The primary bottleneck is the low Signal-to-Noise Ratio (SNR), which depends heavily on 
RF coil impedance matching. Without proper matching of the coil and the RF signal 
amplifier, severe signal reflection occurs. This, as mentioned, can result in low quality 
images, or in the worst case, results in damage of the amplifier. The minimization of the S11  
scattering parameter to at least - 10 dB at the operating Larmor frequency, significantly 
improves SNR. The aim of this project was to fabricate an RF coil and matching network 
based on an available GitLab repository [3], measure its performance, and optimize its 
component values to minimize the reflection coefficient / S11 scattering parameter.   

 
Fig. 1: Example T2w image of cranium with  1.5mm x 2.8mm x 7mm voxels; reconstructed via 

generalized algorithm [2] 
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2.​ METHODS 

The design process of the matching network had three distinct approaches. The first 
approach was purely analytical, this meant treating the entire assembly, RF coil and network, 
as one big circuit made of ideal circuit elements. Its total impedance was derived into a 
simplified closed-form expression. This expression was algebraically manipulated to isolate 
the real and imaginary impedance components, as well as the resonant frequency, enabling 
direct evaluation of all key circuit parameters. Figure 2 shows the equivalent circuit. 

 

Figure 2 - Equivalent circuit schematic used in analytical and hybrid approaches 

The second approach was purely numerical, and was conducted with the use of COMSOL 
Multiphysics® (COMSOL AB, Stockholm, Sweden). The process modeled the assembly 
behaviour by linking a 3D Electromagnetic Waves model of the RF coil to an Electrical 
Circuit interface of the matching network through a Lumped Port mapped to an External 
I-Terminal. Each iteration utilized sequential parametric sweeps across three steps: first 
varying C1, then adjusting C4' (representing the parallel combination of C4, C5, and Ctune), 
and finally varying C2 and C3 symmetrically. All mentioned components can be seen above 
in Fig. 2. The scattering parameters were plotted against frequency and component values to 
identify optimal configurations. The last approach, or the hybrid approach,  combined both 
mentioned approaches, by using the COMSOL software to model the entire assembly, 
however, using only the electrical circuit interface feature. Then, the same optimization 
sequence as in the numerical method was used. Once suitable component values that seemed 
realistic based on gained insight were reached, the values were substituted into the formulas 
generated by the first approach to verify the assembly’s centre frequency, reflection 
coefficient and impedances. The reflection coefficient of each configuration was measured 
using a Vector Network Analyzer (VNA FSH8, Rohde & Schwarz, Germany). 

3.​ RESULTS 
​
The resulting performance of all the tested configurations can be seen below in table 1.  
 

Table 1: All capacitor values, centre frequency, S11 scattering parameter per design iteration (Iter.) 

Iteration C1 
(nF) C4’ (pF) C2,3 (pF) Centre Frequency (MHz)  S11 (dB)  

1 1 224.5 - 245 280 1.60 -3.5 
2 1.068 104.5 - 125 280 2.20 -1.73 
3 1.6 104.5 - 125 325 2.20 -2.28 
4 7 104.5 - 125 321 NA NA 
5 0.7 151.5 - 172 280 2.07 -8.60 
6 0.7 104.5 - 125 280 2.21 -8.23 
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7 0.7 114.5 - 135 280 2.20 -7.82 
 
4.​ DISCUSSION​

 
Initial measurements of the original repository circuit [3] revealed poor overall performance 
as  the S11  scattering parameter was 65% below the target threshold of -10 dB and the centre 
frequency drifted 27% downward from the required value of 2.2 MHz. Subsequent design 
variations successfully corrected the centre frequency, but the reflection coefficient remained 
sub-optimal. This was likely driven by excessively large C1 and/or C2,3 capacitances, which 
lowered capacitive reactance and prevented efficient energy storage within the LC resonant 
tank. Ultimately, the hybrid design approach resulted in the most favorable performance. The 
centre frequency was precisely at 2.2 MHz, while bringing the S11 to -7.82 dB. Although the 
S11 parameter was still 22% away from the ideal threshold. After discussion with the project 
supervisor, this final configuration was deemed as acceptable.  

 

5.​ CONCLUSION​
 

The hybrid design approach yielded the most effective matching network, achieving the target 
frequency of 2.20 MHz and an improved S11 of -7.82 dB, representing a significant 
performance upgrade over the initial baseline design. However, due to strict time constraints, 
final physical fabrication and soldering of the custom PCB could not be completed. Future 
work should explore standard matching network topologies, such as Pi, L, or T networks. 
These networks have been well-documented, making optimization much easier. Additionally, 
fabricating and populating the dedicated PCB remains essential to improving overall signal 
quality. 
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Abstract—This work presents a two-step inversion methodology for Magnetic Resonance-
based Electrical Properties Tomography (MR-EPT), later extended to Microwave Imaging 
(MWI). The non-linear reconstruction problem is reformulated into two sequential linear 
steps: an auxiliary current and the total electric field are first estimated via conjugate-gradient 
minimization, and the dielectric contrast is then retrieved in closed form. A prior-informed, 
anatomically segmented representation further reduces the number of unknowns. Numerical 
validation on the anatomical head model “Ella” was performed. 

1. INTRODUCTION 

The dielectric properties of biological tissues, permittivity and conductivity, govern the 
interaction between electromagnetic fields and the human body, and their characterization is 
relevant for diagnosis, therapy and monitoring. Traditional techniques (e.g., coaxial probes, 
short antennas) are invasive and limited to in vitro or ex vivo use. Novel non-invasive, in 
vivo, patient-specific techniques have therefore emerged, among which Magnetic Resonance 
Electrical Properties Tomography (MR-EPT) and Microwave Imaging (MWI).  

MR-EPT reconstructs the electrical properties from the RF magnetic field measured by an 
MRI scanner. Early water-content-based methods lack a physical grounding, forward 
Helmholtz-EPT assumes local homogeneity and is noise-sensitive, and inverse EPT methods 
improve robustness at a higher cost. MWI retrieves the dielectric map of an unknown target 
from the scattered field measured outside the body, for applications such as breast cancer 
screening or brain stroke monitoring. MWI and MR-EPT share a common mathematical 
framework as nonlinear and ill-posed inverse problems, where the unknown induced current 
distribution is related to measured electromagnetic fields through a forward operator. In MWI, 
the electric field is measured externally and is directly linked to the induced currents, 
𝑬scatt = 𝑨𝑒[𝒘], with 𝒘 = 𝜒𝑬tot. In MR-EPT, the RF field is generated within the body and 
only the components detectable by MRI are measured, requiring an additional mapping 
between the induced currents and the measured magnetic field. Thus, while the two 
techniques share the same underlying inverse-problem structure, they differ in the source 
configuration and, consequently, in the measurement operator connecting the unknown 
currents to the available data. 

2. METHODS 

The proposed approach decomposes the nonlinear inverse problem into two sequential steps. 
First, the induced current density 𝒘and the total electric field 𝑬totare jointly estimated from 
the acquired RF magnetic field data. This is formulated as a regularized optimization problem 
that simultaneously accounts for the agreement with the measurements and the physical 
relationship between 𝒘and 𝑬tot. The resulting optimization problem is linear but remains 
ill-posed and is solved iteratively using a conjugate-gradient minimization scheme. In the 
second step, the electromagnetic contrast 𝜒 is retrieved directly from the estimated quantities, 
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from which the relative permittivity and electrical conductivity are subsequently obtained 
without further iterative optimization [1]. To improve computational efficiency and stability, 
anatomical segmentation can be incorporated into the inversion by assigning a single 
unknown parameter to each tissue class rather than to each image voxel, thereby reducing the 
dimensionality of the problem and enabling tissue-specific refinement [2]. 

3. RESULTS 

The proposed approach was numerically validated on the “Ella” full-anatomical head 
phantom at 64 MHz. The incident RF field was simulated using CST Studio Suite® 2021, 
with reference data obtained through the Method of Moments (MoM). To assess the 
robustness of the proposed formulation, noise was added to the simulated data at two SNR 
levels (25 dB and 19 dB). As reported in Table I, the average reconstruction error for both 
relative permittivity and conductivity remained below 3% across all considered tissues at both 
noise levels [1]. The limited variation in reconstruction error between the two SNR conditions 
demonstrates the robustness of the proposed approach to noisy measurements. In comparison 
with the conventional iterative CSI-EPT method, the proposed two-step formulation provides 
comparable reconstruction accuracy while substantially reducing the computational cost. 

Table 1. Average reconstruction error (%) for relative permittivity and conductivity at 
different SNR levels 

SNR Relative permittivity error 
(%) 

Conductivity error (%) 

25 dB ≈ 0.362% ≈ 0.732% 
19 dB ≈ 0.9% ≈ 1.72% 

† Averaged over skin, skull, grey matter, white matter and cerebellum. 

4. DISCUSSION 

The results support the potential of the proposed formulation as an efficient strategy for 
electromagnetic inverse problems in biomedical imaging. In particular, the use of anatomical 
prior information provides a flexible way to control the complexity of the reconstruction 
while preserving a tissue-specific description of the electrical properties. More generally, the 
formulation offers a framework that can be adapted to different electromagnetic imaging 
configurations. Its extension to MWI will require accounting for the different measurement 
operator and acquisition geometry, while retaining the same underlying inverse-problem 
strategy. 

5. CONCLUSION 

This work investigated an efficient inversion strategy for MR-EPT based on the 
decomposition of the reconstruction problem into sequential estimation steps. The results 
demonstrate the potential of this approach for reducing the computational complexity of 
electromagnetic property reconstruction while maintaining reliable estimates of tissue 
electrical properties. Future work will investigate its extension to MWI and its application to 
anatomically realistic 2D and 3D models, with the broader aim of developing efficient and 
robust inversion methodologies for biomedical electromagnetic imaging. 
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Abstract—Stroke is a major neurological condition that disrupts blood flow and oxygen delivery to the brain, potentially 

causing severe disability or death. The resulting physiological changes alter the dielectric properties of the affected 

tissues, producing variations in their microwave scattering response that can be exploited for imaging and monitoring 

purposes. This contribution presents the assessment and progressive development of a portable microwave imaging 

(MWI) system for brain stroke monitoring, aimed at providing a non-ionizing, potentially low-cost complementary tool 

for repeated bedside examinations. Building on previous proof-of-concept systems, the research investigates a 22-antenna 

architecture, custom antenna-matching modules, compact microwave hardware based on off-the-shelf components, and 

switching-network performance. Three-dimensional dielectric contrast maps are reconstructed using a low-complexity, 

standalone differential imaging algorithm based on the distorted Born approximation. Experimental validation with tissue-

mimicking head phantoms has demonstrated the localization and tracking of hemorrhage-like volume changes, while 

anthropomorphic multi-tissue phantoms enable assessment under more realistic anatomical and dielectric conditions. 

Dedicated studies have also addressed measurement stability and simplified multichannel calibration. Current 

developments focus on an adjustable pneumatic helmet designed to improve antenna-to-head contact and measurement 

repeatability across different head shapes. Overall, these activities contribute to the development of a compact, reliable, 

and portable MWI scanner for bedside stroke monitoring, with future work directed toward experimental validation under 

increasingly realistic conditions and eventual clinical translation. 

Keywords—microwave imaging; brain stroke; portable scanner; antennas; phantom validation; calibration; repeatability. 

1. INTRODUCTION 

Stroke is a neurological emergency caused by an interruption of blood flow to the brain, either due to a vessel obstruction 

(ischemic stroke) or bleeding (hemorrhagic stroke), potentially resulting in severe disability or death [1]. These conditions 

induce physiological changes in the affected tissues, altering their dielectric properties and, consequently, their 

electromagnetic scattering response. 

Microwave imaging (MWI) exploits these dielectric variations to reconstruct spatial maps of dielectric contrast, providing 

a non-ionizing and potentially low-cost complementary technology to conventional neuroimaging techniques, such as 

computed tomography (CT) and magnetic resonance imaging (MRI) [2], [3]. Its potential for compact implementation 

makes it particularly attractive for repeated bedside monitoring of stroke evolution. 

In this context, the present research focuses on the assessment and progressive development of a portable MWI system for 

brain stroke monitoring. Building on previous experimental validations [3], the work investigates compact acquisition 

hardware, antenna-matching modules, low-complexity image reconstruction, and measurement repeatability [4]. The 

ultimate goal is to develop a standalone, bedside-compatible scanner capable of monitoring stroke evolution under 

increasingly realistic conditions. 

2. PORTABLE-ORIENTED SCANNER AND ANTENNA DESIGN 

The investigated system employs 22 antenna–matching modules (Ant-MMs) distributed around a head-shaped target. 

Each module uses a printed monopole on an FR4 substrate together with a purpose-designed dielectric matching element 

based on urethane rubber and graphite powder. Operation near 1 GHz offers a practical trade-off between penetration and 

spatial resolution; conformal positioning and dielectric matching are intended to improve coupling and limit air gaps. [5], 

[6], [7]. A vector network analyzer (VNA) acquires complex scattering parameters, while a switching network 

sequentially connects the antennas to the available transceiver channels. An initial study compared a custom 

electromechanical switching matrix with a compact commercial solid-state solution, considering insertion loss, isolation 

and acquisition settings [6].  

3. EXPERIMENTAL VALIDATION AND CALIBRATION 

A dedicated anthropomorphic, multi-tissue head phantom was manufactured using 3D-printed molds and mixtures 

designed to emulate skin, fat, skull, brain tissues and cerebrospinal fluid [8]. Its dielectric properties were characterized 

over 0.5–2 GHz using an open-ended coaxial probe [9], and a versatile dielectric characterization method that combines 

the open-ended coaxial probe method with a measurement in a double ridge waveguide via a multi- objective optimization 

to invert the scattering response [10].  

In the switching-matrix assessment, controlled experiments reproduced transitions from a healthy state to a 20 cm³ 

hemorrhage-like inclusion and from 20 to 40 cm³. Both electromechanical and solid-state configurations localized the 

evolving target, although image quality with the solid-state matrix depended on VNA acquisition settings and signal 

attenuation [6], as shown in Fig 1. Tests with the compact configuration also retained the ability to image the mimicked 

lesion [7]. Calibration is equally important: the investigated approach combines a conventional two-port calibration with 
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an extension to the remaining channels to compensate, under specified assumptions, for multiplexing-related losses and 

phase shifts. Repeatability and stability tests support this simplified procedure for the evaluated hardware, without making 

it a universal replacement for a full multiport calibration [11], [12]. 

 

Figure 1. Transverse views extracted from 3-D reconstructions of the normalized dielectric contrast in dB. 

(a) Electromechanical, (b) Solid-state switching matrix. 

 

4. TOWARDS REPEATABLE ANTENNA CONTACT 

A further obstacle to bedside use is variability in head shape and size: a fixed support may leave different antenna–head 

air gaps at different locations, producing changes in the scattering data unrelated to a pathological evolution. The current 

design therefore incorporates a helmet with individually actuated pneumatic elements and guided antenna motion. Each 

module can move toward the local surface, with the goal of more uniform contact and repeatable positioning. Initial 

mechanical fitting tests are encouraging, but a quantitative reduction in microwave measurement variability and improved 

robustness of the reconstructed images still require experimental demonstration. 

5. CONCLUSION 

The work summarizes a preclinical assessment pathway from multistatic antennas and compact switching hardware to 

differential reconstruction, phantom experiments and calibration. The results obtained so far support further development 

of a portable-oriented MWI scanner for repeated brain stroke monitoring, while identifying coupling and reproducibility 

as critical engineering requirements. Next steps include testing the pneumatic helmet, quantifying measurement stability 

and image robustness across head shapes, and extending validation toward realistic hospital use; clinical utility and 

overall cost have not yet been demonstrated. 
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Abstract—This study investigates the design and development of a microwave imaging 
system for stroke detection. A prototype of the main structural framework was designed and 
fabricated, alongside an electronic control circuit for fluid circulation. Additionally, multiple 
internal liners were developed to optimize the system's anatomical adaptation to the patient's 
head. The developed prototype demonstrates the potential for practical clinical application, 
offering a pathway to significantly accelerate stroke diagnosis, though further development 
and optimization remain necessary. 

1. INTRODUCTION 

In the field of medical imaging, microwave systems represent a promising alternative to 
conventional modalities such as computed tomography and magnetic resonance imaging 
[1],[2]. Stroke remains a leading cause of long-term disability and mortality worldwide. 
According to 2021 statistical data, stroke ranked as the second leading cause of death among 
non-communicable diseases and the third leading cause of combined mortality and long-term 
disability, with the global incidence having increased by 70% over recent decades [3]. Early 
and accessible diagnostics are therefore crucial [4]. 

2. METHODS 

The 3D model of the system was designed using Fusion 360 (Autodesk Inc.). 
A comprehensive hardware assembly was developed, consisting of a helmet, a helmet stand, 
a base plate, a component mounting shelf, and a cable management bracket (Figure 1). All 
structural components were fabricated using a Prusa XL 3D printer (Prusa Research). The 
internal liner was manufactured using multiple layers of liquid latex. The electrical fluid 
pumping system comprises a peristaltic pump, a DC motor, an Arduino NANO 
microcontroller, two electromagnetic valves, a motor shield, power supplies, and control 
push-buttons. 

3. RESULTS 

The final iteration of the 3D-printed microwave imaging system and its support structures 

were successfully assembled (Figure 1). The fluid circulation system was integrated into the 

structural framework and tested for both filling and draining operations. Furthermore, three 

variants of the internal latex liners were produced: one comprising 33 layers, another with 62 

layers, and a third reinforced with medical gauze. 
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Figure 1. The complete assembled system, including the latex liner, fluid circulation system, and its 
mounting hardware. 

4. DISCUSSION 

The proposed microwave system demonstrates significant potential as a compact and portable 
diagnostic device. The 3D-printed structures, latex liners, and electronic controls proved 
conceptually viable. However, testing revealed functional limitations in the fluid management 
system, specifically a consistent failure to drain, which will be addressed in future 
development. Furthermore, as the system is still in an early developmental phase, no 
microwave measurements have been performed on tissue-mimicking phantoms or human 
subjects. Once a fully functional prototype is achieved, experimental testing will be required 
to validate the system's accuracy in stroke detection. 

5. CONCLUSION 

This work successfully realized the structural design and laboratory testing of a microwave 
system prototype for stroke detection. The main benefits of the developed device are its 
compactness, portability, and capacity for optimal anatomical adaptation to the patient's head. 
Testing of the system revealed design limitations that will need to be addressed in subsequent 
development. 
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Therapeutic hyperthermia (HT) improves the outcome of ra-
diotherapy and chemoradiotherapy in locally advanced head
and neck cancer, but its benefit depends strongly on reach-
ing and maintaining an adequate temperature rise within
the target volume, which makes accurate, non-invasive tem-
perature monitoring essential. Microwave imaging (MWI)
is an attractive candidate for this task because it is non-
invasive, spatially resolved and compatible with existing
HT applicators. However, reconstructing the temperature-
induced dielectric changes from scattered-field data is a
non-linear, ill-posed inverse problem that requires regular-
ization. Truncated singular value decomposition (TSVD),
one of the most common regularization strategies for Born-
approximation-based MWI, is typically applied with an em-
pirically fixed truncation index, NTSVD, even though the
stability of the inverse solution is directly governed by
the noise present in the measured signals. This link be-
tween measurement noise and the optimal NTSVD has not
yet been systematically characterized for differential mi-
crowave temperature imaging.

Objective and methods

This work examines how the optimal NTSVD for
differential-MWI temperature reconstruction depends on
the measurement noise level, and whether this dependence
is frequency-sensitive. Dielectric-property maps were re-
constructed with the Born approximation combined with
TSVD, applied to a differential scattering matrix that iso-
lates heating-induced changes by normalizing the post-
heating/pre-heating difference against the pre-heating mea-
surement. A 2.5D neck model, built from the Duke v3.1.1
anatomical model as homogeneous muscle tissue with a
localized region mimicking a 7 °C heating-induced con-
trast, was simulated in Sim4Life (GPU-accelerated FDTD,
UPML boundaries) surrounded by 24 ultra-wideband anten-
nas, over 0.5–1.2 GHz in 0.1 GHz steps. Each simulated
scattering matrix was independently corrupted with realiza-
tions of additive white Gaussian noise at floors ranging from
−65 to −108 dB. The numerical findings were validated
against measurements on a matching 3D-printed phan-
tom setup, using an M-sequence radar (Ilmsens SH-3100)
and transmission-coefficient thresholding (lowest 20% re-
moved), following a previously established methodology.
Reconstruction quality was quantified with the contrast-
to-background quotient (CBQ), which weights the recon-
structed intensity inside the true contrast region against the
whole imaging domain without requiring image binariza-
tion.

Results

For every investigated frequency and noise level, the CBQ
exhibited a well-defined optimum as a function of NTSVD,
reflecting the trade-off between preserving informative sin-
gular components and amplifying noise-dominated ones.
As the noise floor increased, the optimal NTSVD consis-
tently shifted toward lower values, whereas its dependence
on frequency remained limited. Representative reconstruc-
tions at 0.6 GHz illustrated the practical impact of this trade-
off: an under-estimated NTSVD produced poorly local-
ized contrasts, an over-estimated NTSVD introduced noise-
driven artefacts, and the optimal index yielded the best-
localized reconstruction with the least surrounding fluctu-
ation. Experimental CBQ curves followed the same trend
as the numerical simulations, supporting the validity of the
numerical model for real measurement conditions.

Conclusion

A fixed, empirically chosen NTSVD cannot maintain recon-
struction quality as measurement noise varies during an HT
session. Instead, the regularization strength should be se-
lected adaptively from an estimate of the actual noise level
in the measured data. Because the optimal NTSVD de-
pended only weakly on frequency, a single noise-based se-
lection rule appears applicable across the investigated band,
which would simplify practical implementation. These re-
sults support the feasibility of adaptive, noise-aware TSVD
regularization for robust MWI-based temperature monitor-
ing, while future work should extend the analysis to het-
erogeneous, anatomically realistic tissue models and pursue
automated, real-time noise estimation for clinical use.
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Introduction 

Microwave ablation (MWA) is a widely used minimally invasive treatment for early-stage hepatocellular carcinoma (HCC), 

the dominant form of liver cancer [1,2]. Complete treatment success requires reliable feedback on the progress of ablation, 

yet conventional monitoring approaches — manufacturer power-time protocols, invasive temperature probes, ultrasound, 

CT, and MR thermometry — are limited by inaccuracy, ionizing dose, or cost [3,4]. Microwave imaging (MWI) is a 

promising non-ionizing, low-cost alternative that exploits the strong dielectric contrast produced by coagulation and 

desiccation during ablation [5]. Before competing MWI approaches, such as multifrequency tomography or differential radar 

imaging, can be developed and compared [6,7], they must be validated in numerical studies based on a clinically realistic 

model of the ablation zone that captures both its geometry and its frequency-dependent dielectric behaviour. The aim of this 

study was to build such a model from ex vivo experimental data. 

Methods 

Four ablation zones (AZ1–AZ4) were created in ex vivo porcine liver using an in-house helical dipole applicator (2.45 GHz, 

25 W) for 1, 3, 6, and 10 minutes, respectively, yielding zones at progressively increasing stages of tissue coagulation. 

Impedance matching of the applicator to the tissue was verified with a vector network analyzer. The geometry of each zone 

was reconstructed from calibrated photographs by extracting the major and minor semi-axes and approximating the zone as 

a rotationally symmetric prolate spheroid. The dielectric properties across the largest zone (AZ4) were measured with an 

open-ended coaxial probe at three radial positions and in the surrounding intact tissue, over 0.5–7 GHz, yielding four 

representative tissue states (intact, interface, middle, centre). Each dataset was fitted with a two-pole Debye model compatible 

with finite-difference time-domain (FDTD) solvers [10]. The resulting geometric and dielectric data were combined into 

nested-zone material assignments representing four ablation stages. 

Results 

The applicator was well matched to the liver tissue at 2.45 GHz (|S₁₁| below −15 dB), and the reflected power remained below 

1 W throughout ablation, confirming stable energy transfer. The reconstructed ablation zones grew from 12.1 × 4.2 mm 

(AZ1, 1 min) to 14.5 × 8.1 mm (AZ4, 10 min) in major and minor semi-axis, forming a set of nested ellipsoids. The dielectric 

properties of intact tissue agreed with the IT'IS reference database [9], while both permittivity and conductivity decreased 

progressively from the ablation interface toward the near-carbonized centre, reflecting the loss of tissue water content through 

coagulation and desiccation, consistent with prior reports [8]. The fitted two-pole Debye models reproduced the measured 

permittivity and conductivity with a relative RMS error below 0.7 % across the whole 0.5–7 GHz band. 

Conclusion 

A complete pipeline for building clinically motivated, FDTD-compatible numerical models of hepatic ablation zones from 

ex vivo measurements is presented, integrating experimentally derived ablation-zone geometry with radially resolved 

dispersive dielectric properties. The resulting nested-zone model reproduces the measured data with sub-1 % error and 

provides a ready-to-use test case for future numerical studies comparing MWI-based approaches to ablation monitoring. 

Keywords: microwave imaging, microwave ablation, dielectric properties, FDTD, ablation monitoring, ablation zones 
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Abstract: Dielectric phantoms are widely used for experimental validation of biomedical 

microwave systems [1]. Their preparation is, however, often based on previously published recipes or 

iterative trial-and-error adjustment of mixture composition [2]. 

This work presents a data-driven inverse-design approach for liquid phantoms composed of water, 

isopropyl alcohol (IPA), and sodium chloride (NaCl). An experimental database of mixtures with IPA 

concentrations from 0 to 100% and NaCl concentrations up to 4 g/L was characterized between 

200 MHz and 3 GHz using an open-ended coaxial probe. Gaussian Process Regression models [3] were 

trained to describe the forward relationship between composition, frequency, relative permittivity, and 

effective conductivity. 

The trained forward models were subsequently combined with constrained optimization to 

determine IPA and NaCl concentrations from predefined dielectric targets. This separation between 

forward modeling and inverse optimization allows the same models to be used for different design 

objectives, including multiple target frequencies, without retraining. 

The approach was experimentally demonstrated using a phantom optimized simultaneously at 

1 GHz and 2.45 GHz. The target relative permittivities were 31.0 and 21.0, while the measured values 

were 34.1 and 25.7. Target effective conductivities of 0.95 and 1.90 S/m were experimentally 

reproduced as 0.66 and 1.93 S/m, respectively. 

The results demonstrate the feasibility of inverse design for application-specific dielectric 

phantoms and indicate that multiple dielectric constraints can be incorporated into a single optimization 

problem. 

Keywords: dielectric phantom, inverse design, Gaussian Process Regression, dielectric properties, 

tissue-mimicking materials 
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Introduction: Optimization is a crucial step in hyperthermia treatment planning [1,2]. Several 
optimization algorithms have been proposed, including Particle Swarm Optimization (PSO) [8] and 
other global or local methods [5]. The selected algorithm influences both the quality of the resulting 
plan and its reproducibility across repeated runs. Combining a global search algorithm with a local 
refinement step within a single workflow may improve solution quality while maintaining acceptable 
computation time. 

Goals: The aim of this study was to evaluate a two-layer hybrid optimization strategy for SAR-based 
HTP in brain tumor and head and neck tumor patient models, combining Surrogate Optimization 
(SGO) [6] for initial global search with Pattern Search (PS) [7] for deterministic local refinement, and 
to compare it with standalone SGO and PS in terms of treatment quality, computation time, and 
stability. 

Materials & Methods: SGO+PS was implemented in MATLAB and evaluated on patient-specific 3D 
models of three brain tumor and three head and neck tumor patients simulated using a 12-channel 
generic dipole antenna array at 434 MHz [4]. Antenna amplitudes and phases were optimized using 
THQ [3] as the objective function. In the hybrid workflow, SGO was first run with a reduced evaluation 
budget to obtain an initial solution, which was subsequently refined by PS within a narrowed search 
space. Standalone SGO and SGO+PS were repeated five times per patient; standalone PS was 
evaluated once as a deterministic reference. All computations were performed on CPU without GPU 
acceleration. 

Results: For most evaluated patients, all methods achieved TC25 of 100%, indicating complete target 
coverage. The only exception was one head and neck patient, where standalone PS achieved notably 
lower TC25 than both SGO-based methods. THQ was comparable across all methods, with PS 
refinement improving the initial SGO solution in all 30 runs. SGO+PS substantially reduced 
computation time compared with standalone PS while remaining comparable to standalone SGO. Key 
results are summarized in Table 1 and example SAR distributions are shown in Figure 1. 

Table 1. Comparison of optimization strategies. 

Metric Patient group SGO (median) PS SGO+PS (median) 

TC25 (%) Brain 100 100 100 

 H&N 100 46.2 93.5 

THQ Brain 0.398 0.432 0.394 

 H&N 0.358 0.347 0.357 

Runtime (s) Brain 642 3013 535 

 H&N 565 2036 528 

Runs per patient — 5 1 5 

H&N = head and neck. Values for SGO and SGO+PS are medians over five runs per patient; PS was run once per patient. 



 

Figure 1. Normalized SAR distributions (axial slice through the GTV centre) obtained with the hybrid SGO+PS strategy 
for a favourable head and neck case (HN_004, TC25 = 100 %, THQ = 0.51) and a challenging one (HN_013, TC25 = 
93.5 %, THQ = 0.12). White contour: GTV. 

Summary: SGO+PS achieved treatment quality comparable to both standalone methods while 
substantially reducing computation time relative to standalone PS. TC25 of 100% was reached in five 
of six patients, with stable and consistent results across repeated runs. These preliminary results 
suggest that combining surrogate-based global exploration with deterministic local refinement may 
represent an efficient approach for SAR-based HTP. 
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