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Abstract 

Temperature is a critical parameter of life with diverse biological implications and 

intense clinical interest. However, systematic study and application of the role of 

temperature for diagnosis and therapy have been severely hindered by the lack of a 

non-invasive method to manipulate temperature while concomitantly characterizing 

its outcome in vivo. Thermal magnetic resonance (ThermalMR) integrates radio 

frequency (RF)-induced heating, in vivo temperature mapping using MR 

thermometry, anatomic and functional MR imaging (MRI), and the option for x-nuclei 

MRI in a single, multi-purpose RF applicator. This permits supervised targeted 

temperature modulation, thus enables pioneering studies to clarify fundamental 

questions pertaining to the molecular, biochemical, broader physiological and 

therapeutic effects of temperature in organisms. The implementation and verification 

of the ThermalMR system entail high fidelity measurements in quantity and location 

of the given physical property, including E-fields, H-fields, and temperature. 

ThermalMR requires operating at arbitrary RF frequencies and with high-density RF 

antenna arrays that permit independent and precise frequency, amplitude, and phase 

control of each antenna for achieving the precise formation of the energy focal point, 

accurate thermal dose control, and safety management. The RF signals’ power and 

phase also need to be monitored and regulated in real-time.  

In this work, a cost-effective, automated open source 3D multipurpose measurement 

system with submillimeter fidelity was implemented and validated to facilitate 

technical developments in ThermalMR such as RF antenna design and algorithm 

verification. The design, implementation, validation, and application of the first 

phase-locked loop based RF signal generator in hyperthermia that is capable of 

generating 32 channels of independent RF signals with fine-tuning resolutions of the 

signals’ parameters meet the demanding requirements of a state-of-the-art RF heating 

system. The multi-channel RF supervision module developed in this work 

outperforms state-of-the-art counterparts. The detection of head motion in a 

hyperthermia setting was demonstrated for the first time with the RF supervision 

module. This work synergistically connects research and development in computer 
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science, physics, and life science. The infrastructure developed in this work forms a 

technological basis for future ThermalMR applications. 
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Zusammenfassung 

Die Körpertemperatur des Menschen hat vielfältige Implikationen auf biologische 

Prozesse und ist einer der zentralen Biomarker im klinischen Alltag. Die 

systematische in vivo  Erforschung sowie auch die gezielte Manipulation der lokalen 

oder globalen Temperatur zur Diagnose und Therapie wird durch eine fehlende nicht-

invasive Methode zur Manipulation und Charakterisierung behindert. Die thermische 

Magnetresonanz (ThermalMR) integriert Radiofrequenz (RF)-induzierte Erwärmung, 

in vivo Temperaturkartierung mittels MR-Thermometrie, anatomische und 

funktionelle MR-Bildgebung (MRT) und die Option für die x-Kern-MRT in einem 

einzigen, vielseitig einsetzbaren RF-Applikator. Der Aufbau erlaubt eine gezielte und 

überwachte Temperaturmodulation und kann somit als Basis für Studien dienen, 

welche die Klärung grundlegender Fragen bezüglich der molekularen, biochemischen, 

sowie physiologischen und therapeutischen Auswirkungen der Temperatur in 

Organismen ermöglichen. Ein vielseitig einsetzbares ThermalMR-System erfordert 

eine hohen Dichte an Sendekanälen, die unabhängig voneinander eine Frequenz-, 

Amplituden- und Phasensteuerung jeder Antenne ermöglichen, womit eine präzise 

Adaption des RF Erwärmungsvolumens erreicht wird. Als Sicherheitsmaßnahme und 

zur Kontrolle ist eine Echtzeit-Überwachung der Leistung sowie auch der Phasenlage 

der Signale während der Experimente und den Behandlungen notwendig. Die 

Implementierung und Verifizierung des ThermalMR-Systems beinhaltet die 

experimentelle Messung der elektrischen sowie magnetischen Feldverteilung und die 

Temperaturkartierung durch MR-Thermometrie. 

In dieser Arbeit wurde ein kostengünstiges, automatisiertes Open-Source-3D-

Mehrzweck-Messsystem mit Submillimeter-Genauigkeit implementiert und validiert, 

um technische Entwicklungen in der thermischen MR wie Antennendesign, 

Signalgeneratoren, und simulationsbasierte Methoden zu prüfen. Um den 

Anforderungen eines modernen ThermalMR-Systems gerecht zu werden, wird ein 

neuer auf einem Phasenregelkreis basierender RF-Signalgenerator für Hyperthermie 

entwickelt und über dessen Entwurf, Implementierung, Validierung und Anwendung 

berichtet. Der Signalgenerator ist in der Lage, 32 unabhängige RF-Signale mit 

präziser Einstellung der Parameter dieser Signale zu erzeugen.  Das in dieser Arbeit 

entwickelte Mehrkanal-RF-Überwachungsmodul ermöglicht das Detektieren von 
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Abweichungen bezogen auf die gewählten Einstellungen und ermöglicht eine 

Korrektur der RF-Signale in einem Regelkreis. Darüber hinaus ermöglicht das 

Überwachungsmodul das Erkennen von Bewegungen und ermöglicht zusätzliche 

Sicherheit in einem realen Behandlungssetup.  

In dieser Arbeit wurden Forschung und Entwicklung in Informatik, Physik und 

Biowissenschaften synergetisch miteinander verbunden. Die in dieser Arbeit 

entwickelte Infrastruktur bildet eine technologische Basis für zukünftige ThermalMR-

Anwendungen. 
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1 Introduction 

1.1 Rationale 

Temperature is a critical parameter of life with diverse biological implications and 

intense clinical interest since biochemical processes are exquisitely sensitive to 

temperature changes. Inflammation alters the strict thermoregulation of the body in 

response to infection to create an unfavorable environment for temperature-sensitive 

pathogens and to promote immunity. Temperature changes affect the behavior and 

electrophysiological characteristics of extracellular and intracellular components. 

Temperature is also a critical parameter in drug metabolism and responses to radiation 

and chemotherapy. The aberrant thermal properties of pathological tissue have led to a 

strong interest in temperature as a clinical parameter.  

However, systematic study and application of the role of temperature for diagnosis 

and therapy have been severely hindered by the lack of a non-invasive method to 

manipulate temperature while concomitantly characterizing its outcome in vivo. Any 

in vivo heating modality and therapy strongly benefits from imaging guidance that 

provides exquisite anatomic reference, facilitates functional contrast, and supports 

temperature mapping and therapy detection. All of these elements are essential for the 

in vivo study of the role of temperature in biological systems and disease. An 

instrument that generates controlled focal heat in targeted tissue, while simultaneously 

monitoring the outcome, would permit pioneering studies to clarify fundamental 

questions pertaining to the molecular, biochemical, broader physiological and 

therapeutic effects of temperature in organisms. 

1.2 Hyperthermia 

Thermal medicine involves treatments that are based on the manipulation of body or 

tissue temperatures for accomplishing a therapeutic result. Using heat to treat cancer 

has a long history that dates back to ca. 5000 years ago when an ancient Egyptian 

patient with breast cancer was treated with heat [1]. Modern application of heat in 

cancer treatment was started from the first paper on local hyperthermia of Westermark 

in 1898 [2]. Since then, hyperthermia has been extensively investigated in both pre-

clinical and clinical studies.  
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In hyperthermia treatments, tissue temperatures are elevated to the range of 40–44 °C 

for 60–90 min [3]. Hyperthermia is implemented as an adjuvant anti-cancer treatment 

in conjunction with standard treatment regimens. Randomized clinical trials have 

demonstrated a significant improvement in clinical outcomes from combining 

hyperthermia with radiotherapy and/or chemotherapy [4]. Tumors that benefit from 

hyperthermia treatments include recurrent breast cancer [5,6], cervical cancer [7], soft 

tissue sarcoma [8], malignant melanoma [9], bladder cancer [10], and glioblastoma 

multiforme [11].  

1.2.1 Mechanisms of hyperthermia in cancer treatment 

Hyperthermia is a potent sensitizer for chemotherapy and radiotherapy of various 

cancers [12]. The mechanisms behind the enhancement of hyperthermia to 

radiotherapy and chemotherapy are not completely understood. Commonly accepted 

mechanisms by which hyperthermia enhances radiotherapy include reoxygenation and 

inhibition of DNA damage repair [13–16]. The vascular supply of the tumor tissue is 

structurally and functionally different compared with that of normal tissue [17], which 

leads to decreased oxygen and nutrient levels, and high acidity in the tumor area. 

These adverse environments have a significant negative effect on the tumor response 

to radiation therapy [18]. The temperature change caused by hyperthermia increases 

the blood flow and oxygenation and changes the microenvironment of tumor tissues, 

thus enhances the radiosensitivity of the tumor. Hyperthermia also induces the 

degradation of proteins that are essential for repairing DNA double-strand breaks 

caused by radiation [19]. Hyperthermia enhances chemotherapy by increasing the 

blood flow and perfusion; hence the efficiency of the drug delivery is boosted. The 

increased temperature also alters the permeability of the tumor cell membrane. 

Especially for tumors in the brain, the blood–brain barrier (BBB) could be disrupted 

by applying hyperthermia [20], so the therapeutic chemical could be delivered to the 

tumor site more effectively. Furthermore, hyperthermia enhances antitumor immune 

responses of immunotherapy by stimulating innate and adaptive immune responses. 

For example, the cytotoxic activity of natural killer (NK) and CD8+ T cells against 

tumor cells could be increased by hyperthermia [21–23]. 

1.2.2 Techniques for heating tissue 
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Heating tissue in vivo can be divided into three categories: local, locoregional, and 

whole body heating. Local heating targets the tumor volume with minimal heating of 

the surrounding healthy tissue, and is usually conducted with approaches such as 

interstitial heating, focused ultrasound, and magnetic nanoparticles. Locoregional 

hyperthermia heats the tumor site plus an additional margin of the surrounding normal 

tissue. Radio frequency/microwave (RF/MW) induced heating, Hyperthermic 

Intraperitoneal Chemotherapy (HIPEC), and isolated perfusion are usually used to 

implement locoregional hyperthermia. The whole human body is heated when whole 

body hyperthermia (WBH) is applied. WBH is usually combined with other systemic 

therapies for the treatment of metastatic disease [24].  

From the physics perspective, all the techniques for heating tissue derive from three 

basic mechanisms: thermal conduction, electromagnetic field (EM) induced resistive 

or dielectric losses, and mechanical losses due to collisions of molecules from 

ultrasound (US) pressure wave [25]. For conductive heating, heat flows from higher 

temperature regions to lower temperature regions. The thermal gradient and thermal 

properties of the materials on the path determine the thermal conducting rate. For EM 

based heating, molecular dipole rotation, polarization, and vibration generate 

dielectric heating for RF waves in the MHz range while ionic conduction causes 

power deposition with resistive losses for RF signals in the kHz range [24]. For 

ultrasound based heating, heat is generated through frictional losses due to molecular 

collisions resulting from the applied US pressure wave. In the following sections, 

three non-invasive heating techniques that each employs one of these mechanisms are 

introduced. 

1.2.2.1 High intensity focused ultrasound 

High intensity focused ultrasound (HIFU) is a valuable approach for thermal 

manipulation [26]. An ever growing range of applications [27–29] documents the 

merits of HIFU for heating small targets. In HIFU, ultrasound transducer phased 

arrays are used to focus pressure waves to generate a focal spot that has dimensions of 

a few millimeters in diameter, up to ~1 cm in length [24]. Heat is generated from the 

frictional losses caused by molecular collisions due to the focused ultrasound pressure 

waves. Commonly used frequencies in practice are in the range of 0.5 to 10 MHz. The 

acoustic energy decreases exponentially with depth in tissue; higher frequencies 
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locate power more superficially; deeper penetration depth could be achieved by lower 

frequencies due to the decreased attenuation. Physics dictates that HIFU is heavily 

attenuated in solid bone (~50 times higher absorption of the US energy in bones than 

in soft tissue [24]) or air so that the acoustic window constitutes a challenge for 

thermal intervention targeting the brain area.  

Other than the thermal effects, HIFU is also able to change cellular structures by the 

implosion of microbubbles generated during treatment [28,30]. The ultrasound 

pressure waves make the gas bubbles in the bloodstream oscillate, then the 

permeability of the cell membranes can be enhanced. This property of HIFU could be 

used to open the blood-brain barrier and facilitate drug delivery.  

1.2.2.2 Magnetic nanoparticles 

As a conductive heating approach, magnetic nanoparticles (MNP) generate heat 

through their magnetic hysteresis. While magnetic nanoparticles are exposed to an 

external alternating magnetic field, the nanoparticles respond to the external field by 

aligning their atomic moments with the field. A magnetization that stores 

electromagnetic energy will be generated after the external magnetic field is removed 

[31,32]. This electromagnetic energy is released in the form of heat via hysteresis 

losses and Brownian relaxation. The heat generated by nanoparticles will transfer 

away by conduction and convection. The heating capability depends on the frequency 

and amplitude of the applied external magnetic field, and the magnetic properties of 

the nanoparticles. In practice, highly localized, homogeneous heating can be achieved 

by delivering MNPs to the region of interest while an alternating external magnetic 

field is applied. For tumors in the brain, however, systemic delivery of the 

nanoparticles to reach target tissues uniformly, non-invasively, and in therapeutic 

amounts is challenging [33–36], and precise temperature control at the tumor site is 

still not possible [36,37]. 

1.2.2.3 Radio frequency induced heating 

Electromagnetic waves follow the physics rule of interference. By properly arranging 

the amplitude and phase of multiple coherent RF signals, constructive interference can 

be generated at the desired location (tumor site) while destructive interferences are 

generated in healthy tissues. In this way, the highest EM energy is delivered only to 
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the tumor tissue and normal tissues are spared. The most common approach to 

implementing RF-induced hyperthermia is by using phased array RF antennas. 

Usually, a set of antennas transmitting coherent RF signals is arranged in an annular 

configuration to form an annular phased antenna array. The power and phase of each 

antenna are adjusted to steer the energy deposition. Clinical RF-induced hyperthermia 

typically operates with frequencies ranging from 60 to 150 MHz. ISM (Industrial, 

Scientific, and Medical) frequencies (e.g., 434 MHz, 915 MHz, and 2.4 GHz) are also 

widely used, however, they are more commonly used for ablation instead of 

hyperthermia. 

1.3 Thermal Magnetic Resonance 

Thermal magnetic resonance (ThermalMR) is a novel technology that integrates RF-

induced heating [38–45], in vivo temperature mapping using MR thermometry (MRT) 

[46–49], anatomic and functional MR imaging (MRI), and the option for x-nuclei 

MRI in a single, multi-purpose RF applicator that permits supervised targeted 

temperature modulation. ThermalMR provides a unique way to unlock the potential of 

MR to image and target human tissue through manipulations of temperature with the 

goal to understand and treat diseases. Moreover, ThermalMR strongly feeds into 

biology since it can be used to investigate fundamental questions about 

(patho)physiological processes, opening the entirely new research field of thermal 

phenotyping, and offering a link to individualized medicine. 

1.3.1 Magnetic Resonance Imaging 

The core of MRI is the Nuclear Magnetic Resonance (NMR) phenomenon which was 

first described and measured in molecular beams by Isidor Isaac Rabi in 1938 [50], 

and in 1944, Rabi was awarded the Nobel Prize in Physics for this work. In 1946, 

Felix Bloch and Edward Mills Purcell expanded the technique for use on liquids and 

solids, for which they shared the Nobel Prize in Physics in 1952 [51,52]. Nuclei that 

have non-zero spins such as the hydrogen nucleus 1H, or the phosphorus nucleus 31P 

exhibit NMR when they are placed in a static magnetic field B0. The nuclei precess 

around the main static magnetic field B0 and can have different energy levels: 

                                                       𝐸𝑚 =  −𝛾ℎ𝑚𝐵0/2𝜋                                             (1) 
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where h is the Planck constant, γ is the gyromagnetic ratio of the nucleus, and m may 

have any of the 2I+1 values: I, I-1, .... –I (I is the quantum number or spin of the 

nucleus). When an additional magnetic field B1 (which is generated by 

electromagnetic radiation) perpendicular to B0 is applied, transitions between adjacent 

energy levels can be induced. The absorbed energy of the nucleus due to 

electromagnetic radiation equals to: 

                                                                 ∆𝐸 = ℎ𝑣                                                     (2) 

where v is the frequency of the radiation. When transitions of energy states happen, 

the energy difference ΔE between two adjacent states must equal to the energy of the 

radiation since energy is conserved [53]. Hence we have: 

                                                      ∆𝐸 = 𝛾ℎ𝐵0/2𝜋 = ℎ𝑣                                            (3) 

From Equation (3) we can get that the applied magnetic field B1 should oscillate at a 

frequency: 

                                                               𝑣 = 𝛾𝐵0/2𝜋                                                  (4) 

Equation (4) is referred to as the Larmor equation and the frequency is the Larmor 

frequency [54]. When the applied B1 is removed, the nuclei return to their original 

energy states and release/emit the absorbed energy ΔE in the form of electromagnetic 

radiation, so we can detect NMR signals by using RF antennas.  

Imaging with NMR is achieved by adding spatial encoded gradient magnetic fields to 

the static magnetic field B0 and applying two-dimensional Fourier transformation to 

the acquired signals. First, a frequency selective RF pulse with a frequency f is used 

to excite a single slice from within a three-dimensional region while a gradient field 

Gz * z (Gz is the slop and z is the coordinate on z-axis) along the z-axis is added to B0. 

According to Equation (4) only a slice at location Z = (2πf/γ-B0)/Gz is excited. Then 

phase-encoding gradients Gy are added to provide information along the y-direction 

within the slice. At last, read gradients Gx are added to provide information along the 

x-direction within the slice [53]. By using 2D Fourier transformation, the spatial 

information contained in the acquired NMR signals can be extracted and a 2D image 

can be reconstructed. 
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The first MR image was obtained in 1973 by Paul Christian Lauterbur [55]. Since 

then MRI has developed into the most versatile imaging modality available. As a 

diagnostic imaging tool, MRI examines tissue dependent variables such the spin-

lattice relaxation time T1, spin-spin relaxation time T2, etc., by tuning a rich set of 

parameters. MRI is capable of noninvasively determining temperature, blood flow, 

perfusion, diffusion, tissue oxygenation and characterization, and electromagnetic 

tissue properties, to name a few. These possibilities allow for a vital research field 

with an ever-growing number of clinical applications [56–64]. In contrast to 

conventional imaging procedures such as X-Ray scanning or computed tomography 

(CT), MRI devices do not depend on the use of ionizing radiation, which makes MRI 

safer to the human body. 

1.3.2 Magnetic Resonance Thermometry 

Various temperature-sensitive MR parameters can be exploited for magnetic 

resonance thermometry, for example, the spin-lattice relaxation time T1 of water 

protons [65], the bulk magnetization M0 (proton density) [66], the diffusion 

coefficient D [67], and the water proton resonance frequency shift (PRFS) [68]. Due 

to its excellent linearity and highest sensitivity [69], and its near independence of 

tissue type, the PRFS based temperature mapping has developed into the most widely 

adopted MR thermometry method.  

The temperature sensitivity of the proton resonance frequency was first observed in 

1966 by Hindman [70]. According to Equation (4) the resonance frequency of a 

nucleus in a molecule is determined by the local magnetic field it experiences. This 

local magnetic field is a function of the main static magnetic field B0 and the chemical 

shift field [71]: 

                                              𝐵𝑙𝑜𝑐 = (1 − 𝜎0 − 𝜎(𝑇))𝐵0                                            (5) 

where σ0 represents the B0 field inhomogeneities and the magnetic susceptibility, σ(T) 

is the screening constant of the chemical shift. The hydrogen nuclei in water 

molecules are screened from the macroscopic field by the electrons of the molecule. 

Hydrogen bonds between neighboring water molecules reduce the electronic 

screening [71]. The nature and the fraction of the hydrogen bonds change with 
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temperature [72]. The screening effect of bounded electrons increases with increasing 

temperature, resulting in an increased screening constant, and consequently in a 

negative shift of resonance frequency [69]. The screening constant σ(T) is a linear 

function of temperature with a PRF change coefficient α =  -1.03 ± 0.02 * 10-8 /°C 

over the temperature range of [-15°C, 100°C] [70]: 

                                                            𝜎(𝑇) = 𝛼𝑇                                                       (6) 

By measuring the phase difference yielded from proton resonance frequency shift 

with gradient echo MR phase images, the temperature change of the sample can be 

calculated: 

                                                         ∆𝑇 =
𝜑(𝑇1)−𝜑(𝑇0)

𝛾𝛼𝐵0𝑇𝐸
                                                 (7) 

where φ(T1) is the phase in the current image, φ(T0) is the phase of a reference image, 

α is the PRF change coefficient, γ is the gyromagnetic ratio of the proton, B0 is the 

main static magnetic field and TE is the echo time of the MR sequence.  

1.3.3 Challenges and opportunities en route to Thermal Magnetic Resonance 

instruments 

In ThermalMR, the radiation pattern of the RF antennas is one of the most important 

factors that determine the heating performance. Hence, it is essential to verify the 

simulated characteristics of the antennas with field measurement. Moreover, the 

electromagnetic field manipulation algorithms are key to hyperthermia treatment 

planning and efficiently focusing energy to the target region. These algorithms need to 

be not only simulated but also validated. Hence a high-fidelity measurement system is 

needed for validating RF antennas and treatment planning algorithms. 

For RF based hyperthermia, the optimal operating RF frequency depends on the RF 

applicator characteristics and the target tissue parameters [73]. Lower RF frequencies 

focus EM energy to larger regions and have lower energy losses. Higher RF 

frequencies facilitate focusing EM energy onto small targets. For regional (pelvic) 

hyperthermia improvement of the RF power absorption in the target versus regions 

outside the target was demonstrated when increasing the RF frequency from 100 MHz 

to 150 MHz and 200 MHz [74,75]. Optimal heating frequency was examined for 
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seven tumor locations using RF frequencies ranging from 400-900 MHz [76]. For a 

superficial tumor, the highest average power absorption ratio (aPA) values were 

obtained with higher frequencies. For deep seated tumors, the highest aPA values 

were reported for lower frequencies. Studies on ultimate specific absorption rate 

(SAR) amplification factors and RF applicator concepts suggested high frequencies 

up to 1 GHz for a highly focused EM energy deposition [77,78]. In RF based 

hyperthermia, the more RF channels we have the more flexible we can focus the RF 

energy to the tumor site. The redesign of the HYPERcollar applicator configurations 

showed more than twofold enhancement of the RF power focusing capability by 

increasing the number of RF antennae from 12 to 20 [79,80]. Increasing the number 

of RF antennae resulted in higher RF power absorption and enhanced tumor coverage 

ratios in deep-seated brain tumors in children [81]. To accommodate different tumor 

sizes and achieve individualized treatment, the hyperthermia treatments need to work 

at arbitrary frequencies and with high-density antenna arrangements. However, 

current hyperthermia treatments in research settings or clinical settings all operate at a 

single frequency or a narrow band of frequencies and have a limited number of RF 

channels. Closing this gap and facilitating multi-frequency RF heating ask for an 

innovative multi-channel RF source that provides accurate power, phase, and 

frequency control. 

The interference pattern of an RF antenna array is governed by the frequency, power, 

and phase settings of each individual antenna. To manage RF power deposition in the 

target volume, safety, and thermal dose control, the RF signals’ power and phase need 

to be supervised in real-time. As an analog system, the RF signal chain in 

hyperthermia has many error sources, for example, the imbalance of RF power 

amplifiers, antenna mismatches, antenna location offsets, etc. These factors usually 

cannot be modeled during simulation but can be compensated with calibration 

algorithms or corrected using a feedback control loop. These approaches require an 

RF supervision system that is capable of accurately measuring the power level and 

phase of the RF signals connected to the RF applicator. Patient motion can be a safety 

hazard; the supervision system also needs to be able to monitor the patient status to 

ensure safety. 
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ThermalMR is a complex system that requires innovative actions across disciplines 

and requires new instruments that enable a combination of non-invasive and tailored 

temperature intervention and diagnostic imaging. The result of simultaneously 

accommodating thermal diagnostics, intervention, and response control will be 

invaluable in meeting the urgent need for novel individualized approaches for better 

patient care.  

1.4 Novelty and originality of this work 

Systematic study and application of the role of temperature for diagnosis and therapy 

have been severely hindered by the lack of a non-invasive method to manipulate 

temperature while concomitantly characterizing its outcome in vivo. Any in vivo 

heating modality and therapy strongly benefits from imaging guidance that provides 

exquisite anatomic reference, facilitates functional contrast, and supports temperature 

mapping and therapy detection. All of these elements are essential for the in vivo 

study of the role of temperature in biological systems and disease, and can, for the 

first time, be comprehensively addressed by the ThermalMR technology. 

 

Figure 1.1. Proposed ThermalMR system architecture. This work focuses on the design, 

implementation, validation and application of the multi-channel RF signal generator and the RF 

supervision module. The validation of the RF antennas, the E-field focusing algorithm, and the 

characteristics of the RF signal chain are also covered in this thesis.  

Figure 1.1 shows the proposed architecture of the ThermalMR system. The 

infrastructure of the ThermalMR technology has been designed, implemented, 

validated, and applied in this work. This includes the design, implementation, 

validation, and application of: the first phase-locked loop based RF signal generator in 
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hyperthermia that is capable of generating 32 channels of independent RF signals with 

fine tuning resolutions of the signals' amplitude, phase, and frequency; a multi-

channel RF supervision module with which the detection of head motions of patients 

in a hyperthermia setting was demonstrated for the first time. Last but not least, the 

validation of electromagnetic field focusing algorithms with phased array antennas 

targeting heating applications was carried out using a high fidelity automatic 

measurement system for the first time. 

1.5 Organization of the thesis 

This thesis is organized in a cumulative form. Chapters 2, 3, and 4 are composed of 

three publications on ThermalMR with a bridging section at the beginning connecting 

each chapter. Chapter 2 focuses on the multipurpose measurement system. The 

design, implementation, and application of the system were detailed in the publication 

titled: "Open Source 3D Multipurpose Measurement System with Submillimetre 

Fidelity and First Application in Magnetic Resonance". Chapter 3 describes the RF 

signal source and its application with a paper: "Design, Implementation, Evaluation 

and Application of a 32-Channel Radio Frequency Signal Generator for Thermal 

Magnetic Resonance Based Anti-Cancer Treatment". Chapter 4 concentrates on the 

RF supervision system and its application, and includes the paper: "Multi-Channel RF 

Supervision Module for Thermal Magnetic Resonance Based Cancer Therapy". 

Chapter 5 gives the outlook and the conclusions of this work. 
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2 Open Source 3D Multipurpose Measurement System 

with Submillimetre Fidelity and First Application in 

Magnetic Resonance 

2.1 Introduction  

ThermalMR is a complex (eco)system that involves interdisciplinary and cross-

domain research at the interface between physics, engineering, computer science, 

biology, and medicine. Key topics in ThermalMR include novel RF antenna design 

[82–84], MR safety and compatibility [85–87], electric property tomography [88,89], 

MR thermometry [68,71], electrical and computer engineering, and novel algorithms 

for transmission field shaping [42,90,91]. The implementation and verification of this 

system require high fidelity measurements in quantity and location of the given 

physical property, including E-fields, H-fields, and temperature. For example, novel 

E-field manipulation algorithms [42,90,91] were developed to improve the 

performance of the RF energy focusing and steering in RF-induced heating. The 

validation of these algorithms needs accurate mapping of the E-field in space. In RF 

heating experiments, the temperature profile of the antenna also needs to be measured. 

Moreover, precise positioning is required in safety management related tests. These 

requirements need to be fulfilled by a precise and automatic measurement system. 

There are commercial XYZ tables or coordinate measurement machines (CMM) 

available for 3D positioning. However, the utility of these devices is strongly 

hampered because they are costly and commonly customized to fit a specified 

application.  

Recognizing the challenges, opportunities, and the requirements of precise 3D 

positioning, strong and robust construction, supporting of a wide spectrum of 

scientific instruments, a large working volume, and reproducibility in a resource 

limited research environment, this work proposed COSI Measure, a cost-effective, 

automated open source 3D multipurpose measurement system with submillimeter 

fidelity. The design, implementation, evaluation, and application of COSI measure are 

outlined in this chapter/publication. The properties of the system such as speed, 

maximum loading, working volume as well as reproducibility performance are 

characterized. Applications of COSI Measure including magnetic field mapping of a 

single ring Halbach magnet, a 3.0 T MR magnet, and a 7.0 T MR magnet as well as 
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temperature mapping of an RF coil are described in detail in this chapter. The 

validation of RF antenna profile and transmission pattern optimization algorithms 

with COSI Measure is detailed in the next chapter. The detection of bulk motion of 

objects under investigation in RF heating is emulated with COSI Measure and 

discussed in Chapter 4.  

Due to the open source nature and versatile construction of COSI Measure, it can be 

easily modified for other applications. At the time of writing, there are at least two 

replications of COSI Measure in other research groups [92,93]. The high-quality 

research outcomes demonstrated COSI Measure’s utility and significance to the 

scientific community. 

The next section includes the publication on COSI Measure titled “Open Source 3D 

Multipurpose Measurement System with Submillimetre Fidelity and First Application 

in Magnetic Resonance” which was published in the peer-reviewed journal Scientific 

Reports (ISSN 2045-2322, impact factor: 3.998 (2019)) The design, implementation, 

evaluation, and application of COSI Measure are detailed in the paper. 

2.2 Publication  

Han, H.; Moritz, R.; Oberacker, E.; Waiczies, H.; Niendorf, T.; Winter, L. Open 

Source 3D Multipurpose Measurement System with Submillimetre Fidelity and First 

Application in Magnetic Resonance. Scientific reports 2017, 7, 13452, 

doi:10.1038/s41598-017-13824-z. 
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COSI Measure

COSI Measure

Magnetic resonance imaging (MRI) is a vital clinical tool for diagnosis and for guiding therapy, which has been 
described as the single most important medical innovation1,2. MRI is a versatile instrument for clinical science and 
the subject of intense research interest. Research directions focus on conventional and emerging applications3–17  
facilitated by enabling technology including new magnet design18–20, gradient coil developments21,22, novel radio 
frequency technology23–29, techniques for probing and shimming magnetic fields30,31, transmission field mapping 
and shaping32,33, electric property tomography34, thermal interventions and RF heating35–37, magnetic resonance 
safety and MR compatibility38–42. Advancing this research requires high fidelity measurements in quantity and 
location of the given physical property, including E-fields, H-fields and temperature.

To meet this need a portfolio of instruments supporting temperature, E-field or H-field probes are com-
mercially available. The ubiquity of and enthusiasm for these instruments is strongly hampered because they 
are costly and commonly customized if not limited to a specified application. Mapping a tiny volume might be 
sufficient for E- or H-field measurements of small and mid-size RF antennae43. Yet, examining the characteristics 
of large volume or whole body RF antennae requires enhanced coverage including the whole magnet bore. The 
spatial resolution requirements for E- or H-field measurements in test objects might be sufficient within a centi-
metre resolution. MR safety applications like RF induced E-field or temperature measurements of subtle passive 
conductive medical implants might require sub-millimetre resolution though39,44. The performance of RF coils 
or gradient coil inserts can be evaluated outside of the MR magnet. Yet, main magnetic field characterization 
or measurements during MRI scans might require sensors being positioned and moved inside the MR magnet. 
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Supporting a broad range of applications requires the capability to position the measurement device horizontally 
and vertically.

Developing a measurement system that meets the requirements of spatial fidelity without the use of any mag-
netic components constitutes a challenge, is costly and might come with the caveat of offsetting if not losing its 
versatility and capability to support a broad range of applications. Common 3D printers or XYZ tables can be 
potentially used in conjunction with E-field and H-field probes to map the field of RF coils, however they are not 
strong enough to facilitate long probes that reach into the MR scanner bore, are limited by the mapping volume 
or lack an open source nature in order to adjust the system for the intended application41,43,45.

Recognizing these limitations this work presents an automated open source measurement system that pro-
vides submillimetre resolution for a material cost of ~2000€. The development of this measurement system is 
part of the cost effective open source imaging (COSI) initiative aiming to build an affordable open source MR 
system and dedicated research hardware46–48. COSI Measure can be used together with various probes including 
electromagnetic, temperature and ultrasound sensors in magnetic resonance research and in related fields. Due to 
its open source nature and versatile construction, the system can be easily modified for other applications such as 
computer numeric control machinery, 3D printing, surface-mount device soldering etc. The open source nature 
of COSI Measure (updates will be posted on www.opensourceimaging.org) allows the research community to 
share and enjoy improvements, upgrades and modifications of the system, which simplifies and accelerates the 
reproducibility of research results. In a resource limited research setting, COSI Measure makes efficient use of 
laboratory space, financial resources and collaborative efforts.

The mechanical subsystem has been designed in a 3D CAD (computer-aided 
design) model using SketchUp Make (version 15.3.331, Trimble Navigation Limited, Sunnyvale, CA, USA). It is 
designed as a three axis linear stage49–51, with a robust aluminium based frame52. A strong and robust setup was 
intended to accommodate a broad spectrum of measurement, construction or scientific tools such as electromag-
netic field probes, temperature sensors, drills, plotters, saws, pipettors etc. The base frame is made of 11 alumin-
ium profiles and has the dimensions of (880 × 960 × 840) mm³, so that it is able to pass through a door (standard 
width = 940 mm). Three ball screws (one for each axis) which consist of 5 mm threaded shafts and ball bearings 
have been used to translate rotational motion to linear motion. A second ball screw can be mounted along the 
x-axis for applications that need higher forces (e.g. CNC applications). The advantages of using ball screws are
high precision and good reproducibility, which are key features for measuring physical parameters. We use linear 
bearings and supported rails to support the mechanical movement for the x- and y-axis while precision shafts and 
linear bearings are used to guide the movement along the z-axis. Ball screws and floated bearings are mounted 
on customized aluminium (10 mm thickness) plates. Limit-switch- and cable-chain-holders were designed in 3D 
CAD and 3D printed with ABS (acrylonitrile butadiene styrene) material. A movable lift table allows mobility of 
the system and provides the possibility of adjusting the height of the machine.

Assembly instructions, 3D CAD models of the complete system, the aluminium plates and limit switch hold-
ers, as well as the numbered part list with cost, quantity and vendor are available in the files provided, with an 
overview given in Table 1.

The electronic subsystem consists of a community-supported open source embed-
ded computer Beagle Bone Black (BBB)53, a cape board BeBoPr++ (http://elinux.org/BeBoPr%2B%2B), a power 
management board, a power supply unit (PSU), NEMA23 stepper motors, DM542A motor drivers and LJ12A3-
4-Z/BX inductive proximity sensors. The schematic of the functionality is displayed in Fig. 1. The Beagle Bone
Black is the heart of the electronic subsystem. It is equipped with an AM3358 (Texas Instruments, Dallas, TX, 
USA) which is a 1 GHz ARM Cortex-A8 System-on-Chip processor, 512MB DDR3 SDRAM (double data rate 
type three synchronous dynamic random-access memory) and versatile input/output options. The AM3358 is 
particularly suitable for real-time tasks like controlling motors since it contains two 32-bit microcontrollers which 
form the programmable real-time unit subsystem and industrial communication subsystem (PRU-ICSS). The 
BBB has 65 GPIO (general-purpose input/output) pins allowing for flexible application. The cape board BeBoPr 
++ is designed to work with the BBB, which can be mounted on top. It is equipped with interfaces to connect up 
to 5 motor drivers, 6 limit switches, thermos sensors and PWM (pulse-width modulation) outputs for a possible 
CNC/3D-printing application. The BeBoPr++ also provides power (5 V direct current (DC)) for the BBB. All the 
signals interfacing BBB are protected on the BeBoPr++ so that the BBB would not be damaged. An emergency 
stop button was included for hardware protection and safety reasons. A power management board (Fig. 2 shows 
its block diagram) was designed with the open source EDA (electronic design automation) tool KiCad (version 

File/folder Contents
assembly_instructions.docx This file describes the assembly process of the machine step by step.

Aluplates
This folder contains all the SketchUp design files for the aluminum plates. Files in this folder are 
named in the format of Pn_XxYxZ, with Pn being the name of the plate, X, Y and Z being the 
dimensions of the plate.

Limit Switch holder This folder contains all the design files for the limit switch and cable chain holders.
complete_system.skp This file is the SketchUp design for the whole system.
partlist.xlsx This file contains information of all the components used in the mechanical subsystem.

Table 1. Design files for the mechanical subsystem.
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4.0.2, kicad-pcb.org) to distribute the power in COSI Measure and to provide logic level conversion for the induc-
tive proximity sensors. AC (alternating current) power is distributed to the PSU for the motors through a relay on 
this board. There is an AC/DC module on the board to generate 12 V DC power supply for the BeBoPr++. Two 
push buttons connected to a complex programmable logic device (CPLD: XC2C64A, Xilinx, San Jose, CA, USA) 
are used to control the AC and DC power on and off independently allowing turning the BBB on and leaving the 
motors off in order to save energy. Delay circuits are implemented in the CPLD so that a short press on the but-
tons turns the power on while a long press turns the power off. Six inductive proximity sensors with a detection 
distance of 4 mm were used as limit switches to detect the working range of COSI Measure. These sensors require 
a minimum working voltage of 6 V DC which is higher than the interface logic (5 V transistor–transistor logic 
(TTL)) on the BeBoPr++. Hence six logic shifters were implemented on the power management board. We used 
three NEMA23 stepper motors (3 A@36 V, 3NM holding torque, 1.8° step angle) together with three DM542A 
motor drivers, which allow 2-128x micro-stepping leading to a theoretical precision limit of ~200 nm and a half 
holding current operation for power saving. We chose to use stepper motors mainly for three reasons: 1) Stepper 
motors provide a submillimetre resolution. 2) They are easy to operate and to deploy. Stepper motors have posi-
tional control via its nature of rotation by fractional increments, so that no feedback (closed-loop) is needed for 
accurate positioning. 3) Stepper motors are less expensive than alternatives such as servo motors or piezoelectric/
ultrasound motors. The motors and drivers are supplied by an AC/DC power supply unit (36 V, 9.7 A). The elec-
tronic components have been integrated into a PC (personal computer) chassis for easy transportation. An HDMI 
(high-definition multimedia interface) monitor, a keyboard, a mouse as well as an RJ45 Ethernet cable were con-
nected to the BBB via the chassis, so they form a complete standalone computing system. Cables from the stepper 
motors and limit switches were inserted into cable chains and soldered to miniature circular connectors. This 
allows flexibility in removing the standalone COSI Measure PC to be unplugged and used for other applications.

PCB (printed circuit board) design files of the power management board (schematic & layout), bill of mate-
rials, connection guide and the CPLD source code are available in the files provided, with an overview given in 
Table 2.

The latest firmware and instructions for the installation of the BBB can be found at http://beagle-
board.org/latest-images. We are running Debian 7.11. The motor controller program contains two parts: PRU 
code and ARM code. The PRU code comes in the form of a binary module with the BeBoPr++ and is proprietary. 
Yet, the PRU code is stored in the memory chip on the BeBoPr++. It is shipped together with the BeBoPr ++, 
so any lab that follows our part list and instructions will have the PRU code at no additional cost. The PRU code 
runs on the co-processors and controls the timing and acceleration for the stepper motors. The ARM code is 
open source and well commented. It forms a layer above the PRU code and is responsible for tasks like command 
parsing, G-code (MIT, Cambridge, MA, USA) processing, distance calculation, etc. This software works with 
command line interface and responds to G-code commands by user input. We forked the project from https://
github.com/modmaker/BeBoPr and adapted it for COSI Measure. A graphical user interface (GUI, Fig. 3) was 

Figure 1. Schematic of the electronic subsystem. 3 stepper motors are controlled by Beagle Bone Black (BBB) 
through the BeBoPr++ base board and the motor drivers. 6 limit switches are connected to the BBB through 
level shifters on the power management board. An emergency switch is connected for safety reasons. The power 
supply unit and the power management board are in charge of generating, distributing and managing the power 
for the system. Peripherals such as monitor, keyboard and mouse are also connected.
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developed with PyQt (version 4.9.3)54 to integrate all the functions, so that we could have a more user friendly 
interface than the command line interface. It provides four functions:

1) System initialization: Initialize the motor controller and the serial port, which connects to the measuring 
instrument (e.g. a Gaussmeter). A server was implemented in the motor controller ARM code. During 
system initialization the GUI starts the motor controller and establishes a link to the server so that the GUI 
can send commands to the motor controller and check its status. Two status indicators represent the status 
of the motor controller and the serial port respectively. A green indicator indicates the motor controller or 
the serial port functioning correctly, otherwise red. A sub-window shows the motor controller interface.

2) Homing: Move along the whole measurement range until xmin, ymin, zmin and xmax, ymax and zmax are found. 
An indicator will turn green when this process is finished without error.

3) Single coordinate measurement: Move to a single point and read sensor data. The machine moves to a lo-
cation specified by the user (coordinates are in millimeters, e.g. × 100y200z300) and then takes a measure-
ment. The readout is then displayed on a sub-window of the GUI.

4) 2D/3D path measurement: Move and measure along a user defined trajectory. The user should provide 
two files in which one contains the trajectory (each line contains one coordinate in millimeters); the other 
will have the raw measurement results appended. A progress bar was implemented to show the measuring 
process.

The software project can be found under “software” directory in the project repository.

COSI Measure was evaluated for backlash, precision, speed and strength. In order to inves-
tigate the precision of the system and the reproducibility of the position after several iterations, a home-built 1 W 
405 nm laser device attached to the probe holder was used to engrave dots on a piece of paper. The experiment 
setup and engraving process was recorded in Supplementary Video S1. For testing the precision of COSI Measure, 
the laser device was first moved along a trajectory with defined coordinate points (41 points along a straight 
line 0.5 mm apart) and with a 0.2 s stop at each point to engrave the paper. The laser device was then moved 

Figure 2. Block diagram of the power management board. The AC/DC module is used to generate the 12 V DC 
power for BeBoPr++/ BBB, level shifters and limit switches. The DC/DC circuit converts 12 V input to 5 V for 
level shifters and the CPLD. Two push buttons connected to the CPLD are used for controlling the power supply 
for motors and BeBoPr++/BBB separately by manipulating the relays.

File/folder Contents
BOM.xlsx This file contains information of all the components used in the electronic subsystem.
COSI_pwr_board This folder contains the project files of the power management board, e.g. schematic and layout files.
COSI_pwr_CPLD This folder contains the project files for the CPLD on the power management board.

Table 2. Design files for the electronics subsystem.
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10 iterations following the same pattern with a homing process inserted after the fifth iteration to fully test the 
backlash/reproducibility performance of the system. A series of concentric circles (7 circles with 1 mm radius 
increments starting from 1 mm, each circle has 12 evenly distributed points) were also programmed to further 
demonstrate the precision of the system. This experiment was repeated on x-y plane, x-z plane and y-z plane 
respectively for a thorough 3D evaluation. A digital calliper (resolution = 0.01 mm, Orion Tool, IL, USA), a ruler 
(resolution = 0.5 mm, Orion Tool, IL, USA) and a camera (EOS60D, Canon, Tokyo, Japan) were used to measure 
the distance between the engraved dots.

In order to measure the maximum load of the machine, a force meter (Samsonite, Luxembourg City, 
Luxembourg) was attached to the probe holder and hooked to the frame (Fig. 4a). COSI Measure was then moved 
vertically along the z-axis upwards. By reading the force meter at the point when COSI Measure could no longer 
move further, we could get its maximum load. A scale (Model: Pharo, Leifheit AG, Nassau, Lahn, Germany) was 
put under the probe holder (Fig. 4b) to test the maximum force. Similarly, we made the machine move vertically 
along the z-axis downwards; from the scale we can get the maximum force information. This parameter was 
examined in two scenarios: constrained (COSI Measure was fixed to the ground) and unconstrained. We also 
measured the time taken for the system to move along a single axis over a distance of 500 mm in order to get the 
speed of the system. Each measurement (load, force and speed) was repeated for 10 times to get an average result.

To demonstrate high fidelity automatic field mapping in a scientific application, a Gaussmeter (Model 460, 
Lake Shore Cryotronics, OH, USA) probe was positioned in a customized 3D printed probe holder (CAD files 
available) to map the magnetic field of a permanent magnet in a Halbach ring arrangement which will be used in 
the construction of a prototype magnet for an open source MRI scanner19. The experiment was partly recorded in 
Supplementary Video S2. The field mapping results were compared to magnetostatic field simulations (CST MWS 
2015, Darmstadt, Germany) performed with the same Halbach ring configuration. COSI Measure moves along 
a 2D spiral trajectory (inside to outside) defined by an input path definition file. A slice in space with an area of 
(60 × 60) mm2 and a spatial resolution of 2 mm was covered in the mapping. After each coordinate COSI Measure 
interacts with the Gaussmeter and records the measured values of the 3-axis Hallprobe (MMZ-2508-UH, Lake 
Shore Cryotronics, OH, USA).

Stray magnetic field measurements were conducted for an actively shielded 3.0 T (Magnetom Verio, Siemens 
Medical, Erlangen, Germany) and a passively shielded 7.0 T (Magnetom, Siemens Medical, Erlangen, Germany) 
whole body MR scanner. Supplementary Video S3 depicts sequences of the measurement of the 3.0 T MR scanner. 
The magnetic field was measured with a 3-axis Hallprobe (MMZ-2508-UH, Lake Shore Cryotronics, OH, USA) in 
two (50 × 50) cm2 transverse planes at a 90 cm distance to the MRI scanner. The centre of the planes was aligned 
with the horizontal centre line of the MR scanner bore. With a spatial resolution of 5 mm, 10201 (101 × 101) 
points were acquired in total for each plane. The Hallprobe was attached to an aluminium rod (length = 129 cm 
for 3.0 T, length = 255 cm for 7.0 T) which was attached to the probe holder of COSI Measure. A 3 seconds pause 
was programmed after each movement to reduce the vibration at the tip of the extension rod.

At last, the temperature distribution of an RF heating coil was examined. This shielded eight-rung highpass 
birdcage coil with an inner diameter of 20 cm was designed for scrutinizing RF power deposition induced heating38.  
A phantom (8 × 9 × 8 cm3) containing 650 ml fumed silica and water mixture (1 g: 5 g) was placed in the centre 
of the RF coil as an object under (heating) investigation. A signal generator (Model: SMGL, Rohde & Schwarz, 

Figure 3. Graphical user interface for COSI Measure. The left side of the GUI contains windows of the four 
functions: system initialization, homing, single coordinate measurement and 2D/3D path measurement. The 
top half of the right side of the GUI displays the status of the motor movements while the bottom half shows the 
measurement readouts.
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Munich, Germany) and a power amplifier were used to drive the coil with an average output power of ~70 W at 
297 MHz. A power meter (Model: NRT, Rohde & Schwarz, Munich, Germany) was inserted between the ampli-
fier and the coil to monitor the power output. A fibre optic temperature sensor (Model: TC, Neoptix Inc, Québec 
City, Québec, Canada) attached to the probe holder of COSI Measure was used to capture the temperature profiles 
across the phantom after reaching the heating equilibrium (about 120 min). A fibre optic temperature monitor 
(OmniFlex, Neoptix Inc, Québec City, Québec, Canada) was connected to the sensor to log temperature data. The 
same RF power was applied to the RF coil during the mapping process to maintain the equilibrium. A (50 × 50) 
mm2 horizontal slice aligned with the centre of the RF coil was selected with a 1 mm spatial resolution. The 
mechanical subsystem of COSI Measure, the RF coil and the phantom were fixed inside the 7.0 T MR scanner 
room to take advantage of the shielding of the scanner room, so that the experiment would not generate electro-
magnetic interferences. Supplementary Video S4 illustrates the temperature measurement.

The data that support the findings of this study are available from www.opensourceima-
ging.org.

Figure 5 demonstrates the COSI Measure system measuring a home-built Halbach magnet. The maximum 
working volume of COSI Measure is (530 × 530 × 640) mm3 with a maximum moving speed of 37 mm/s. The 
maximum load on the probe holder is 21 kg which makes the machine capable of supporting heavy scientific 
instruments and tools. While it is not fixed to the ground, the maximum force which the machine can apply to 
an object vertically downwards is 540.35 N (55.1 kg). This parameter increases to 896.33 N (91.4 kg) when COSI 
Measure is fixed to the ground.

First, the spatial fidelity and reproducibility of COSI Measure was evaluated by laser engraving a computer 
defined dot pattern consisting of 41 points along a straight line 0.5 mm apart. Figure 6 illustrates the results of the 
precision and reproducibility measurements for the x-y plane. The upper line was engraved in one iteration along 
the y-axis and the lower line was burned into the paper in ten iterations including a homing process inserted after 
the fifth iteration. The average diameter of the points increased from 0.1 mm to 0.25 mm when they were engraved 
multiple times. The laser device returned to exactly the same location at the first point after each iteration. Even 
with the homing process inserted, no visible backlash was observed. A maximum deviation of 0.16 mm on the 
x-axis (perpendicular to the moving direction y-axis) was measured. Table 3 contains the detailed measurement 
results for the distance between two adjacent points for the experiment on x-y plane. The 7 concentric circles were 
in full accordance with the programmed trajectory definition and showed ample precision of the system with 
2D movements. Experiments on x-z and y-z plane exhibited almost identical results. These results demonstrate 
the submillimetre precision and underline the reproducibility and backlash free performance of COSI Measure.

Next we replaced the laser device by an H-field sensor to examine the applicability of COSI Measure for the 
assessment of the magnetic field distribution of a single ring Halbach magnet with a diameter of 13.85 cm. These 
measurements are essential to benchmark the field uniformity against the field distribution deduced from magne-
tostatic field simulations which were undertaken during the design phase of the development process. Figure 7a 
shows the measured in-plane magnetic flux density distribution of the Halbach magnet. For comparison the field 
dispersion deduced from the magnetostatic field simulation of the same Halbach magnet design is depicted in 

Figure 4. Experiment setup for testing force and load. (a) A force meter was attached to the probe holder 
and hooked to the frame to test the maximum load. It shows 21 kg when COSI Measure cannot move further. 
(b) A scale was put under the probe holder to test the maximum force. It is 55.1 kg when COSI Measure is 
unconstrained (not fixed to the ground).
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Fig. 7b. Figure 7c,d highlight the comparison between the measurements and simulation results for the same 
magnet through the magnet centre along y- and x-axis respectively. A maximum deviation of 1.9% was observed 
between simulated and measured magnetic flux density, which provides major encouragement for further devel-
opment, simulation and implementation of novel Halbach magnet designs.

Next we extended the probe head by an aluminium rod and attached an H-field sensor horizontally to the 
tip of the rod. COSI Measure was positioned at the rear end of the patient table of a 3.0 T MR scanner and at the 
back side of a 7.0 T MR scanner to characterize the stray magnetic field strength and uniformity in an area close 
but aligned to the magnet bore. We consider this stray field to be used for MRI at low magnetic field strengths 
similar to that of the Halbach magnet. The vector magnitude derived from the stray field mapping of the 3.0 T and 

Figure 5. COSI Measure, a low cost precise open source multipurpose measurement system. (a) personal 
computer chassis with electronic components inside (b) aluminium frame (c) motors (d) probe holder (e) 
Gaussmeter (f) Halbach ring magnets as object under investigation (g) cable chain holder (h) limit switch 
(i) movable lift table (j) emergency push button (k) Hall sensor probe ((e), (f) and (k) are not part of COSI
Measure, they are shown here for illustrating the measurement setup.)

Figure 6. Precision and reproducibility results. (a) a 2 cent Euro coin, diameter 18.75mm (b) the ruler, 
resolution = 0.5 mm (c) 7 concentric circles with 1 mm radius increments starting from 1 mm, each circle has 
12 evenly distributed points (d) a straight line contains 41 points with 0.5 mm apart, engraved in one iteration 
( ) a straight line contains 41 points with 0.5 mm apart, engraved in ten iterations.

Mean Minimum Maximum Standard deviation
1 iteration 0.50 0.47 0.52 0.08
10 iterations 0.50 0.48 0.53 0.07

Table 3. Measurement results for the distance between two points on x-y plane (mm).
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7.0 T MRI scanners are summarized in Fig. 8c and d. Positioning COSI Measure at the end of the patient table of 
the actively shielded 3.0 T system with a 129 cm rod supporting the H-field sensor did not affect its functionality 
and did not evoke too excessive attraction forces due to the stray field of the MRI system, which is approximately 
2.5 mT at this position. For the passively shielded 7.0 T magnet the inductive limit switches started to malfunction 
at a distance of ~3 m away from the magnets rear end where the stray field was around 45 mT. Notwithstanding 
this minor malfunction the stray field could be successfully mapped using a longer aluminium rod with a length 
of 255 cm to accommodate and guide the H-field sensor. The measured fields for both the 3.0 T and the 7.0 T mag-
net show an expected maximum B0 in the centre of a plane perpendicular to the Bz direction. The smooth tran-
sitions in the field plot demonstrate that minor vibrations of the base system, which might be amplified over the 
length of the rod are small enough (<5 mm mapping resolution) to not disturb the measured data (Fig. 8c and d).  
Our measurements underline the excellent field uniformity of the stray field and make this stray field an ideal 
candidate for MRI in a low field environment of a commercial superconducting magnet to be used as a reference 
for our results obtained from a home-built low field permanent Halbach magnet.

To take COSI Measure to the next application, a fibre optic temperature sensor was attached to the probe 
holder to capture the temperature profile across a phantom placed in the RF coil used for RF induced heating. The 
temperature distribution of the heated phantom is illustrated in Fig. 9. This 50 × 50 mm2 temperature mapping 
has a spatial resolution of 1 mm. The map was acquired in ~100 min (2.4 s per point) right after the thermal equi-
librium was achieved, which took 120 min with 70 W signal driving the coil and an initial phantom temperature 
of 21.9 °C. At the right side of the phantom, which is closer to the feeding point of the RF coil, higher temperatures 
are observed. The result indicates that COSI Measure is able to move smoothly not disturbing the temperature 
distribution in the object under investigation.

An automated open source and versatile 3D measurement system (COSI Measure) was developed and validated. 
Our main findings are that COSI Measure supports a submillimetre spatial resolution that can be utilized for a 
broad range of measurements in MRI and related fields.

For the system design we ensured that all materials are easily accessible by the community. For example, the 
motors, proximity sensors and aluminium frames are standardized components which are made readily available 
by numerous vendors. We customized COSI Measure in a way that it can be built and assembled conveniently. For 
example, instead of soldering a 44-pin CPLD chip onto the power management board, we chose to use a small and 
cheap CPLD development board plugged onto the power management board. Our goal was to make COSI Measure  
affordable. For example, we employed inexpensive yet accurate enough stepper motors and inductive proximity 
sensors. It is a strength of COSI Measure that it employs open source hardware and software whenever possible. 
The Beagle Bone Black is an open source design. The operating system (Linux) and the ARM motor control pro-
gram are also open source. To ensure reproducibility of COSI Measure and our proof-of-principle experiments 
we provide a detailed part list, in-depth assembly instructions and detailed documentation of our experiments.

Figure 7. Magnetic flux density mapping results of a Halbach ring magnet compared with simulation results. 
(a) Measurement results of a 60 × 60 mm2 slice with the centre of the ring being the isocenter, the spatial 
mapping resolution was 2 mm. (b) Simulation results with the same setup. (c) Comparison of the line plots 
through the isocenter between the measurement and simulation on the y-axis. A maximum deviation of 1.9% 
was observed. (d) Comparison between of the line plots through the isocenter the measurement and simulation 
on the x-axis. A maximum deviation of 1% was observed.
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COSI Measure consists of 3-orthogonal axes with a working volume of (530 × 530 × 640) mm3. It is open to all 
dimensions allowing for flexible measurement positioning. The experimental results demonstrated submillimetre 
spatial fidelity and reproducibility of the system and no significant backlash. COSI Measure is able to carry a load 
of up to 21 kg, which supports the attachment of a broad range of probe heads including temperature, ultrasound, 
optical, radiation and electromagnetic sensors and probe holders.

By equipping COSI Measure with a Halbach probe the capability for mapping magnetic fields was demon-
strated using a Halbach magnet as an example. Our measurements detected an absolute deviation between mag-
netostatic field simulations and measurements of only 1.9%. In another example we illustrated the performance 

Figure 8. Stray field mapping setup and results. (a) Stray field mapping setup in the 3 T scanner room, a 
50 × 50 cm square transverse slice 90 cm outside the bore was selected. (b) Stray field mapping setup in the 7 T 
scanner room, a 50 × 50 cm square transverse slice 90 cm outside the bore (from the back side of the scanner) 
was selected. (c) Stray field mapping results (vector magnitude) of the selected slice for the 3 T scanner (spatial 
resolution: 5 mm). (d) Stray field mapping results (vector magnitude) of the selected slice for the 7 T scanner 
(spatial resolution: 5 mm).

Figure 9. 2D fibre optic temperature mapping result. Temperature mapping result after reaching the RF heating 
equilibrium of the silica/water phantom. A (50 × 50) mm2 horizontal slice aligned with the centre of the RF coil 
was selected and sampled with a 1 mm spatial resolution. Initially the phantom had a temperature of 21.9 °C.
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and utility of COSI Measure for mapping the stray magnetic field of an actively shielded clinical 3.0 T MRI scanner 
and of a passively shielded human 7.0 T MRI scanner. The strong magnetic stray field of the passively shielded 
7.0 T set the limit of a distance of 3 m (~45 mT) for COSI Measure. At this field strength the inductive limit 
switches started to work outside of their specification. Changing the limit switches to mechanical configurations 
would address this malfunction. However, when positioning the base of COSI Measure into stronger magnetic 
fields magnetic forces of the magnet on the stepper motors become too large. This limitation can be relaxed by 
using extensions of the probe head. A rigid extension might magnify the vibration of the system but will not 
hamper the fidelity of COSI Measure. With an extended rigid probe holder in-bore measurements are feasible 
for 7.0 T, 3.0 T magnets and at lower magnetic field strengths. COSI Measure would be even capable to sup-
port data sampling in the isocenter of a 9.4 T human MR scanner as long as a proper probe holder is provided. 
Arguably, extended probe heads increase the sensitivity of the measurement system to vibrations, which need 
to be accounted for by using decreased speed and/or longer waiting times for each measurement point. Using 
a probe holder with a length of 255 cm allowed successful mapping of the magnetic field in a plane located at a 
90 cm distance from the rear end of a 7.0 T MR magnet. For this setup no extra infidelity was caused by vibration 
due to the use of a 3 s waiting time per measurement point.

COSI Measure is well suited for conducting RF antenna/coil characterization experiments by mapping the 
E-field, the H-field or the temperature as demonstrated by the temperature mapping results. This is of particular 
interest for explorations into thermal MR35–37 and MR safety38–41,44 where the measurements of RF induced tem-
peratures might require submillimetre resolution. COSI Measure enables such measurements which are essential 
for designing new RF transmission antennae, for validating findings obtained from electromagnetic field simu-
lations or for investigations into RF induced heating of electrically conductive implants. Admittedly, covering a 
50 × 50 mm2 area for temperature mapping with a sampling rate of ~2.4 s per point consumed ~100 min in this 
study. This time can be reduced significantly for the experimental setup proposed here. Attaching an array of fibre 
optic sensors and reducing the sampling time per point would further accelerate data acquisition while maintain-
ing the superb spatial resolution (1 mm).

The open-source nature, large working volume, robust configuration and high fidelity of COSI Measure make 
it not only suitable for advancing MR research but also for a variety of scenarios where accurate positioning and 
repeated movements are necessary. In millimetre-wave communication/radar systems, where antenna charac-
teristics such as radiation pattern, reflection and scattering are important, a 3D test setup for characterization 
is usually required55–59. With minor modifications (e.g. adding an absorption cover), which can be conveniently 
accomplished since all the technical details of COSI Measure are freely accessible, COSI Measure can be easily 
turned into a 3D antenna test bench. Another possible application could be in durability/fatigue testing which 
usually involves cyclic movements and is common in aerospace, automotive, defence, manufacturing and elec-
tronic industries. COSI Measure already provides a robust setup, with extra components added (e.g. a load cell); 
it can also be used as a fatigue testing system.

Further improvements of COSI Measure include automatic mapping of an object using distance sensors or 
a camera together with computer vision algorithms60. This would allow one to easily map the field of complex 
geometries such as RF coils, medical implants etc., which otherwise requires prior planning of the measurement 
path based on location and geometry of the object to measure. The moving speed of the machine could also be 
improved by further tuning the motor control algorithm. The observed maximum 0.16 mm deviation on the axis 
perpendicular to the moving direction was induced by the imperfection of the threaded shafts in the ball screws. 
This can be improved by replacing the shafts with more precise ones.

Parallel to the publication of this manuscript soft- and hardware of COSI Measure will be made available 
open source on www.opensourceimaging.org. Open source provides unique opportunities to modify and expand 
the capabilities of COSI Measure for a broader range of applications. With a downward force of >500 N (50 kg) 
mechanic tools such as a drill, saw or mill can be mounted to the probe holder. The submillimetre precision of the 
base system also affords 3D printing or SMD soldering. These applications are already supported by the hardware 
and hence would require only minor modifications in software along with setting up a dedicated holder tailored 
for the particular tool or probe head. In a resource limited research setting, such an approach allows for an effi-
cient use of laboratory space, financial resources (both investment and maintenance) and collaborative efforts of 
the research community to extend the functionality. To summarize COSI Measure is in full alignment with the 
idea of open access for everybody and with the needs of reproducibility and rigour of research as requested by 
numerous authorities, the various funding bodies, the general public and the research communities.
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3 Design, Implementation, Evaluation and Application 

of a 32-Channel Radio Frequency Signal Generator 

for Thermal Magnetic Resonance Based Anti-Cancer 

Treatment 

3.1 Introduction 

Localized regional hyperthermia is implemented through RF-induced heating in 

ThermalMR. One key feature that differentiates ThermalMR from other heating 

techniques such as capacitive heating or ablation is its ability to focus and steer 

energy to accommodate different geometries and locations of tumor sites or target 

regions. By selecting the appropriate frequency and arranging the amplitude and 

phase of the RF signals in a phased antenna array, constructive and destructive 

interferences of electromagnetic waves are achieved, so that energy is delivered to the 

target site while minimizing exposure of the healthy tissue. For accurate temperature 

modulation, the RF signals need to be generated with precise and tunable frequency, 

amplitude, and phase. Hence the RF signal source which generates the RF signals is a 

crucial component in the ThermalMR system.  

ThermalMR requires the support of operation at arbitrary RF frequencies and with 

high-density RF antenna arrays that permit independent frequency, amplitude, and 

phase control of each antenna for achieving the precise formation of the energy focal 

point, accurate thermal dose control and safety management. Hardware 

implementations for RF heating typically operate at a fixed frequency, are equipped 

with a low phase tuning resolution, and have a limited number of RF channels [94–

98]. In this work, a 32-channel phase-locked loop (PLL) based modular RF signal 

generator was designed, implemented, evaluated, and applied. System performance 

indicators such as power consumption, switching/settling times, the accuracy of RF 

power level, and phase shifting were characterized. RF heating experiments were 

conducted with the proposed signal generator and the MR thermometry results were 

in accordance with numerical temperature simulations. Electric field steering using 

the signal generator was demonstrated and verified with COSI Measure (presented in 

Chapter 2). This is the first multi-channel PLL based modular RF signal generator for 

RF heating. The large number of coherent RF channels, wide frequency range and 
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accurate phase shift provided by the signal generator form a technological basis for 

hyperthermia applications driven by ThermalMR. 

In the next section, a publication titled “Design, Implementation, Evaluation and 

Application of a 32-Channel Radio Frequency Signal Generator for Thermal 

Magnetic Resonance Based Anti-Cancer Treatment” that was published in the peer-

reviewed journal Cancers (ISSN 2072-6694, impact factor: 6.126 (2019)) is included.  

The architecture of the device as well as its application in ThermalMR are detailed in 

the paper. 

3.2 Publication  

Han, H.; Eigentler, T.W.; Wang, S.; Kretov, E.; Winter, L.; Hoffmann, W.; Grass, E.; 

Niendorf, T. Design, Implementation, Evaluation and Application of a 32-Channel 

Radio Frequency Signal Generator for Thermal Magnetic Resonance Based Anti-

Cancer Treatment. Cancers 2020, 12, 1720. https://doi.org/10.3390/cancers12071720. 
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Abstract: Thermal Magnetic Resonance (ThermalMR) leverages radio frequency (RF)-induced heating
to examine the role of temperature in biological systems and disease. To advance RF heating with
multi-channel RF antenna arrays and overcome the shortcomings of current RF signal sources,
this work reports on a 32-channel modular signal generator (SGPLL). The SGPLL was designed around
phase-locked loop (PLL) chips and a field-programmable gate array chip. To examine the system
properties, switching/settling times, accuracy of RF power level and phase shifting were characterized.
Electric field manipulation was successfully demonstrated in deionized water. RF heating was
conducted in a phantom setup using self-grounded bow-tie RF antennae driven by the SGPLL.
Commercial signal generators limited to a lower number of RF channels were used for comparison.
RF heating was evaluated with numerical temperature simulations and experimentally validated
with MR thermometry. Numerical temperature simulations and heating experiments controlled by
the SGPLL revealed the same RF interference patterns. Upon RF heating similar temperature changes
across the phantom were observed for the SGPLL and for the commercial devices. To conclude,
this work presents the first 32-channel modular signal source for RF heating. The large number of
coherent RF channels, wide frequency range and accurate phase shift provided by the SGPLL form a
technological basis for ThermalMR controlled hyperthermia anti-cancer treatment.

Keywords: thermal magnetic resonance; radio frequency heating; radio frequency signal generator;
radio frequency antenna; hyperthermia
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1. Introduction

Temperature is a critical parameter of life with diverse biological implications and intense
clinical interest. The aberrant thermal properties of pathological tissue have led to a strong interest in
temperature as a clinical parameter. Mild regional hyperthermia (HT, T = 40–44 ◦C) is a potent sensitizer
for chemotherapy (CH) and radiotherapy (RT), and a clinically proven adjuvant anti-cancer treatment
in conjunction with RT and/or CH that significantly improves survival [1–7]. The clinical efficacy of
hyperthermia has been demonstrated in randomized studies for specific tumor indications including
RT+HT for recurrent breast cancer [8]. Vigorous fundamental and (bio)engineering research into
electromagnetic radiation has resulted in a large body of literature documenting technical advances in
HT devices [9]. HT devices are increasingly capable of the personalized radio frequency (RF)-induced
heating of target tissue volumes guided by sophisticated treatment planning procedures and thermal
dose control [10–17]. Thermal Magnetic Resonance (ThermalMR) is an HT variant that accommodates
RF-induced heating [17–26], temperature mapping using MR thermometry (MRT) [26–29], anatomic
and functional imaging and the option for x-nuclei MR imaging (MRI) in a single, multi-purpose
RF applicator.

Targeted RF-induced heating is based on constructive and destructive interferences of electromagnetic
(EM) waves transmitted with a multi-channel RF applicator. To achieve precise formation of the energy
focal point, accurate thermal dose control and safety management, the transmitted RF signals’ frequency,
amplitude and phase need to be regulated in real-time. Thus, the RF signal source is the key component
for facilitating appropriate frequency, amplitude and phase settings of the RF signals. The radiation
pattern of the single RF transmit element, the RF channel count and the RF frequency of the RF
applicator are of high relevance for ensuring a patient and problem-oriented adaptation of the size,
uniformity and location of the RF energy deposition in the target region [19,21,22,24,30]. The (re)design
of multi-channel RF applicator configurations showed more than twofold enhancement of the RF
power focusing capability by increasing the number of RF antennae from 12 to 20 [31,32]. Increasing the
number of RF antennae resulted in higher RF power absorption and enhanced tumor coverage ratios
in deep-seated brain tumors in children [33]. The optimal operating RF frequency depends on the RF
applicator characteristics and the target tissue parameters [34]. Lower RF frequencies focus EM energy
to larger regions and have lower energy losses inside and outside tissue. Higher RF frequencies facilitate
focusing EM energy onto small targets. Numerical simulations and evaluation studies investigated the
optimal RF frequency [24]. For regional hyperthermia improvement of the RF power absorption in the
target region versus regions outside the target was demonstrated when increasing the RF frequency
from 100 MHz to 150 MHz and 200 MHz [35,36]. The optimal heating frequency was examined for
seven tumor locations using RF frequencies ranging from 400–900 MHz [37]. For superficial tumors,
the highest average specific absorption ratio (aSAR) was obtained with higher frequencies where
aSAR was improved with increasing the number of RF antennae. For deep-seated tumors, the highest
aSAR was reported for lower frequencies. Studies on ultimate SAR amplification factors and RF
applicator concepts suggested the use of high frequencies up to 1 GHz for a highly focused EM energy
deposition [21,30]. Time-multiplexed beamforming, a mixed frequency approach and multi-frequency
SAR focusing provide other directions into optimization of RF heating performance [38–40]. Recently,
an iterative multiplexed vector field shaping (MVFS) approach was introduced to solve the time- and
frequency multiplexed problem of constrained RF-induced hyperthermia [24]. This work underlined
the need of wideband signal generators by demonstrating the contribution of distinct frequencies to the
RF heating and by showing that these frequencies and contributions depend on the target geometry.

To summarize, advancing high-fidelity RF hyperthermia requires pioneering strategies that
exploit a wider range of RF frequencies and high-density RF antenna arrays with miniaturized RF
building blocks that permit independent frequency, amplitude and phase control for each channel.
Hardware implementations for RF heating typically operate at a fixed frequency and have a limited
number of RF channels [10,32,41–47]. Recognizing these opportunities and challenges, this work
reports on the design, implementation, evaluation, validation and application of a 32-channel modular
signal generator (SGPLL) that uses phase-locked loop (PLL) circuit blocks and permits high amplitude,
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phase and frequency tuning resolution. This setup is designed to operate between 0.06–3.0 GHz
and can be used as the signal source for ThermalMR. To our knowledge, this is the first PLL based
multi-channel modular signal source for RF heating with frequency, phase and amplitude adjustment
functions integrated.

2. Results

2.1. System Characterization

Implementation of the designed 32-channel RF signal generator was successfully performed with the
two 16-channel frequency synthesizer modules integrated in the AXIe (Advanced Telecommunications
Computing Architecture (ATCA) Extensions for Instrumentation and Test [48]) chassis as illustrated in
Figure 1. The hardware module has a size of (284 × 322 × 29) mm3 and a weight of 2.58 kg including
the front panel and the protection covers. The red intelligent platform management controller (IPMC)
mezzanine card [49] was included to comply with the AXIe-1 specification [48]. It communicates with
the AXIe system module in the chassis for tasks such as power management, temperature monitoring,
backplane pin assignment, etc. A set of fans is integrated in the chassis to dissipate heat generated by
the modules. The power consumption of one module was measured to be 7.32 W with a CPU usage of
100% and the RF section switched off. Typical power consumption was 50.42 W when all the 16 RF
channels were outputting 0 dBm signals. When the power levels of all the 16 RF channels were set to
−4 dBm, the total power consumption started to exceed 50 W which is the maximum allowed power
consumption for one unmanaged AXIe module [48]. Peripheral circuits working with the IPMC card
were implemented for temperature probing of the module and for adjustment of the chassis (fan speed,
etc.) accordingly in case the power consumption for one module exceeds 50 W.

Cancers 2020, 12, x 3 of 23 

3.0 GHz and can be used as the signal source for ThermalMR. To our knowledge, this is the first PLL 
based multi-channel modular signal source for RF heating with frequency, phase and amplitude 
adjustment functions integrated. 

2. Results 

2.1. System Characterization 

 
Figure 1. Sixteen-channel frequency synthesizer module (top): The black module is a system-on-
module unit AES-ZU3EG-1-SOM-I-G (Avnet, Phoenix, AZ, USA); the red module is an open source 
intelligent platform management controller card. Electromagnetic interference shielding covering the 
16 RF channels was not installed for acquisition of the photo. The top cover of this module was also 
removed for better presentation. Two 16-channel frequency synthesizer modules installed in the AXIe 
chassis are shown at the bottom. 

Implementation of the designed 32-channel RF signal generator was successfully performed 
with the two 16-channel frequency synthesizer modules integrated in the AXIe (Advanced 
Telecommunications Computing Architecture (ATCA) Extensions for Instrumentation and Test [48]) 
chassis as illustrated in Figure 1. The hardware module has a size of (284 × 322 × 29) mm3 and a weight 
of 2.58 kg including the front panel and the protection covers. The red intelligent platform 
management controller (IPMC) mezzanine card [49] was included to comply with the AXIe-1 
specification [48]. It communicates with the AXIe system module in the chassis for tasks such as 
power management, temperature monitoring, backplane pin assignment, etc. A set of fans is 

Figure 1. Cont.

37



Cancers 2020, 12, x 3 of 23 

3.0 GHz and can be used as the signal source for ThermalMR. To our knowledge, this is the first PLL 
based multi-channel modular signal source for RF heating with frequency, phase and amplitude 
adjustment functions integrated. 

2. Results 

2.1. System Characterization 

 
Figure 1. Sixteen-channel frequency synthesizer module (top): The black module is a system-on-
module unit AES-ZU3EG-1-SOM-I-G (Avnet, Phoenix, AZ, USA); the red module is an open source 
intelligent platform management controller card. Electromagnetic interference shielding covering the 
16 RF channels was not installed for acquisition of the photo. The top cover of this module was also 
removed for better presentation. Two 16-channel frequency synthesizer modules installed in the AXIe 
chassis are shown at the bottom. 

Implementation of the designed 32-channel RF signal generator was successfully performed 
with the two 16-channel frequency synthesizer modules integrated in the AXIe (Advanced 
Telecommunications Computing Architecture (ATCA) Extensions for Instrumentation and Test [48]) 
chassis as illustrated in Figure 1. The hardware module has a size of (284 × 322 × 29) mm3 and a weight 
of 2.58 kg including the front panel and the protection covers. The red intelligent platform 
management controller (IPMC) mezzanine card [49] was included to comply with the AXIe-1 
specification [48]. It communicates with the AXIe system module in the chassis for tasks such as 
power management, temperature monitoring, backplane pin assignment, etc. A set of fans is 
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unit AES-ZU3EG-1-SOM-I-G (Avnet, Phoenix, AZ, USA); the red module is an open source intelligent
platform management controller card. Electromagnetic interference shielding covering the 16 RF
channels was not installed for acquisition of the photo. The top cover of this module was also removed
for better presentation. Two 16-channel frequency synthesizer modules installed in the AXIe chassis
are shown at the bottom.

Videos S1–S3 demonstrate live adjustments of the signal frequency, amplitude and phase. Videos
S4–S6 show the switching/settling time measurements of frequency, amplitude and phase with the
results detailed in Table 1. Amplitude calibrations were conducted for channel one and channel two
for three frequencies: 300 MHz, 600 MHz and 900 MHz. Figure 2 shows the relationship between
the digital to analog converter (DAC) control words and the signal amplitudes. Good linearity was
achieved for power levels between −25 dBm to 10 dBm. It requires a larger control word to output
the same power level for a higher frequency. This complies with the characteristics of the voltage
controlled variable gain amplifier (VGA) chip ADL5330 [50]. Table 2 lists the test results of the phase
shift experiments. An average absolute phase shift error of 0.06◦ with a maximum phase shift error of
0.16◦ was measured for all tested cases. The phase shift error showed no dependency on the phase
shift value. Test results at 900 MHz showed slightly higher phase errors versus phase errors obtained
at lower frequencies.

Table 1. Test results of the switching/settling times for frequency, amplitude and phase.

Mean Minimum Maximum Standard
Deviation

Frequency switching time (ms) 2.208 1.872 2.582 0.219
Amplitude settling time (µs) 617 320 810 143

Phase settling time (µs) 196 140 290 40
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Table 2. Test results of the phase shift experiments.

Phase Shift
c (◦)

Phase Reading
a (◦) before Shift

Phase Reading
b (◦) after Shift

Measured Shift
b−a (◦)

Phase Shift Error
(c−(b−a)) mod 360 (◦)

300 MHz

0.5 0.5588 1.0553 0.4965 0.0035
1 0.9936 1.9973 1.0037 −0.0037
5 0.4629 5.459 4.9961 0.0039
10 1.0537 11.0544 10.0007 −0.0007
15 0.6694 15.7225 15.0531 −0.0531
45 0.6919 45.75 45.0581 −0.0581
90 0.2352 90.2764 90.0412 −0.0412

100 0.4318 100.4639 100.0321 −0.0321
180 0.4238 179.5796 180.0034 −0.0034
200 0.4315 −159.5768 −160.0083 0.0083
270 0.6984 −89.2514 −89.9498 −0.0502
300 0.4575 −59.5542 −60.0117 0.0117

600 MHz

0.5 1.0714 1.5928 0.5214 −0.0214
1 1.0517 2.1267 1.075 −0.075
5 1.1045 6.1592 5.0547 −0.0547
10 1.0741 11.2004 10.1263 −0.1263
15 1.1124 16.1507 15.0383 −0.0383
45 1.19 46.254 45.064 −0.064
90 1.1915 91.185 89.9935 0.0065

100 1.1294 101.1894 100.06 −0.06
180 1.1242 −178.8824 −180.0066 0.0066
200 0.9942 −158.9036 −159.8978 −0.1022
270 1.082 −88.783 −89.865 −0.135
300 −1.8299 −61.7925 −59.9626 −0.0374

900 MHz

0.5 −18.8026 −18.1841 0.6185 −0.1185
1 −18.8053 −17.6564 1.1489 −0.1489
5 −18.8533 −13.7494 5.1039 −0.1039
10 −18.9628 −8.8075 10.1553 −0.1553
15 −18.8442 −3.8403 15.0039 −0.0039
45 −19.2507 25.888 45.1387 −0.1387
90 −19.246 70.7953 90.0413 −0.0413

100 −19.2349 80.806 100.0409 −0.0409
180 −19.2853 160.8254 180.1107 −0.1107
200 −19.2892 −179.1758 −159.8866 −0.1134
270 −19.3033 −109.251 −89.9477 −0.0523
300 −17.7194 −77.6205 −59.9011 −0.0989

2.2. E-Field Manipulation and Mapping

Electric field (E-field) simulations and measurements (f = 400 MHz) are shown in Figure 3 for
two E-field focusing point settings. For this purpose, the E-field maps obtained from simulations and
measurements were normalized. For all eight RF channels using the same RF phase and amplitude
setting, the E-field focusing point is located at the center of the transversal plane through the middle
of the antenna array (Figure 3A–E). Figure 3F–J show the results obtained for positioning the E-field
focus in an arbitrary (off-center) location. The measured E-field distribution patterns agree with the
E-field maps derived from the electromagnetic field (EMF) simulations. The same E-field distribution
was observed in all four experiments, each using a different set of eight out of 32 RF channels.

39



Cancers 2020, 12, x 6 of 23 

 

40



Figure 3. E-field simulations and measurements (f = 400 MHz) obtained for the central plane of the
self-grounded bow-tie (SGBT) antennae array. (A–E) Normalized E-field maps with the E-field focus
being placed in the center of the transversal plane through the middle of the SGBT antenna array.
(F–J) Normalized E-field maps with the E-field focus being positioned off-center in the same transversal
plane used for the center position. Two phase and amplitude settings were tested in the simulations
and measurements. All eight RF channels were set to the same phase (0◦) and amplitude (10 dBm) in
setting 1. In setting 2, the phases of the eight RF channels were set to [6.04◦, −154.96◦, 25.86◦, −32.9◦,
−178.5◦, −7.46◦, −3◦, −155.89◦] and the amplitudes were set to [−1.15 dBm, −14.11 dBm, −13.01 dBm,
−3.72 dBm, 2.22 dBm, 10 dBm, 9.2 dBm, 3.32 dBm]. A different set of eight out of 32 RF channels was
used for measurement I–IV.

2.3. Single Channel RF Heating

The results deduced from single channel RF heating in numerical temperature simulations and
experiments are detailed in Figure 4 for f1 = 300 MHz, f2 = 400 MHz and f3 = 500 MHz. RF at
higher frequencies induced higher temperature changes (∆T) in the phantom. Figure 4M–O depict ∆T
profiles obtained for a center line placed across the transversal slice at the middle of the phantom for
temperature simulations (Figure 4A–C), experimental RF heating using the commercial SMGL (R&S,
Munich, Germany) signal generator (Figure 4D–F) and experimental RF heating employing the RF
signal generator developed in this work (Figure 4G–I). Figure 4J–L show the differences in RF-induced
temperature changes obtained from MRT for the developed signal generator (Figure 4G–I) and the
commercial SMGL signal generator (Figure 4D–F). Almost identical temperature changes across the
phantom were observed. The maximum temperature increase derived from MRT was ∆T = 5.3 ◦C,
7.8 ◦C and 10.6 ◦C for heating at 300 MHz, 400 MHz and 500 MHz. These temperature changes are
1.7 ◦C, 1.7 ◦C and 2.5 ◦C lower than the corresponding maximum temperature increases yielded by the
numerical temperature simulations. Fiber optic temperature measurements confirmed the MRT results.

2.4. Dual Channel RF Heating

Figure 5 summarizes the results derived from numerical simulations and experiments using the
two-channel RF heating setup at 400 MHz. Figure 5J–L depict the difference in the temperature changes
obtained with MRT for RF heating using proposed signal generator (Figure 5G–I) and the commercial
M8190A (Keysight, Santa Rosa, CA, USA) arbitrary waveform generator (Figure 5D–F). Similar to the
single channel experiments, almost identical temperature changes across the phantom were observed.
Temperature profiles obtained from center lines across the phantom (Figure 5M–O) demonstrated the
same interference patterns created in the experiments compared with the simulations. For phase setting
φ = 0◦, the induced temperature increase due to constructive interference was ∆Tmax = 2.6 ◦C in the
middle of the phantom (Figure 5A,D,G). This interference pattern was moved around 18 mm to the left
towards channel two when a 90◦ phase shift was applied to channel one on the right (Figure 5B,E,H).
A destructive interference was created in the middle of the phantom when the phase difference was set
to 180◦ between the two channels. For this phase mode two constructive interferences around 64 mm
apart from each other were generated symmetrically in the phantom (Figure 5C,F,I). Readings from the
fiber optic temperature sensor accord with the MRT results.
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Figure 4. Maps of temperature changes (∆T) obtained from the numerical simulations and experiments
using a single channel connected to an SGBT antenna for RF heating (t = 10 min, Pin at port = 17.78 W).
Each column shows results for one frequency: 300 MHz, 400 MHz and 500 MHz. A transversal slice in
the middle of the phantom aligned with the center of the SGBT antenna was selected for the temperature
simulations and for MR thermometry (MRT). The first row demonstrates the position of the antenna and
the MR image of the phantom. The yellow lines indicate the center lines and the yellow stars indicate
the position of the fiber optic temperature sensor. Figure (A–C) illustrate temperature changes obtained
from temperature simulations. Figure (D–F) show maps of temperature changes derived from MRT for
RF heating using the commercial signal generator (SMGL, R&S, Munich, Germany). The red stars in
these figures indicate the position of the fiber optic temperature sensor. Figure (G–I) depict maps of
temperature changes deduced from MRT of RF heating using the signal generator developed in this
work. The blue stars in these figures represent the position of the fiber optic temperature sensor. Figure
(J–L) outline ∆T difference maps benchmarking the temperature changes obtained for RF heating using
the proposed signal generator against those observed for the commercial SMGL signal generator. The
bottom row (Figure (M–O)) show ∆T profiles obtained for a center line placed across the center slice
of the phantom for temperature simulations (A–C), experimental RF heating using the commercial
SMGL signal generator (D–F) and experimental RF heating employing the RF signal generator setup
developed in this work (G–I). The blue stars and red stars indicate readings from the temperature
sensor for heating with our signal generator and with SMGL, respectively.
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Figure 5. Maps of temperature changes (∆T) obtained from the numerical simulations and experiments
using two channels (f = 400 MHz) for RF heating (t = 10 min, Pin at port = 17.78 W) with each channel
being connected to an SGBT antenna. The first row demonstrates the position of the antennae and
the MR image of the phantom. The yellow lines indicate the center lines and the yellow stars indicate
the position of the fiber optic temperature sensor. Each column shows results obtained for one phase
setting: φ = 0◦, φ = 90◦ and φ = 180◦. The phases were set to the right channel while the left channel
was fixed to φ = 0◦. A transversal slice in the middle of the phantom aligned with the center of the RF
applicator was selected for MR thermometry. Figure (A–C) illustrate temperature changes obtained
from temperature simulations. Figure (D–F) show maps of temperature changes derived from MRT for
RF heating using the commercial signal generator (M8190A, Keysight). The red stars in these figures
indicate the position of the fiber optic temperature sensor. Figure (G–I) depict maps of temperature
changes deduced from MRT of RF heating using the signal generator developed in this work. The blue
stars in these figures represent the position of the fiber optic temperature sensor. Figure (J–L) outline ∆T
difference maps benchmarking the temperature changes obtained for RF heating using the proposed
signal generator against those observed for the commercial M8190A signal generator. The bottom row
(Figure (M–O)) show ∆T profiles obtained for a center line placed across the center slice of the phantom
for temperature simulations (A–C), experimental RF heating using the commercial M8190A signal
generator (D–F) and experimental RF heating employing the RF signal generator setup developed in
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this work (G–I). The blue stars and red stars indicate readings from the temperature sensor for heating
with our signal generator and with M8190A, respectively. Constructive interference patterns were
observed in the middle of the phantom for phase setting φ = 0◦. This pattern was shifted ~18 mm to
the left for phase setting φ = 90◦. For phase setting φ = 180◦, two symmetrical constructive interference
patterns ~64 mm apart from each other and a destructive interference pattern in the middle of the
phantom were observed.

3. Discussion

3.1. System Characterization

The 32-channel signal generator consists of two PLL-based modular frequency synthesizers.
This modularity and the working principle of PLLs support convenient implementation of n > 32
number of RF channels. In a ThermalMR setting, the RF signal could potentially come from the
MR scanner; however, the current maximum number of independent transmission RF channels in a
state-of-the-art MR scanner is constrained to a single TX channel for the combined mode transmission
regime and eight or sixteen for the parallel transmission mode with RF signals being constrained
to a small transmitter bandwidth covering a fixed center frequency (Larmor frequency). It is fair to
anticipate that the number of transmitter RF channels will increase to meet the needs of ThermalMR
which would be in favor of small size antenna building blocks at higher frequencies, which afford
high density RF applicator configurations. Previous experimental works mostly operated at one of
the ISM (Industrial, Scientific and Medical) frequencies (e.g., 434 MHz, 915 MHz and 2.4 GHz) and
typically a single channel commercial signal source in conjunction with an RF power splitter and
RF phase shifters architecture was adopted [43,47]. ThermalMR exploits a wider frequency range
with the proposed signal generator which covers a wide frequency range from 60 MHz to 3 GHz.
The compact modular PLL based design implemented in this study provides a theoretically unlimited
number of coherent, independent RF channels and a wide frequency range, thus facilitating future
ThermalMR developments.

Live adjustments of the RF signal were demonstrated in Videos S1–S3. The high-performance
field-programmable gate array (FPGA) chip makes it possible to carry out adjustments through
executing Python scripts on its ARM processor. Unstable signals were observed in Videos S4–S6 during
transitions. These unstable transitions can be bypassed by setting the RF switch chips included in the
signal path. No significant delay is added by this approach since the switching time of the RF switch
chips is typically as low as 150 ns [51]. The switching/settling times are sufficient for ThermalMR
applications. Especially, the fast and stable signal switching/settling implemented here is necessary for
ThermalMR applications where real-time signal adjustments are needed, e.g., in online interference
pattern control [52,53], in time-multiplexed beamforming [38], or in a mixed frequency approach [39].
Fast switching is also desirable during system initialization where recursive adjustments could be
involved. However, generating excitation RF pulses suitable for MRI typically requires an amplitude
settling time of less than 0.1 µs, which is a recognized limitation of the developed 32-channel RF
signal generator.

In Figure 2, a slight difference between channels on the control words for generating the same
signals was observed. This difference was produced by the variations of the components on the RF
signal path. A larger control word is required to output the same power level for a higher frequency.
The dependency of the control words on system parameters such as frequency and RF channel
can be eliminated by applying a power meter and a feedback control algorithm. A home-built
multi-channel power and phase meter was developed to implement more precise control over the
output signal amplitude.

In the phase shift experiments, test results (Table 2) at 900 MHz showed slightly higher phase
errors versus phase errors obtained at lower frequencies. This is due to the higher phase jitter of the
PLL’s output at higher frequencies. The starting phases after synchronization before phase shifting
were different for the tested frequencies. It was mainly caused by the difference in the signal path
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lengths between the two channels. This phase mismatch can be synchronized/compensated by applying
the phase meter and a synchronization algorithm. The high accuracy of the phase shifting function of
the signal generator is essential for ThermalMR applications since the desired focal point formation
highly depends on precise phase arrangement of transmitted RF signals. This PLL-based phase shifting
approach showed substantial improvement in flexibility, resolution, feasibility and accuracy over
other approaches such as standalone phase shifter based and modulation-based phase shifting. For
example, an 8-bit digital phase shifter (DST-10-480/1S, Pulsar Microwave, Clifton, NJ, USA) was used
in an experimental setup [44]. It can only generate 256 phases and covers a limited frequency range.
For this approach, the maximum insertion loss is as high as 6 dB and the phase uncertainty is ±3% at
center frequency [54]. For modulation-based phase shifting [55], the resolution and the accuracy of the
phase shift are usually confined by the number of points in the modulation constellation diagram and
the accuracy of the DACs. DDS based signal generator could provide accurate phase shift with fine
resolution. However, the maximum output frequency of a DDS is limited to about 1/3 the sampling
clock frequency [56]. If higher frequencies are needed, harmonics in higher Nyquist zones need to be
filtered out with band-pass filters. It is difficult to cover a wide frequency range with a DDS system.
Here, we addressed these constraints by employing the PLL based signal synthesizing approach which
provides a wide frequency range (0.06–3 GHz) and fine phase adjustment resolution (360◦/224).

3.2. E-Field Manipulation and Mapping

The controlled deposition of electromagnetic energy in the target is essential to RF-induced
hyperthermia. The results obtained from the E-field manipulation experiments demonstrate the signal
generator’s capability of controlling the RF signals to generate desired E-field patterns based on
constructive and destructive interferences of electromagnetic waves. Our approach demonstrated that
all 32 RF channels were functioning correctly in synthesizing the desired E-field patterns. The E-field
amplitudes derived from the measurements are inferior to the E-field simulations. This difference is
caused by the nonlinear sensitivity of our home-built E-field probe.

3.3. Single Channel RF Heating

Maps of temperature changes (∆T) obtained from the numerical simulations and experiments
using a single channel connected to a self-grounded bow-tie (SGBT) antenna for RF heating showed
that RF at higher frequencies induced higher ∆T in the phantom. This is caused by the higher loss of
the RF signal in the phantom at higher frequencies. The MRT results revealed ∆T profiles which are in
accordance with the simulation results. The maximum temperature increases derived from MRT were
lower than the corresponding maximum temperature increases yielded by the numerical simulations.
This difference is caused by the changeover time (∆t = 50 s) needed to switch the cable connection
from the home-built RF power amplifier (RFPA) to the MR scanner right after the heating process.
The temperature in the phantom drops due to heat dissipation during this change over time.

3.4. Dual Channel RF Heating

A second channel was added to the single channel RF heating experiments to examine interference
patterns created by phase shifts. Similar to the single channel experiments, almost identical temperature
changes across the phantom between the designed signal generator and the high-end commercial
one were observed. Temperature profiles obtained from center lines across the phantom underline
the equivalence in RF heating performance of the proposed signal generator and the M8190A.
The interference patterns created by RF heating are in accordance with numerical temperature
simulations. The differences between MRT and temperature simulation have a slightly different
pattern compared with corresponding differences obtained for the single channel heating experiments.
This was caused by the imperfection of the RFPAs whose outputs were impacted by the crosstalk
(which depends on the phase settings) between the two SGBT antennae.
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To summarize, the experimental results demonstrated the suitability of the designed signal
generator for ThermalMR. Compared with commercial signal generators, this design provides large
number of channels and various communication interfaces implemented here make it very convenient
to be integrated into a more complex system, e.g., an MR scanner. The high-performance processor
adopted in the design provides ample processing power for applications that need real-time signal
adjustments and flexible configurations. The PLL circuit implemented in this design occupies little
printed circuit board (PCB) area and permits a compact modular design. The adoption of PLL is also
cost-effective compared to other architectures of comparable performance. Although the maximum
frequency tested here was 1.2 GHz, the signal generator supports higher frequencies up to 3 GHz.
This wide frequency range extends its usage from RF-induced mild hyperthermia to microwave
ablation [57].

4. Materials and Methods

4.1. Hardware Design

The 32-channel RF signal generator hardware consists of two 16-channel RF synthesizer modules.
Figure 6 shows its block diagram. The 16-channel RF synthesizer module is an AXIe compliant modular
design. The 16 RF channels are identical in circuit design with the output impedance matched to
50 Ohm. Each channel is equipped with an independent low-dropout power regulator that powers
the noise sensitive components in the channel. The RF signal generation was designed around the
phase-locked loop chip ADF4356 (Analog Devices, Norwood, MA, USA). This PLL chip could generate
a frequency range of 54 MHz to 6800 MHz. A very fine frequency resolution with practically no
residual frequency error is afforded by the PLL’s 52-bit modulus. The synthesized signal’s phase can be
adjusted with a theoretical resolution of 360◦/224. Two low-pass filters with a bandwidth of 400 MHz
and 1.2 GHz were added to filter out the harmonics of the RF signals. RF switch chips HMC245A
(0 to 3.5 GHz, Analog Devices) were used to select among different filter paths. The signal amplitude
can be manipulated by a voltage controlled variable gain amplifier (VGA) chip ADL5330 (10 MHz to
3 GHz, Analog Devices) which provides a wide gain control range. The gain of the VGA is adjustable
linearly in decibel and was controlled by the voltage output of a 16-bit digital to analog converter
(DAC) AD5683 (Analog Devices). The 16 PLL chips on the module were locked to the same reference
signal. A low jitter 2-input selectable 1:16 clock buffer CDCLVP1216 (Texas Instruments, Dallas, TX,
USA) was used to fan out the reference signal to 16 PLL chips. The reference signal can be selected
either from the output of an on board programmable low jitter crystal oscillator Si549 (Silicon Labs,
Austin, TX, USA) or from the external reference signal input. The routings of the LVPECL (low-voltage
positive emitter-coupled logic) reference signals for the PLLs as well as the routings of the signals from
the output of the VGA to the SMB (subminiature version B) connectors at the board edge were length
matched with minimum variations among the 16 channels.

The whole system was managed by a quad-core ARM Cortex-A53 processor which resides in a
field-programmable gate array chip ZU3EG (Xilinx, San Jose, CA, USA). The FPGA seats at the core of
a system-on-module unit AES-ZU3EG-1-SOM-I-G (Avnet, Phoenix, AZ, USA). Various interfaces were
implemented with the FPGA: a Gbit Ethernet port, a serial port, an SD (secure digital) card interface,
GPIO (general purpose input/output) connections, three status LED (light-emitting diode) indicators,
trigger input/output and a reset input were connected to the front panel; a Gbit Ethernet port, a 4-lane
PCIe (peripheral component interconnect express) port and 4-lane LVDS (low-voltage differential
signaling) signals were connected to the backplane per the requirements of the AXIe specification [48].
The Ethernet interface to the front panel, the PCIe port, the SD card interface and the serial port
were implemented with the hard-core peripherals within the processor system whereas the rest of
the interfaces were realized using the programmable logic resources in the FPGA. AXI (Advanced
Extensible Interface) bus-based IP (intellectual property) cores were developed utilizing the FPGA
logic to configure the PLL chips, RF switches, DAC chips and the clock buffer.
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manual input can be avoided. Each channel can be configured individually in the following blocks. 

Figure 6. System block diagram of the 32-channel RF signal generator. Two 16-channel AXIe RF signal
synthesizer modules were installed into a 2-slot AXIe chassis to form a 32-channel RF signal generator.
The modules communicate with each other through the backplane LVDS connections. The chassis
provides power to the modules through its backplane.

This 16-channel RF synthesizer module works with any AXIe compatible chassis. Commercial-
off-the-shelf chassis were used to save the effort of designing the data exchange mechanism,
communication interfaces, power supply and cooling system. Two modules were installed into
a 2-slot AXIe chassis M9502A (Keysight, Santa Rosa, CA, USA) to form a 32-channel RF signal generator.
The modules communicate with each other through the backplane LVDS connections. The module
in the lower slot is a master module and controls the other one. An open source intelligent platform
management controller (IPMC) mezzanine card [49] can be installed into the mini dual in-line memory
module (DIMM) socket on the AXIe module. The chassis provides power to the modules through its
backplane. An ATCA power input module PIM400KZ (ABB, Zurich, Switzerland) was used to interface
the −48 V DC (direct current) power supply from the backplane. A DC-DC converter ESTW010A0B
(ABB) converts the −48 V DC to 12 V DC which then served as the main power supply of the module.
A 12 V DC power input socket was also implemented on the module to enable standalone operation.

4.2. Software Design

The module is running openSUSE LEAP 15.1 Linux operating system [58]. Python scripts were
programmed to interact with the IP cores which control the RF components on the board. The programs
manipulate the IP cores through memory mapped register reading and writing. A web based graphical
user interface was developed to provide a more user-friendly interface to configure the system as
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demonstrated in Figure 7. All the 32 RF channels can be set to the same configuration specified by
the user in the initialization function block. System-wide options, e.g., reference clock selection and
filter path selection were also implemented in this block. Parameters can be loaded from/saved to
configuration files so that the configuration process is less tedious and errors from manual input can be
avoided. Each channel can be configured individually in the following blocks. Signal properties such
as frequency, phase and amplitude are set according to the parameters specified in the input text boxes.
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Figure 7. The web-based graphic user interface used for controlling the 32-channel signal generator.
For simplicity only eight out of 32 channels are shown. The RF Power Switch controls the power supply
to the analog circuits in the signal generator. The status indicator shows green when the corresponding
channel runs normally. If errors happen, the indicator turns into red. Each channel can be muted
independently by pressing the Mute button.

4.3. System Characterization

For system evaluation, the reference clock for the PLLs was provided by a GPS (global positioning
system) disciplined oscillator’s output distributed by an 8-channel clock distributor CDA-2990 (National
Instruments, Austin, TX, USA). The power level of the PLL output was set to 5 dBm. All tests were
conducted at room temperature (22 ◦C) with the signal generator warmed up for 30 min.

The power consumption of the module was measured in standalone operation mode with all
the RF components being powered on and off. FPGA logics and Python scripts were implemented
to test the module’s ability of manipulating the frequency, amplitude and phase of the RF signals.
Maximum switching/settling times for changes in these properties were examined. A single pulse
generated by a universal pulse generator (UPG100, ELV, Leer, Germany) was used to trigger the
change. The trigger signal (via a T-connector) and the RF output from the module were connected to
an oscilloscope (DPO7254, Tektronix, Beaverton, OR, USA) to measure the switching/settling times.
In total, 50 measurements with 10 frequency points ranging from 100 MHz to 1000 MHz in increments
of 100 MHz were conducted for testing the PLL frequency lock time. Amplitude changes (n = 18
measurements) were assessed for a range of −30 dBm to 15 dBm with a step size of 5 dBm for testing
the amplitude switching/settling time. Various phase changes were also carried out for testing the
phase switching time.
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The signal amplitude of each channel is controlled by the combination of a DAC and a VGA.
Amplitude calibration was conducted to map 16-bit DAC control words to specific signal power levels.
Signals at three frequencies (300 MHz, 600 MHz and 900 MHz) were calibrated. The RF power level was
monitored with a spectrum analyzer (ZVL, R&S, Munich, Germany). A Python script was developed
to change the 16-bit control word of the DAC. The control words were recorded for 91 power levels
spread over −30 dBm to 15 dBm with a step size of 0.5 dBm.

The accuracy of the phase shifting of the PLLs was tested employing the phase measurement
function of an oscilloscope (MSOS054A, Keysight). The RF signal generated from channel one of the
module was used as a reference signal. Various phase shift settings were applied to channel two.
The phase relationships between the two channels were recorded before and after the phase shifting.
Signals at three frequencies (300 MHz, 600 MHz and 900 MHz) were tested.

4.4. E-Field Manipulation and Mapping

E-field manipulation and E-field mapping were conducted in EMF simulations and in experiments
to demonstrate the signal generator’s performance for E-field focusing. For this purpose, eight arbitrary
RF channels (four from each module of the signal generator) were used to generate 400 MHz RF
signals using tailored amplitude and phase settings. The RF signals were connected to eight wideband
self-grounded bow-tie (SGBT) antennae [23] immersed in deionized water. The SGBT antennae were
arranged in a circular array. An open source 3D multipurpose measurement system (COSI Measure) [59]
and a home-built E-field probe were used to map the E-field distribution. Figure 8 illustrates the
experimental setup. Two E-field patterns: (a) the E-field focusing point was placed in the center
of the transversal plane through the middle of the SGBT antenna array; (b) the E-field focusing
point was set to an arbitrary point in the transversal plane through the middle of the SGBT antenna
array. The amplitude and phase settings for each E-field pattern were obtained from an alternating
projections-based EM field optimizer [60]. The amplitude and phase settings were fed to the signal
generator for E-field mapping and to CST Microwave Studio 2018 (Computer Simulation Technology
GmbH, Darmstadt, Germany) for E-field numerical simulation. For the simulation, the CST frequency
domain solver was adopted with a tetrahedral mesh type. The maximum mesh size was set to 4.0 ×
4.0 × 4.0 mm3 including an adaptive mesh refinement to improve the mesh quality. The mesh size
is sufficient for the problem since further reduction (10%) of the maximum mesh size did not yield
substantial changes (<0.3%) in the simulation results. We used open boundary condition which is
implemented as a perfectly matched layer (PML) with additional 3 m (4 wavelengths at 400 MHz)
distance added between the model and the PML. The experiment was repeated four times. For each
run, a different set of eight RF channels was used, so that all 32 RF channels were tested.

4.5. Single Channel RF Heating

Single channel heating experiments with the signal generator were conducted at 300 MHz,
400 MHz and 500 MHz. The output RF signal from channel one was fed to a home-built RF power
amplifier (RFPA). The amplified signal was connected to an SGBT antenna through a directional coupler
(BDC0810-50/1500, BONN Elektronik, Holzkirchen, Germany) and the feed through penetration panel
of the MR scanner room. By adjusting the amplitude settings of channel one, a 42.5 dBm (17.78 W)
signal was generated at the feeding port of the SGBT antenna. The power level was monitored
by checking the forward coupled signal output of the directional coupler with a home-built power
and phase meter. Figure 9 demonstrates the experimental setup. The antenna was applied to a
muscle-mimicking agarose phantom (Figure 10, length = 160 mm, width = 116 mm, height = 178 mm,
density = 1231.77 g/L, heat capacity = 3.00 (J/g)/K, thermal conductivity = 0.43 W/(m*K), NaCl: 5.48 g,
Sugar: 2601 g, Agar: 52 g, Deionized H2O: 2600 g, CuSo4: 1.95 g [61]) placed in the isocenter of a 7.0 T
human MR scanner (Magnetom, Siemens Healthineers, Erlangen, Germany). Table 3 summarizes the
dielectric properties of this phantom, which were derived from the S-matrix measurement data using
a vector network analyzer (ZVT 8, R&S, Munich, Germany). For benchmarking experimental data
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with numerical simulations, temperature simulations were performed in CST Microwave Studio 2018.
For this purpose, the phantom configuration used in the heating experiments was incorporated into
the numerical simulations. The CST thermal transient solver was adopted with a hexahedral mesh
type. The maximum mesh size was set to 2.0 × 2.0 × 2.0 mm3, which is sufficient for the problem
that decreasing the maximum mesh size by 10% does not yield substantial changes (<0.01%) in the
simulation results. We used open boundary condition with the ambient temperature 20 ◦C set at
the boundary as constant temperature. The simulation started with an initial temperature of 20 ◦C.
RF heating with Pin = 17.78 W at the feeding port of the SGBT antenna and a duration of 10 minutes was
applied for 300 MHz, 400 MHz and 500 MHz. MR thermometry using the PRFS approach [29,62,63]
(TR = 99 ms, TE1 = 2.73 ms, TE2 = 6.71 ms, voxel size = 1 × 1 × 5 mm3) at 297.2 MHz was conducted
before and after the RF heating for each frequency. Vegetable oil was used as a reference to correct the
magnetic field drifts [64]. Fiber optic temperature sensors (Neoptix, Quebec, QC, Canada) were used
to validate the MRT results. The heating experiments were repeated with the signal generator replaced
by a commercial one (SMGL, R&S) to compare the results.
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Figure 8. Experimental setup used for E-field mapping. (a) the COSI Measure setup, (b) digital
multimeter (34401A, Keysight) connected to (c) the home-built E-field probe, (d) 8 SGBT antennae
arranged in a circular array (diameter = 22 cm) immersed in deionized water, (e) clock distributor,
(f) RF signal generator. COSI Measure moves the E-field probe with a step size of 2 mm in the central
transversal plane of the antennae setup resulting in 6430 measurement points.
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Figure 9. (A) Schematic of the experimental setup. Four RF signals were generated. One signal was 
connected to an oscilloscope for monitoring. Two signals were connected to RFPAs to drive the SGBT 
antennae and the last one was connected to the home-built power and phase meter as a reference 
signal. The forward coupled outputs of the directional couplers were fed to the power and phase 
meter. The signal generator, the power and phase meter and the laptop computer communicate with 
each other through network connections. (B) Setup used for the RF heating experiments comprising: 
(a) water cooling system, (b) clock distributor, (c) RF signal generator, (d) home-built RF power 
amplifiers, (e) penetration panel, (f) directional couplers, (g) oscilloscope, (h) network router, (i) 
home-built power and phase meter, (j) laptop for interacting with the equipment. The MR scanner 
and the fiber optic thermometer are not shown in the photo. 

Figure 9. (A) Schematic of the experimental setup. Four RF signals were generated. One signal was
connected to an oscilloscope for monitoring. Two signals were connected to RFPAs to drive the SGBT
antennae and the last one was connected to the home-built power and phase meter as a reference
signal. The forward coupled outputs of the directional couplers were fed to the power and phase meter.
The signal generator, the power and phase meter and the laptop computer communicate with each other
through network connections. (B) Setup used for the RF heating experiments comprising: (a) water
cooling system, (b) clock distributor, (c) RF signal generator, (d) home-built RF power amplifiers,
(e) penetration panel, (f) directional couplers, (g) oscilloscope, (h) network router, (i) home-built power
and phase meter, (j) laptop for interacting with the equipment. The MR scanner and the fiber optic
thermometer are not shown in the photo.
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sensors. (B) Front view of the rectangular agarose phantom: the yellow wires are fiber optic 
temperature sensors which were placed into the center of the phantom; the four blue tubes were filled 
with vegetable oil used as references for MR thermometry; the two antennae were installed opposing 
each other at two sides of the phantom. (C) The schematic of the lateral view of the phantom. (D) 
Lateral view of the phantom that shows one of the SGBT antennae. The printed circuit board on the 
antenna block is a balanced to unbalanced (balun) transformer for matching a 50 Ohm coaxial cable 
to the antenna port and vice-versa. A microstrip exponential taper was used to combine the balun 
with impedance matching. 

4.6. Dual Channel RF Heating  

The RF heating experiment was extended to two channels to demonstrate the synthesizer’s 
ability to accurately adjust the phase of the RF signals. Channel two was added to the setup of the 
single channel heating experiment. Both channels were set to generate 400 MHz RF signals. Each 
channel was connected to a home-built RF power amplifier. The outputs from the RFPAs were fed to 
two SGBT antennae through directional couplers and the feed through penetration panel. By 
adjusting the amplitude settings of the synthesizer, the RF power level at the feeding ports of the 
SGBT antennae was set to 42.5 dBm (17.78 W) for each channel. The antennae were positioned 
opposite to each other and applied to the same phantom used for the single channel experiments 
(Figure 10). The phantom was placed in the isocenter of the 7.0 T MR scanner. The experimental setup 
is illustrated in Figure 9. The two forward coupled outputs from the directional couplers were 
connected to a home-built power and phase meter to monitor the power level and phase relationship 
of the two channels. Three heating experiments were conducted using three phase shifts (φ = 0°, φ = 

Figure 10. (A) The schematic of the front view (a transversal slice in the middle of the phantom) of the
rectangular agarose phantom. The cross marks indicate the positions of fiber optic temperature sensors.
(B) Front view of the rectangular agarose phantom: the yellow wires are fiber optic temperature sensors
which were placed into the center of the phantom; the four blue tubes were filled with vegetable oil used
as references for MR thermometry; the two antennae were installed opposing each other at two sides of
the phantom. (C) The schematic of the lateral view of the phantom. (D) Lateral view of the phantom
that shows one of the SGBT antennae. The printed circuit board on the antenna block is a balanced to
unbalanced (balun) transformer for matching a 50 Ohm coaxial cable to the antenna port and vice-versa.
A microstrip exponential taper was used to combine the balun with impedance matching.

Table 3. Dielectric properties of the phantom at frequencies of 300 MHz, 400 MHz and 500 MHz.

300 MHz 400 MHz 500 MHz

Relative permittivity, εr 56.2091 54.3220 49.4599
Conductivity, σ (S/m) 0.1834 0.2535 0.3651

4.6. Dual Channel RF Heating

The RF heating experiment was extended to two channels to demonstrate the synthesizer’s ability
to accurately adjust the phase of the RF signals. Channel two was added to the setup of the single
channel heating experiment. Both channels were set to generate 400 MHz RF signals. Each channel
was connected to a home-built RF power amplifier. The outputs from the RFPAs were fed to two
SGBT antennae through directional couplers and the feed through penetration panel. By adjusting the
amplitude settings of the synthesizer, the RF power level at the feeding ports of the SGBT antennae
was set to 42.5 dBm (17.78 W) for each channel. The antennae were positioned opposite to each other
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and applied to the same phantom used for the single channel experiments (Figure 10). The phantom
was placed in the isocenter of the 7.0 T MR scanner. The experimental setup is illustrated in Figure 9.
The two forward coupled outputs from the directional couplers were connected to a home-built
power and phase meter to monitor the power level and phase relationship of the two channels. Three
heating experiments were conducted using three phase shifts (φ = 0◦, φ = 90◦ and φ = 180◦) added
to channel one. RF heating (Pin = 17.78 W at the feeding port of the SGBT antenna, t = 10 min) was
applied for each phase setting. For benchmarking experimental data with numerical simulations,
temperature simulations with the same frequency, power and phase settings were performed in CST
Microwave Studio 2018. The CST thermal transient solver was adopted with a hexahedral mesh
type. The maximum mesh size was set to 2.0 × 2.0 × 2.0 mm3, which is sufficient for the problem
that decreasing the maximum mesh size by 10% does not yield substantial changes (<0.01%) in the
simulation results. We used open boundary condition with the ambient temperature 20 ◦C set at
the boundary as constant temperature. The simulation started with an initial temperature of 20 ◦C.
MRT using the PRFS approach (TR = 99 ms, TE1 = 2.73 ms, TE2 = 6.71 ms, voxel size = 1 × 1 × 5 mm3)
at 297.2 MHz was conducted before and after the RF heating. Vegetable oil was used as a reference
to correct the magnetic field drift. Fiber optic temperature sensors were used to validate the MRT
results. The RF heating experiments were repeated with the signal generator replaced by a commercial
high-end 4-channel arbitrary waveform generator (M8190A, Keysight) for comparison.

5. Conclusions

This work demonstrates the development, implementation, evaluation, validation and application
of a 32-channel RF signal generator system tailored for RF-induced heating. The RF heating experiments
demonstrated the efficacy of the RF signal generator, which is competitive with high-end commercial
signal generators equipped with a lower number of RF channels. The large number of coherent RF
channels, wide frequency range, accurate phase shift, and highly flexible configurations provided by the
signal generator form a technological basis for future hyperthermia applications driven by ThermalMR.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/7/1720/s1,
Video S1: Live adjustments of the frequency of the RF signals. Video S2: The continuous adjustments of the
signal’s amplitude. Video S3: Live adjustments of the phase of the RF signals. Video S4: Frequency switching time
measurements. Video S5: Amplitude settling time measurements. Video S6: Phase settling time measurements.
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4 Multi-Channel RF Supervision Module for Thermal 

Magnetic Resonance Based Cancer Therapy 

4.1 Introduction 

The physics behind RF-induced thermal intervention is the constructive and 

destructive interferences of electromagnetic waves. The desired energy deposition 

pattern, i.e. to focus energy on the pathological tissue while sparing the normal tissue, 

is generated by arranging the power and phase of an RF channel inside a multi-

channel RF applicator. The power and phase settings of the RF signals connected to 

the multi-channel RF applicator are usually generated by empirical settings [99], 

simulations, or hyperthermia treatment planning [100,101]. To achieve precise 

formation of the energy focal point, accurate thermal dose control, and safety 

management, the RF signals’ power and phase need to be monitored and regulated in 

real-time.  

ThermalMR is a complex approach which requires careful considerations and 

solutions of multiple technological challenges ranging from physics to engineering 

and computer sciences to ultimately ensure an efficient and safe treatment. In this 

work, a multi-channel RF signal supervision module was designed, implemented, 

evaluated, and applied. This completes the RF signal chain in ThermalMR and solves 

the technical challenges such as broad band RF signal monitoring, quality assurance 

in hyperthermia, and patient motion detection.  

The multi-channel supervision module provides high-resolution RF signal power level 

and phase measurements in real-time. The position of this component in the overall 

system architecture can be seen in Figure 1.1. Unlike the majority of hyperthermia 

devices which operate at a single frequency, the supervision module was characterized 

with a broad range (100 MHz ~ 1000 MHz) of frequencies for the sake of improving 

RF heating performance by using multiple frequencies. Monte-Carlo simulations were 

performed to examine the impact of power and phase errors on hyperthermia 

performance. The results demonstrated that the developed supervision module 

outperforms the supervision system of a state-of-the-art 7.0 T MR scanner’s multi-

channel parallel transmission system. The supervision module was included in a 

feedback control loop, as shown in Figure 1.1,  as the key component to regulate the 
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RF power amplifier. RF heating experiments indicated the importance of including the 

supervision module in the control loop -- the precision and stability of the RF signals 

largely depend on the performance of the supervision module.  

Numerical electromagnetic field simulations on the impact of patient (head) motion 

were conducted and the results showed a displacement of as small as 5 mm could 

jeopardize treatment efficacy and cause a safety hazard. So it is crucial to control and 

monitor patient position during treatment. Experimental setups were built with COSI 

Measure and the feasibility of using the supervision module for the head motion 

detection was verified. The proposed supervision module is a key component for a 

hyperthermia hardware system, could provide important data for a hyperthermia 

treatment planning system, and forms a technological basis for ThermalMR 

applications. 

Section 2 in this chapter includes the publication on the supervision module titled 

“Multi-Channel RF Supervision Module for Thermal Magnetic Resonance Based 

Cancer Therapy” which was published in the peer-reviewed journal Cancers (ISSN 

2072-6694, impact factor: 6.126 (2019)). The design, implementation, evaluation, and 

application of the supervision module are detailed in the paper. 

4.2 Publication  

Han, H.; Oberacker, E.; Kuehne, A.; Wang, S.; Eigentler, T.W.; Grass, E.; Niendorf, 

T. Multi-Channel RF Supervision Module for Thermal Magnetic Resonance Based 

Cancer Therapy. Cancers 2021, 13, 1001. https://doi.org/10.3390/cancers13051 001. 
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Simple Summary: Glioblastoma multiforme (GBM) is the most lethal brain tumor. Combining
hyperthermia with chemotherapy and/or radiotherapy improves survival of GBM patients. For radio
frequency (RF)-induced hyperthermia, the RF signals’ power and phase need to be supervised to
achieve a precise formation of the power deposition focal point, accurate thermal dose control,
and safety management. Patient position during treatment also needs to be monitored to ensure
the efficiency of the treatment and to avoid adverse effects in healthy tissue. This work demonstrates
the development, implementation, evaluation, validation, and application of a multi-channel RF
supervision module that meets the technical requirements of hyperthermia and provides a cost-
effective solution for broad-band RF signal supervision and patient monitoring. It is a key component
for a hyperthermia hardware system and facilitates future thermal magnetic resonance applications
that integrate RF-induced heating, in vivo temperature mapping, and anatomic and functional
imaging in a single RF applicator.

Abstract: Glioblastoma multiforme (GBM) is the most lethal and common brain tumor. Combining
hyperthermia with chemotherapy and/or radiotherapy improves the survival of GBM patients.
Thermal magnetic resonance (ThermalMR) is a hyperthermia variant that exploits radio frequency
(RF)-induced heating to examine the role of temperature in biological systems and disease. The RF
signals’ power and phase need to be supervised to manage the formation of the energy focal
point, accurate thermal dose control, and safety. Patient position during treatment also needs
to be monitored to ensure the efficacy of the treatment and avoid damages to healthy tissue. This
work reports on a multi-channel RF signal supervision module that is capable of monitoring and
regulating RF signals and detecting patient motion. System characterization was performed for
a broad range of frequencies. Monte-Carlo simulations were performed to examine the impact
of power and phase errors on hyperthermia performance. The supervision module’s utility was
demonstrated in characterizing RF power amplifiers and being a key part of a feedback control loop
regulating RF signals in heating experiments. Electromagnetic field simulations were conducted
to calculate the impact of patient displacement during treatment. The supervision module was
experimentally tested for detecting patient motion to a submillimeter level. To conclude, this work
presents a cost-effective RF supervision module that is a key component for a hyperthermia hardware
system and forms a technological basis for future ThermalMR applications.
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Keywords: glioblastoma multiforme; thermal magnetic resonance; hyperthermia; radio frequency
heating; power meter; phase meter; hyperthermia treatment planning; patient displacement

1. Introduction

Glioblastoma multiforme (GBM) is the most common malignant primary brain tumor,
accounting for 14.6% of all primary brain tumors and 57.3% of all gliomas [1]. Less than
5.8% of patients survive five years post diagnosis, which renders GBM the most lethal type
of brain tumor [1]. Surgical resection followed by radiotherapy and chemotherapy remains
the mainstay of care for GBM patients [2,3]. Adding thermal therapy to the standard treat-
ment of GBM could improve prognosis [4]. Mild regional hyperthermia (HT; 40–44 ◦C for
60–90 min) is a clinically proven adjuvant anti-cancer treatment in conjunction with radio-
therapy and/or chemotherapy that significantly improves survival [5–9]. Non-invasive HT
modalities targeting the GBM mainly include magnetic nanoparticle hyperthermia (MNH),
focused ultrasound-based hyperthermia, and radio frequency (RF)-induced hyperthermia.
A significant improvement of survival was reported for GBM patients receiving chemother-
apy together with RF-induced HT [10]. Thermal magnetic resonance (ThermalMR) is an HT
variant that integrates RF-induced heating [11–15], in vivo temperature mapping using MR
thermometry (MRT) [16–19], anatomic and functional MR imaging (MRI), and the option
for x-nuclei MRI in a single, multi-purpose RF applicator that permits supervised targeted
temperature modulation.

Targeted RF-induced heating is based on electromagnetic waves transmitted with
a multi-channel RF applicator that are sought to constructively interfere in the targeted
heating volume while keeping RF power deposition outside of the target to a minimum
to preserve healthy tissue. The interference pattern is governed by the frequency, power,
and phase settings of the RF applicator. To manage RF power deposition in the target
volume, safety, and thermal dose control, the RF signals’ power and phase need to be
supervised in real-time. Commercial or in-house developed supervision devices are used
to monitor RF signals in hyperthermia or in MRI [20–23]. These supervision devices lack
the ability to measure the phase of RF signals and/or typically operate at a single frequency.
The use of multiple distinct or a broad range of frequencies improves the quality of RF
heating [24–29]. To ensure precise thermal dose control in multi-frequency applications,
it is essential to assess and compensate for the frequency-dependent characteristics of
RF meters.

Quality assurance is of profound importance for HT delivery. Factors that could
potentially impede the quality of RF-induced hyperthermia include unbalanced RF power
amplifiers, antenna mismatches, inaccuracies in cable lengths, antenna location offsets,
and phase errors in the RF chain. These factors usually cannot be modeled during treatment
planning but can be compensated with calibration algorithms or corrected using a feedback
control loop [30,31]. These approaches require the accurate measurement of the power level
and phase of the RF signals connected to the RF applicator. For this reason, the monitoring
of the forward and reflected RF signals of state-of-the-art high-density RF applicators asks
for multi-channel RF supervision modules.

Patient motion has the potential to severely impede the quality of HT delivery, with
bulk head motion being detrimental for the hyperthermia treatment planning (HTP) of
glioblastoma multiforme. For HTP, the position of the patient model is assumed to accu-
rately reflect the position during the clinical HT delivery [32,33]. Patient displacement
from the optimized setting might impair HT quality and may even constitute a potential
safety hazard. Consequently, patient motion should be monitored during HT delivery to
ensure the efficiency and safety of hyperthermia treatments. For HT delivery, RF anten-
nas are strongly coupled to the underlying tissue. The antennas’ sensitivity to changes
in the conductivity/impedance of the underlying structure within their electric fields facili-
tates motion detection by measuring the returned signals from the RF applicator [34,35].
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Increasing the number of RF channels enhances HT quality and the degrees of freedom for
motion tracking using a multi-channel RF supervision module.

To summarize, advancing high-fidelity HT delivery requires pioneering strategies
that exploit high-density, multi-channel RF antenna arrays with independent frequency,
amplitude, and phase control for each channel; a wider range of RF frequencies; and
motion detection/correction approaches. Recognizing these opportunities and challenges,
this work reports on the design, implementation, evaluation, validation, and application
of a multi-channel RF supervision module tailored for real-time RF power and phase
monitoring and regulation. This setup was designed to operate in a frequency range from
10 MHz to 2.7 GHz with phase and power resolutions of 7.2 × 10−3 (◦) and 2.6 × 10−3 dBm,
respectively, and it could be used as an RF supervision module for ThermalMR. To examine
the RF supervision module’s applicability to RF heating, experiments were conducted
in a phantom setup with and without the supervision module regulating the RF signals.
Monte-Carlo simulations were performed to examine the impact of power and phase
errors on hyperthermia performance. To detail the possible impact of bulk head motion on
HT delivery in the head, electromagnetic field (EMF) simulations were performed using
(i) a human voxel model that was modified to include an intracranial sphere mimicking
a small tumor in the right parietal region of the brain and (ii) a human voxel model that was
generated from a computed tomography scan of a GBM patient. Following the conclusions
obtained from the EMF simulations of the human head voxel models, the RF supervision
module’s applicability for motion detection was demonstrated with an experimental head
model.

2. Materials and Methods

2.1. System Design

The supervision module contains four RF input channels and one reference signal
input channel and supports a frequency range from 10 MHz to 2.7 GHz. Figure 1 shows
the block diagram and the implemented hardware. The four RF input channels were
identical in circuit design, with the impedance matched to 50 Ohm. There was no difference
in the signal propagation delay between the four RF input signals. The signal conditioning
circuits consisted of attenuators in the RF input channels or a voltage-controlled amplifier
(VGA) in the reference channel. Each RF input signal was firstly fed to a wideband digital
step attenuator (F1956, 1 MHz to 4 GHz, Renesas Electronics, Tokyo, Japan). The reference
signal input was firstly connected to a VGA chip (ADL5330, 10 MHz to 3 GHz, Analog
Devices, Norwood, MA, USA). The gain of the VGA is linearly adjustable in decibels and
controlled by the voltage output of a 16-bit digital-to-analog converter (AD5683, Analog
Devices). The reference signal was conditioned to fit the range in which the RF power and
phase meter chips operated with the highest linearity. After conditioning, the reference
signal was split into five length- and impedance-matched routes; four fed to input B of four
power and phase meter chips (AD8302, 0–2.7 GHz, Analog Devices) and one connected
to a logarithmic power meter (ADL5513, 1 MHz to 4 GHz, Analog Devices). Each RF
input signal was routed to input A of an AD8302 chip. The meter chip AD8302 measures
the power and phase differences between RF signals at its input A and B. The measured
power level and phase information is contained in the voltage level of the meter’s outputs.
All analog outputs from the meters were fed to a 16-channel, 16-bit analog-to-digital
converter (ADC; AD7616, Analog Devices). After digitization, the signals were sent to
a field-programmable gate array chip (FPGA; XC7Z020, Xilinx, San Jose, CA, USA), which
manages the whole system and is the core of a system-on-module unit (AES-Z7MB-7Z020-
SOM-I-G, Avnet, Phoenix, AZ, USA). Customized FPGA logic utilizing direct memory
access (DMA) was developed to interface the ADC chip. Digital low-pass filters were
implemented with the FPGA logic to filter the signals. AXI (Advanced Extensible Interface)
bus-based IP (intellectual property) cores were developed using the programmable logic
resources in the FPGA to configure the signal conditioning circuits.
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Figure 1. Left: System block diagram of the supervision module. One power meter was implemented in the reference
channel whereas identical power and phase meters were implemented in the radio frequency (RF) input channels. Two serial
peripheral interface (SPI) buses were routed from the FPGA (field-programmable gate array) to the conditioning chips for
configuration. The FPGA receives data from the analog-to-digital converter chip through its parallel interface. The Ethernet
interface was utilized for data exchange. The on-board power system distributes various DC (direct current) power supplies
to components on the board. GPIO: general-purpose input/output; SoM: system-on-module; SW: switches; XO: crystal
oscillator; ADC: analog-to-digital converter. Right: A photo of the supervision module. The red module is a system-on-
module unit (AES-Z7MB-7Z020-SOM-I-G, Avnet, Phoenix, AZ, USA). Please note that the photo is rotated by 90 degrees
versus the block diagram shown on the left-hand side.

The module runs bare metal embedded software developed in C on the dual-core
ARM processor inside the FPGA chip. A UDP (User Datagram Protocol) server was
implemented for data exchange. The power and phase information of all channels was
encapsulated in one UDP packet. A graphical user interface (GUI; Figure 2) that runs on
the host computer was developed in Haskell to monitor the measured RF power and phase
information, as well as to configure the signal conditioning settings including attenuation
and amplification. The GUI communicates with the UDP server in the supervision module
through an Ethernet connection.
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Figure 2. Graphical user interface (GUI). Users can configure the conditioning chips on the left side of the GUI. The RF
power and phase information are displayed on the right of the GUI. Progress bars are used to show the relative relationship
between channels.

2.2. System Characterization

For the evaluation of the multi-channel RF supervision module, all tests were con-
ducted at room temperature (22 ◦C) with the RF supervision module warmed up for 30 min.
Coaxial cables (length = 1 m; 135101-01-M1.00, Amphenol, Wallingford, CT, USA) were
used to connect the signal generators and the supervision module. All the calibrations were
conducted for 91 frequency points ranging from 100 to 1000 MHz in increments of 10 MHz.
For the calibration of the logarithmic power meter chip ADL5513, a calibrated power signal
generator (SMGL, R&S, Munich, Germany) was connected to the reference channel, with
the signal conditioning circuits bypassed. Sinusoid signals with power levels in the range
from −70 to 10 dBm and a power increment of 1 dBm were generated to feed the meter chip.
In total, 81 readings from the power meter were recorded for each frequency. The phase
meter AD8302 was calibrated with a calibrated 4-channel arbitrary waveform generator
(AWG; M8190A, Keysight, Santa Rosa, CA, USA). Channel 1 of the AWG generated a sinu-
soid signal with a power level of −30 dBm at input B of the chip as the reference signal.
Channel 2 of the AWG generated a coherent sinusoid signal that was connected to input
A of the meter chip under calibration. The phase of channel 2 relative to channel 1 was
varied in the range of 0◦–359◦ using a 1◦ increment, and 360 readings from the phase meter
were recorded for each frequency. For calibrating the power meter function of the AD8302
chip, a −30 dBm sinusoid signal generated by the AWG was connected to input B of
the chip. Sinusoid signals generated by the SMGL power signal generator with power
levels in the range from −70 to 10 dBm and a step size of 1 dBm were connected to input
A of the meter chip. The AWG and the power signal generator shared the same external
reference clock source (CDA-2990, National Instruments, Austin, TX, USA). 81 readings
from the power meter were recorded for each frequency. All the recorded data were fed
into MATLAB R2017b (The MathWorks, Natick, MA, United States) for curve fitting based
on the least-squares method. The fitting results for the two power meters were verified
with measurements obtained with a power sensor (NRP18T, R&S, Munich, Germany).
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An application was developed in C to test the throughput of the UDP server imple-
mented in the supervision module. The application runs on a desktop computer (Intel Core
i7-7700, 16 GB RAM, Gigabit Ethernet) and constantly requests power and phase readings
from the supervision module. The number of UDP packets (each packet contains infor-
mation for all channels) was counted for ten minutes to get an average sampling rate of
the supervision module.

2.3. RFPA Characterization and RF Heating Experiments

The supervision module was utilized to characterize and supervise two home-built RF
power amplifiers (RFPAs) that were used for RF heating. The two RFPAs shared the same
design that had a bandwidth of 400 MHz (100–500 MHz) and a nominal gain of 50 dB.
For the characterization of the amplifiers, a calibrated RF signal generator (SMGL, R&S)
generated a sinusoid signal that was split equally with power splitters (ZFSC-2-1W-S+,
Brooklyn, NY, USA). The split RF signals were used as input for the RF amplifiers and
as the reference signal for the supervision module (Figure 3A). The gain and phase of
the RFPAs were characterized versus the frequency and amplitude of the input RF signals.
For testing the RFPAs’ performance against frequency, two frequency sweeps with different
input power levels (0 and −10 dBm) in the range of 100–500 MHz and a step size of
1 MHz were conducted. For testing the RFPAs’ performance against input amplitude,
two amplitude sweeps with different signal frequencies (300 and 400 MHz) in the range
from −30 to 0 dBm and a step size of 0.5 dBm were conducted. The power levels and
phases of the forward coupled outputs of the directional couplers were recorded with
the supervision module. The unbalances in the two RF paths introduced by the power
splitters and the directional couplers were compensated in post-processing.

Figure 3. (A) Schematic of the experimental setup used for the RFPA (RF power amplifier) characteri-
zation. The connections illustrated in red share the same cable length. The power splitters and the
directional couplers were characterized using a vector network analyzer (ZVT8, R&S) so that the un-
balances in the two RF signal chains could be compensated during the characterization of the RFPAs.
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The computer controls the signal generator via a GPIB (general purpose interface bus) interface.
(B) Schematic of the experimental setup in the RF heating experiments. Four coherent RF signals
at 400 MHz were generated with a custom-built RF signal generator. One signal was connected to
an oscilloscope for monitoring. Two signals were connected to two RFPAs, and the last one was
connected to the supervision module as the reference signal. The supervision module monitored and
regulated the forward coupled outputs of the directional couplers. The two RF signal chains (from
the signal generator to the self-grounded bow-tie (SGBT) antennas) shared the same electrical length.
MR: magnetic resonance.

For RF heating, two experiments were conducted with and without the supervision
module regulating the RF signals (f = 400 MHz). The schematic of the experimental
setup is illustrated in Figure 3B. Two coherent RF signals generated from the custom-
built RF signal generator [15] were fed to the same two RFPAs that were characterized
with the supervision module. The amplified signals were connected to two wideband
self-grounded bow-tie (SGBT) antennas [14] through two directional couplers (BDC0810-
50/1500, BONN Elektronik, Holzkirchen, Germany) and the feed-through penetration
panel of the MR scanner room. The antennas were positioned opposite to each other and
applied to a muscle-mimicking agarose phantom (length = 160 mm, width = 116 mm, height
= 178 mm; εr = 54.32, and σ = 0.25 S/m [15]). The phantom was placed in the isocenter of
a 7.0 T human MR scanner (Magnetom, Siemens Healthineers, Erlangen, Germany).

The first RF heating experiment was conducted with the supervision module being
in the control loop regulating the RF signals. The set-point for the RF power level at the feed-
ing port of the SGBT antenna was set to 42.5 dBm (17.78 W) for each RF channel. The two
RF channels were regulated to have the same phase at the feeding ports of the antennas.
For the second heating experiment, the supervision module was not included in the control
loop. The signal generator generated two RF signals with the same phase. The power level
at the feeding port of the SGBT antenna was set to 42.5 dBm (17.78 W) for each RF channel at
the beginning of the experiment. The RF power was applied to the phantom for 10 min for
both RF heating experiments. MR thermometry utilizing the proton-resonance-frequency-
shift (PRFS) approach [36,37] (TR = 99 ms, TE1 = 2.73 ms, TE2 = 6.71 ms, and voxel size =
1.0 × 1.0 × 5.0 mm3 [15]) at 297.2 MHz was conducted before and after each experiment.
Vegetable oil was used as a reference to correct the magnetic field drifts [15,38]. Fiber
optic temperature sensors (Neoptix, Quebec, QC, Canada) were used to validate the MRT
results [15]. For benchmarking experimental data with numerical simulations, temperature
simulations using the same frequency, power, and phase settings (400 MHz, 42.5 dBm, and φ

= 0◦ for both channels at the feeding port of the SGBT antenna) were performed in CST
Microwave Studio 2018 (Computer Simulation Technology GmbH, Darmstadt, Germany).
For this purpose, the phantom configuration used in the heating experiments was incorpo-
rated into the numerical simulations. The CST thermal transient solver was adopted with
a hexahedral mesh type. The maximum mesh size was set to 2.0 × 2.0 × 2.0 mm3, which
was sufficient for the problem since further decreasing the maximum mesh size by 10% did
not yield substantial changes (<0.01%) in the simulation results [15]. An open boundary
condition was used with the ambient temperature 20 ◦C set at the boundary as constant
temperature.

2.4. Head Motion Detection

To detail the possible impact of patient movements on HT delivery, EMF simula-
tions were performed (f = 297 ± 50 MHz) using Sim4Life V3.4 (ZurichMedTech, Zurich,
Switzerland). For this purpose, the heads of two human voxel models were inserted into
the middle of the annular phased array RF applicator (Figure 4A), with a cylindrical water
bolus surrounding the models to fill the air gap between the antenna array and the head
model. First, the human voxel model “Duke” from the virtual family [39] (IT’IS Foundation,
Zürich, Switzerland) was used. This model was modified to include an intracranial sphere
(diameter = 4 cm, εr = 66.5, and σ = 1.15 S/m [39]) mimicking a small tumor in the right
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parietal region of the brain (target volume = 33.5 mL). The second human voxel model
was used to mimic a clinical scenario. This model was generated from a computed to-
mography scan of a patient with glioblastoma multiforme [40]; it encompassed a large
clinically relevant target volume (500 mL). Hereafter, this model is referred as the clinically
relevant model (CRM). The initial positioning of the head models in the RF applicator was
chosen so that the center of the target volume aligned with the center of the applicator
in head-feet-direction (Z). The resolution of the simulations was limited to a maximum
step size of 3 mm within the skull. A much finer resolution of down to less than 0.5 mm
was applied to resolve the bent and triangular shape of the SGBT antennas.

After the simulation, E- and H-field data were exported channel-wise and isotropically
rebinned to a resolution of 3 mm3, and SAR10g (specific absorption rate) matrices were
calculated [11,41]. For HTP, power and phase settings for each channel were optimized
using the multiplexed vector field shaping (MVFS) method [29] to maximize RF power
deposition in the target volume while limiting the exposure in healthy tissue. The targeted
SAR in the tumor was set to 100 W/kg, while the SAR limit in healthy tissue was set to
40 W/kg. To investigate the impact of patient malpositioning, a second set of simulations
was performed after the longitudinal displacement of the head model (ΔZ = 5 mm). Phase
and amplitude settings obtained for the originally targeted position were applied to these
new simulation results.

Figure 4. Experimental setup used for head motion detection. (A) Annular antenna holder in a two-
ring arrangement (inner diameter = 24 cm) including ten antenna positions for each ring.
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Four SGBT antennas (two for each ring) were installed in the holder, as illustrated by the numbers
1–4. The antennas were connected to the signal generator via home-built directional couplers. (B) A
3D printed head model installed to an aluminum profile and used as an object under investigation.
(C) The experimental setup, (a) supervision module, (b) custom-built RF signal generator, (c) clock
distributor, (d) home-built directional couplers, (e) water pad, (f) head model, (g) antenna holder, (h)
water pump, (i) the COSI Measure setup [42], and (j) computer for interacting with the equipment.

The obtained RF power deposition regarding both the upkeep of the therapeutic
exposure and the sparing of the healthy tissue was assessed. The maximum local SAR10g
was evaluated in the tumor and the healthy tissue, together with the respective mean
SAR10g value. The volume power density Ptumor/Vtumor, being the quantity which governs
the actual heating of the tissue, assesses the overall RF power deposition in the target vol-
ume. Normalization with the tumor volume makes it comparable across various models.
The SAR amplification factor (SAF; [24]) quantifies the overall sparing of the healthy tissue
by relating the mean exposure in the target volume to the mean exposure of the healthy
tissue (SAF = SAR10g,mean(tumor)/SAR10g,mean(healthy)). The tumor-to-hotspot quotient
(THQ; [43]) considers local RF maxima in the healthy tissue to be the critical factor rather
than overall exposure and relates the mean exposure in the target volume to the first vol-
ume percentile of local SAR10g values (THQ = SAR10g,mean(tumor)/P1 (SAR10g(healthy))).
TC (SARtumor > SARLim) measures the target coverage with a local RF exposure greater
than what is allowed in the healthy tissue and assesses the distribution of the RF power
deposition in the target volume. This is of particular importance in large target volumes,
where local maxima could form while other regions could exhibit greater underexposure
than expected by the local or averaged SAR values.

Following the conclusions obtained from the EMF simulations of the human head
models, the RF supervision module’s applicability for motion detection was examined in ex-
periments. For this purpose, a 3D printed human head model was used as an OUI (object
under investigation). The OUI was fixed to an open source 3D multipurpose measurement
system (COSI Measure) [42] through an aluminum profile (Figure 4B). The human head
model was placed onto the SGBT antennas with a pad of water placed in between. The wa-
ter in the pad was circulated with a pump (1005.02.00, Comet, Paynesville, MN, USA) to
mimic a clinical HT treatment setup. The antennas were installed in an annular holder
(Figure 4A). The signal generator generated five RF signals at 297 MHz with a power level
of 0 dBm. Four signals were fed to the four antennas via home-built directional couplers;
one was fed to the supervision module as a reference signal. To examine the RF supervision
module’s applicability for tracking, three movements with displacements of 0.5, 1.0, and 5.0
mm were performed along the X-, Y- and Z-axes using COSI Measure. The four reflected
signals were measured and recorded with the supervision module.

2.5. Analysis of Impact of Power and Phase Errors on Hyperthermia Performance

To analyze the impact of power and phase errors of the RF signals on the performance
of a hyperthermia system, Monte-Carlo analyses were conducted on the power and phase
settings obtained from the EMF simulations and optimizations targeting the clinically
relevant model introduced in Section 2.4. The optimum solution was perturbed with
excitation error vectors of different magnitudes and phases. Ultimately, 256 Monte-Carlo
simulations over an error vector space of 0–15% power error (per channel) and 0–15◦
phase error (per channel) were analyzed, with each run containing 1 million randomized
vectors. The focusing efficiency was calculated by dividing the peak SAR10g in the tumor
by the peak SAR10g in healthy tissue. At the optimum solution, the focusing efficiency
was ~2.1, i.e., peak SAR10g in the tumor was about twice as high as the peak SAR10g
in healthy tissues. Any error in the system would both potentially increase healthy SAR10g
and decrease tumor SAR10g, thus degrading this metric below 2.1. Based on this metric,
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a statistical analysis of how well a system with a given error range performs compared to
a perfect system was carried out.

3. Results

3.1. System Characterization

Figure 5 illustrates the calibration results obtained for system characterization. For the
power meter in the reference channel (ADL5513), an excellent linear relationship (R2

= 1.00) between the ADC readings and the power levels (range: from −50 to 0 dBm)
was observed for all 91 tested frequency points. The signal frequency had an impact on
the results. A maximum variation of 2.31 dBm was observed for the same ADC reading
among the tested frequency points. Equation (1) describes curve fitting results of the meter
(ADCref represents the reading from the ADC and Freq is the signal frequency in MHz).
A theoretical resolution of 3.6 × 10−3 dBm was obtained for this meter. A mean absolute
error of 0.01 mW with a standard deviation of 0.02 mW was calculated using Equation
(1) against the data measured with the commercial power sensor (NRP18T, R&S, Munich,
Germany).

PowerLevelre f =
(

3.6 × ADCre f + 1.427 × Freq − 86599
)
× 10−3(dBm) (1)

Figure 5. Plots of the measured data obtained during the characterization of the RF supervision module. Each graph includes
91 curves each representing the results obtained for one tested frequency. Left: The ADC readings for the power meter
ADL5513 were plotted against corresponding power levels of the tested signals. For the same ADC reading, a maximum
variation of 2.31 dBm was observed among the curves. Middle: The ADC readings for the power meter AD8302 were
plotted against corresponding power levels of the RF signals. For the same ADC reading, a maximum variation of 5.72 dBm
was observed for the tested discrete frequencies. Right: The ADC readings for the phase meter AD8302 were plotted against
corresponding phases of the tested signal. The curves are symmetrical around a phase of 180◦.

For the power meter in RF input channels (AD8302), an excellent linear relationship
(R2 = 1.00) between the ADC readings and the power levels (from −50 to 0 dBm ) was
also found. The curves were scattered depending on the frequency of the input signals.
A maximum variation of 5.72 dBm was observed for the same ADC reading among
the tested frequency points. Equation (2) describes the curve fitting results of this power
meter (ADCRF_input represents the reading from the ADC and Freq is the signal frequency
in MHz). The theoretical resolution of this meter is 2.6 × 10−3 dBm. A mean absolute
error of 0.02 mW with a standard deviation of 0.04 mW was calculated using Equation (2).
The mean absolute tolerance calculated against the data measured with the commercial
power sensor (NRP18T) was 12%.

PowerLevelRFinput =
(

2.6 × ADCRFinput + 8.337 × 10−5 × Freq3 − 0.135 × Freq2 + 57.175 × Freq − 64623
)

×10−3 (dBm)
(2)

69



For the phase meter in RF input channels (AD8302), a linear relationship (R2 = 1.00)
between the ADC readings and the phases was observed in the range of 5◦–175◦, with
almost no influence from the frequency of the signals. The phase curves were symmetrical
around a phase of 180◦. This complied with the characteristics of the meter chip. Equation
(3) describes the calibration results of the phase meter (ADCphase represents the reading
from the ADC). The theoretical resolution of this meter is 7.2 × 10−3 (◦). A mean absolute
error of 0.50◦ with a standard deviation of 0.41◦ was calculated using Equation (3) against
the measured data.

Phase =
(

7.2 × ADCphase + 2648
)
× 10−3(◦) (3)

The maximum throughput of the UDP server was 28.4 packets per second, with
the power and phase information of all channels contained in one packet.

3.2. RFPA Characterization and RF Heating Experiments

The results of the characterization of the RFPAs using the supervision module are
displayed in Figure 6. The two RFPAs (identical in design and implementation according
to the vendor) demonstrated different behaviors for the variation of the signal frequency
and the variation of the input power level (Figure 6A). RFPA 2 yielded an average gain that
was 5.5 dB superior to RFPA 1 for both input signal levels across the tested frequency range.
The maximum variation of the gain of RFPA 1 along frequency was 8.3 dB. For RFPA 2,
a maximum variation of the gain of 6.9 dB was observed. With the input signals set to
identical phases for each RFPA, large phase differences were found between the output
signals of the RFPAs (Figure 6B). These phase differences changed with frequency. When
the frequency of the input signals was fixed and the amplitudes were altered from −30
to 0 dBm, the two RFPAs showed different gains (Figure 6C). The gain difference was
as large as 8.4 dB for signals at 300 MHz. For an RF input signal at 400 MHz, RFPA 1
provided a higher gain compared to 300 MHz. However, RFPA 2 behaved differently
in this regard. At 400 MHz, the phase difference between the outputs of the two RFPAs
maintained roughly constant (~88◦) in the linear range of the RFPAs (Figure 6D). The phase
difference between the outputs of the two RFPAs showed a linear decrease when sweeping
the RF input power level at 300 MHz.
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Figure 6. Summary of RFPA characterization results. (A) The gain of the two RFPAs was measured at two input levels (−10
and 0 dBm) for a frequency range of 100–500 MHz in increments of 1 MHz. (B) The phase difference between the outputs
of the two RFPAs against frequency at different input power levels. (C) The gain of the two RFPAs was measured at two
frequencies (300 and 400 MHz) with the input power level varying from −30 to 0 dBm using an increment of 0.5 dBm. (D)
The phase difference between the outputs of the two RFPAs against input power level at different frequencies.

Figure 7 summarizes the results derived from numerical temperature simulation and
experiments using the RF heating setup at 400 MHz. Figure 7B depicts the temperature
changes obtained from the numerical temperature simulation. With both RF channels run-
ning the same settings at the ports of the SGBT antennas, a constructive interference pattern
was generated in the middle of the phantom. RF heating experiments using the supervi-
sion module for the regulation of the RF signals showed a very good agreement between
MR thermometry (Figure 7C) and the temperature simulation (Figure 7B). The tempera-
ture profile obtained along the centerline across the phantom (Figure 7E) demonstrated
the same interference pattern created in the experiment compared with the interference
pattern in the simulation. MRT detected a maximum temperature increase of ΔT = 2.21
◦C in the middle of the phantom. The experimental interference pattern was distorted
(Figure 7D) compared to the temperature simulation when the supervision module was not
in the loop. For this case, the peak temperature rise in the middle of the phantom was ΔT =
3.14 ◦C. The peak of the experimental interference pattern was shifted 16 mm to the right
(Figure 7F) versus the reference provided by the temperature simulation.
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Figure 7. Summary of RF induced temperature changes (ΔT) obtained from numerical simulations and experiments (f =
400 MHz, t = 10 min, and Pin at port = 17.78 W) with each RFPA being connected to an SGBT antenna. (A) The position of
the antennas and an axial MR image through the center of the phantom. The yellow line indicates the coronal centerline.
The yellow stars mark the positions of the fiber optic temperature sensors. A transversal slice in the middle of the phantom
aligned with the center of the RF applicator was selected for data analysis. (B) The temperature changes obtained from
the temperature simulation. The middle row shows maps of temperature changes derived from MR thermometry for RF
heating with (C) and without (D) the supervision module in the control loop regulating the RF signals. The stars in (C,D)
indicate the positions of the fiber optic temperature sensors. The bottom row depicts ΔT profiles obtained for the centerline
drawn through the center slice of the phantom for temperature simulations (B), experimental RF heating with (C) and
without (D) the supervision module in the control loop. The blue and red stars indicate readings from the temperature
sensors. A constructive interference pattern that was similar to the simulation result was observed in the middle of
the phantom when the supervision module was activated in the loop (E). The interference pattern was distorted when
the supervision module was not in the loop (F). For this case, the peak of the experimental interference pattern was shifted
16 mm to the right versus the reference obtained from the temperature simulation.

3.3. Head Motion Detection

To detail the impact of head movements on HT delivery, EMF simulations were
performed at f = 297 ± 50 MHz. The resulting maximum intensity projections of the SAR10g
distributions of the RF heating with and without head displacement are outlined in Figure 8.
Table 1 surveys the metrics used for the evaluation of the RF heating results with and
without head displacement. Heating results obtained for 5 mm off-center positions (Duke
2 and CRM 2) showed a lower maximum SAR in the tumor compared with the centered
models (Duke 1 and CRM 1). The CRM yielded a relative difference of ΔSAR10g,max = 22.3%
between the center and off-center position of the head. For SAR10g,max in healthy tissue,
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the heating results with patient displacement (Duke 2 and CRM 2) exceeded the SAR
limit set for the healthy tissue (SARlim(healthy) = 40 W/kg). The heating results with
the centered positions (Duke 1 and CRM 1) outperformed their off-center counterparts
regarding SAR10g,mean. In healthy tissue, the SAR10g,mean values obtained for the center
and off-center position of the Duke model were similar. The simulation of the CRM
revealed a higher SAR10g,mean for the center position versus the off-center position. The SAF
quantifies the ratio between the average RF power deposition in the tumor region versus
healthy tissue. Larger values indicate that an RF power is more focused to the tumor area.
TC(SARtumor > SARLim) is the proportion in the tumor volume that has a higher SAR than
the limit set for the healthy tissue. It is also an indicator of the heating efficiency. For CRM
2, a drop of 33.45% of target coverage was observed. The overall RF power deposition
in the target volume (Ptumor/Vtumor) decreased by 4.38% and 15.43% for the shifted Duke
model and for the CRM, respectively. The THQ dropped by 9.84% and 8.18% for the shifted
Duke model and for the CRM, respectively.

Figure 8. Impact of head displacement on RF heating obtained from electromagnetic field (EMF) simulations using human
head models without (center position) and with movements (5 mm off-center position). (A) SAR10g (specific absorption
rate) maps (maximum intensity projection: MIP) obtained for the Duke model placed in the center of the RF applicator
(Duke 1). The phase and amplitude setting of the RF heating was optimized for this position. (B) SAR10g maps (MIP)
derived from the Duke model being shifted 5 mm upwards (Duke 2). Phase and amplitude settings were identical with
the used settings when the head model was placed in the center position. Several hotspots were generated in healthy tissue.
(C) SAR10g maps (MIP) obtained for the clinically relevant head model placed in the center of the RF applicator (clinically
relevant model (CRM) 1). The phase and amplitude setting of the RF heating was optimized for this position. (D) SAR10g

maps (MIP) derived from the clinically relevant head model using an off-center (5 mm shift upwards) positioning (CRM 2)
in conjunction with the same phase and amplitude settings used for (C).

Following the conclusions drawn from the EMF simulations of the human head
models, the RF supervision module’s applicability for motion detection was examined
in experiments using a 3D printed human head model as an OUI. The results of the head
motion detection experiment are summarized in Figure 9. Three displacements with
different magnitudes (0.5, 1.0, and 5.0 mm) were repeated on the X-, Y-, and Z-axes. All
the movements caused signal changes which scaled with the displacements. Larger signal
changes corresponded to larger displacements. Movements along the X-axis were detected
by antennas 1, 3, and 4, including displacements as small as 0.5 mm. Movements along
the Y- and Z-axes were captured by all antennas including shifts with a 0.5 mm magnitude.
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Table 1. Metrics used for the evaluation of the impact of motion on the RF heating of the Duke head model (Duke) and
the CRM of the head. The Duke 1 and CRM 1 columns show the numerical results of simulations (Figure 8A,C) with
the head models being placed in the center of the RF applicator. The Duke 2 and CRM 2 columns are the numerical results
of simulations (Figure 8B,D) with the human head models being placed off-center (5 mm displacement upwards). SAF: SAR
amplification factor; THQ: tumor-to-hotspot quotient; TC: target coverage.

Metrics Duke 1 (A) Duke 2 (B)
Relative

Difference (%)
CRM 1 (C) CRM 2 (D)

Relative
Difference (%)

SAR10g,max(tumor), W/kg 64.56 61.47 −4.79 84.50 65.65 −22.31
SAR10g,max(healthy), W/kg 40 44.06 +10.15 40 44.44 +11.1
SAR10g,mean(tumor), W/kg 48.06 45.92 −4.45 42.77 36.34 −15.03

SAR10g,mean(healthy), W/kg 18.36 18.51 +0.82 19.46 16.95 −12.90
Ptumor/Vtumor, W/L 61.19 58.51 −4.38 36.56 30.92 −15.43

SAF 2.62 2.48 −5.34 2.20 2.14 −2.73
THQ 1.23 1.15 −9.84 1.10 1.01 −8.18

TC(SARtumor > SARLim) 85.9% 78.8% −8.27 57.1% 38% −33.45

Figure 9. Detection of head motion. The top figure indicates the timing and displacements of the movements of the head
model. There were three movements with the distance of 0.5, 1.0, and 5.0 mm along each direction. The following four
figures show the amplitude and phase of the reflected RF signals from the SGBT antennas detected by the supervision
module. The curves drawn in red represent the amplitudes of the reflected signals, while the curves in blue represent
the phases of the reflected signal relative to the transmitted/reference signal.
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3.4. Analysis of Impact of Power and Phase Errors on Hyperthermia Performance

Figure 10 depicts results from the Monte-Carlo (MC) analyses of the impact of
the power and phase errors of RF signals on hyperthermia performance. The perfor-
mance of the proposed RF supervision module, which had a power tolerance of 12%
and a phase tolerance of 1◦, was compared with that of the RF supervision system of
a multi-channel parallel transmission (pTX) system of a state-of-the-art 7.0 T MRI scanner
(Magnetom, Siemens Healthineers, Erlangen, Germany) that had a power tolerance of
12% and a phase tolerance of 5◦ [44]. The proposed RF supervision module outperformed
the RF supervision system of the commercial pTX system, as outlined in Figure 10A for
the relative focusing efficiency. Our Monte-Carlo simulations demonstrated that phase
errors, especially, heavily contributed to a loss of excitation and HT fidelity (Figure 10B).

Figure 10. (A) Probability distribution of the focusing efficiency relative to the optimal RF power and phase setting. The four
curves represent four Monte-Carlo simulations with different error ranges (blue: 15% error in power and 15◦ in phase; red:
12% error in power and 5◦ in phase, representing the performance of the 7.0 T Siemens MR scanner used in Section 2.3;
green: 12% error in power and 1◦ in phase, representing the characteristics of the proposed supervision module; purple:
5% error in power and 1◦ in phase). (B) Percentage of Monte-Carlo runs that yielded a performance ≥ 90% depending on
power and phase tolerances. The red star indicates the performance of the 7.0 T Siemens MR scanner while the green star
indicates the performance of the proposed RF supervision module. This graph demonstrates that phase errors, especially,
quickly led to a loss of excitation fidelity.

4. Discussion

4.1. System Characterization

The final power level readings of the RF input channels depended on the power level
of the reference channel. During calibration, the reference input of the meter chip was set
to –30 dBm due to the fact that the largest linearity and detection range were achieved
at this point. In field operation, the signal conditioning circuit was activated to adjust
the reference signal to this point (−30 dBm). Hence, the power level of the reference
channel was omitted in Equation (2). Due to the adoption of the 16-bit analog-to-digital
converter, a theoretical resolution of 2.6 × 10−3 dBm was obtained. The attenuators
included in the signal conditioning circuits further extend the linear detection range to
80 dB (from −50 to 30 dBm). It is notable that the signal frequency had a great impact on
the behavior of the power meters. A maximum variation of 5.72 dB (3.73 times in power
difference) was found for the same output from the meter when the frequency changed.
Many of the existing power meter implementations for RF hyperthermia and/or for SAR
monitoring in MRI employ similar logarithmic power detectors [22,23,45–47]. These setups
mostly operate at a single frequency or a narrow band of frequencies. They typically
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utilize a lookup table to translate the meter outputs to power levels, where the impact
of frequency is not accounted for. For example, the HYPERcollar [47] system, which
utilizes the same power detector chip used in our work, operates at 433.92 MHz. However,
recent advancements in hyperthermia, including numerical simulations [24,25] and novel
algorithms [26–29], have suggested the use of a broad range of frequencies to enhance
HT delivery. To turn these insights into clinical applications and value, it is essential to
characterize and compensate for the impact of the signal frequency on the power meters
for ensuring the safety and efficiency of HT treatments.

The phase meter demonstrated a great linearity in the range of 5◦–175◦, regardless of
the signal frequency. A theoretical resolution of 7.2 × 10−3 (◦) was obtained. The phase
meter was ambiguous for phases that were symmetrical around 180◦, e.g., phase = 90◦
and phase = 270◦ resulted in the same ADC reading in the curves. Considering the phase
meter measures for the phase difference between the RF input channel and the reference
channel, this ambiguity could be eliminated by observing the result from shifting the phase
of the reference signal by a small amount of phase angles. In practice, this approach
was conveniently implemented by using the phase shifting function of the RF signal
generator [15] developed in our group. Thus, for monitoring/regulating one RF channel
that contains forward and reflected signals, only two power and phase detectors (AD8302)
need to be used. In this way, the proposed design can reduce system cost and complexity
compared with similar implementation [45] that uses three power and phase detectors for
one RF channel.

The maximum sampling rate of the proposed supervision module was found to be
28.4 samples per second, with each sample containing the power and phase information of
all the channels. The quality assurance guidelines of the European Society of Hyperthermic
Oncology (ESHO) for hyperthermia [48–50] require a computerized data acquisition system
to record all system control parameters including signal frequency, phase, power level
(forward and reflected), and any changes during treatment in these settings. According
to the ESHO guidelines, the sampling interval for the power level should be less than 20
s [48]. The sampling rate of the proposed RF supervision module meets these requirements,
and it is found to be higher than the sampling rate of the commonly used BSD-2000 3D
hyperthermia system that updates the power level every two seconds [51]. The high
sampling rate provided by our RF supervision module affords the use of a larger number
of RF channels with one supervision module by multiplexing the input signals.

4.2. Impact of Power and Phase Errors on Hyperthermia Performance

The Monte-Carlo analyses revealed that the performance of an RF-based hyperthermia
system is more sensitive to the phase errors of RF signals. The proposed supervision module
outperformed the supervision system of a state-of-the-art 7.0 T MR scanner’s multi-channel
parallel transmission system. For the clinical application of an HT system, an error analysis
taking all tolerances of the integrated RF system into account is indispensable to adjust
the prescribed treatment power level. Hence, the performance of a hyperthermia system
is limited by its weakest link—an RF power amplifier with a supposedly perfect power
and phase response is of limited use if its operation cannot be monitored by a supervision
module with similar accuracy and precision. The Monte-Carlo simulations showed that
a tight control on measurement errors translates into a higher fidelity reproduction of
the planned RF field superposition. Phase errors, especially, quickly lead to a degradation
of the focusing capabilities.

4.3. RFPA Characterization and RF Heating Experiments

Though the two RFPAs used in this work shared the same design and implementa-
tion, RFPA characterization provided different characteristics. The maximum variation of
the gain along frequency for an RFPA could be as large as 8.3 dB (6.76 times). The average
difference of the gain between the two RFPAs was 5.5 dB (3.55 times) with a varying fre-
quency. The performance variations of the RFPAs were related to factors such as variations
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of electronic components and temperature. These variations measured with the super-
vision module are not unique to our home-built amplifiers. Previous studies on quality
assurance in hyperthermia performed on different types of systems have reported similar
outcomes [52–56]. These studies employed vector voltmeters to validate hyperthermia
systems. However, vector voltmeters are already obsolete.

The RF heating experiments underlined the need of a closed-loop control system.
MR thermometry revealed a supervised heating pattern that was in accordance with
the reference obtained from the numerical simulation. The temperature maps obtained
for unsupervised heating were distorted compared to the reference. The peak of the in-
terference pattern in the middle of the phantom was shifted to channel 2 for 16 mm,
which translated into a phase difference between the two channels of approximately 80◦.
This was in accordance with the results derived from our RFPA characterization exper-
iments. By employing the RF supervision module in the control loop, component- and
temperature-dependent deviations and uncertainties covered by the control loop could be
eliminated.

In multi-channel phased array systems, the power amplifier is not the only source
of error. The phase-amplitude control can be substantially affected by factors such as
the coupling and mismatches of RF channels [57,58]. Raskmark et al. proposed an algorithm
that uses the scattering matrix (S-matrix) to describe multi-channel RF systems and correct
system errors [56,59]. More recently, the self-calibration technique was introduced into
hyperthermia antenna arrays to compensate for disturbances and patient mismatches
in real-time [30]. The self-calibration algorithms rely on the S-matrix measurements of an
antenna array. Combined with the multi-channel signal generator [15] and bi-directional
couplers, the proposed supervision module is capable of measuring the S-matrix of an N-
port array applicator. Hence, the aforementioned algorithms can be implemented without
costly, multi-port vector network analyzers. This advancement helps to reduce the costs of
HT systems and increases the safety and efficiency of hyperthermia treatments.

4.4. Impact of Head Motion

Patient positioning is an important factor to be considered for high-quality HT delivery
and patient safety. The ESHO guidelines [49] suggest an accuracy of patient positioning of
1 cm. A previous study [60] using a BSD-2000 Sigma 60 system operating in the frequency
range of 75–140 MHz showed that precise positioning is mandatory for high-quality
hyperthermia treatments and demonstrated that the positioning error should be less
than 1 cm. A sensitivity study [61] on optimal temperature distribution with respect
to patient positioning indicated that the sensitivity increases steeply with the operating
frequency. Since higher frequencies and a larger number of independent RF antennas
enhance HT quality [24,32,62], new RF applicators tailored for brain HT accommodate
broad band antennas and high-density arrangements [11,14,63,64]. Patient displacements
due to motion in these applicators are inevitable, even for compliant subjects considering
the long treatment time (60–90 min). Head motion could be caused by multiple sources
including discomfort or pain from the treatment, breathing, coughing, and swallowing.
Following the ESHO guidelines, we simulated the impact of a 5 mm displacement to SAR
distribution using a synthetic tumor head model and a clinically relevant head model.
The SAR distributions of the displaced position were inferior to that of the center position
for both head models. Our results indicate that RF exposure in the small, synthetic target
volume might not have significantly suffered from malpositioning. However, the higher
RF exposure of the healthy tissue due to the offset between the head position used for
HTP and the real scenario could cause patient discomfort and even local damage to
healthy tissue. While the thermal treatment of other tumor sites often relies on patient
feedback [65], it is important to consider the lack of pain sensory neurons (nociceptors)
in the brain [66]. This underlines the need of a high level of monitoring and control over
patient position. In the clinically relevant tumor model, the imbalance caused by the 5 mm
shift in patient positioning was found to be even more pronounced. The drop observed
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in therapeutic metrics was as high as 22.3% for the local SAR10g,max(tumor) and 33.45%
in target coverage. While the average exposure of the healthy tissue also dropped by
over 10%, a local maximum increased by the same amount. This indicates that for such
a treatment plan, the treatment efficacy would collapse in the case of a patient displacement
of only 5 mm, again highlighting the importance of controlling and monitoring the head
position prior to and during thermal intervention.

Our RF supervision module addresses this challenge and facilitates the detection of
subtle head displacements. The use of a water bolus increased the electrical coupling
between the antenna and the patient and enabled the detection of submillimeter displace-
ments. By monitoring the reflected signal from the antennas, the RF supervision module
provides a cost-effective solution to patient position monitoring. This is particularly rel-
evant for hyperthermia treatment planning because the position of the patient model
must accurately resemble the position during the clinical application to achieve optimal
SAR/temperature steering [32,33]. Patient displacement from the optimized setting leads
to a decreased efficiency and constitutes a potential safety hazard. As algorithms advance
and the available computational power grows, on-line adaptive HTP becomes more vi-
able [67–71]. Patient motion information provided by the multi-channel RF supervision
module can be an important input to the HTP system to trigger the re-optimization of
power and phase settings in real-time for the benefit of safe and high quality HT delivery.

5. Conclusions

To achieve precise, efficient, and safe RF-induced hyperthermia treatment at a broad
range of frequencies, the RF signals connected to the antennas need to be supervised in real-
time. In addition, it is also very important to monitor and control the patient position
during thermal interventions, especially for the brain region. This work demonstrates
the development, implementation, evaluation, validation, and application of a multi-
channel RF supervision module that meets the technical requirements in hyperthermia
and provides a cost-effective solution for broad-band RF signal supervision and patient
monitoring. The proposed supervision module is a key component for a hyperthermia
hardware system, could provide important data for a hyperthermia treatment planning
system, and forms a technological basis for future ThermalMR applications.
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5 Outlook and Conclusions 

5.1 Outlook  

 

Figure 5.1. High-level block diagram of the ThermalMR system. The blue-colored blocks are 

commercial devices. The green-colored blocks are components already developed among which the RF 

signal generator and the RF supervision module are the main contributions from this work. The pink-

colored blocks are components that need further optimization. The grey-colored part of the controller 

represents the logic that integrates the online adaptive treatment planning with the RF signal chain and 

is not available yet. 

Figure 5.1 shows the high-level block diagram of the ThermalMR system. Essentially 

there are two feedback control loops: 1)  the feedback control loop in the RF signal 

chain, 2) the feedback control loop that adjusts the antenna settings based on MR 

thermometry. The first control loop is already implemented in this work. A wideband 

self-grounded bow-tie antenna [102] was designed and implemented as the building 

block for the RF applicator. Various forms of the RF applicator prototypes are still 

under investigation [38]. The already built high peak and high average radio 

frequency power transmit/receive switch [43] was not capable of switching between 

RF heating and MR thermometry. Manual switching was used in the heating 

experiments conducted in this work. Therefore, a multi-channel RF switch that could 

handle high RF power is in the pipeline of further developments. Currently, the RF 

power amplifiers used in this work are limited to only two channels and have limited 

bandwidth. An RF-PA array that has a large number of channels and a broad 

bandwidth, and is able to generate high power output is a crucial component that 

needs to be developed in the next steps of ThermalMR development. A novel E-field 

manipulation algorithm [42] was proposed to fulfill the online adaptive treatment 

planning requirement of ThermalMR. Further integration of this algorithm, MR 
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thermometry, and the RF signal chain needs to be carried out to complete the 

ThermalMR system. 

Following systems integration, rigorous investigations into the biological effects of 

temperature interventions on primary and transformed cells by changing the culture 

conditions (eg. raising the temperature from standard 37°C to 45°C for 60 min) will 

be first carried out. This will provide a predictive basis for the outcome of thermal 

effects on tumor tissue. Based on these results, thermal intervention and thermal 

phenotyping in rat brain and safety assessment will then be carried out in vivo. 

Finally, in vivo feasibility, MR thermal phenotyping and safety assessment in healthy 

subjects need to be investigated to lay the foundation for examining the full diagnostic 

and therapeutic performance of ThermalMR in future studies. 

5.2 Conclusions 

ThermalMR provides a unique way to unlock the potential of MR to image and target 

human tissue through manipulations of temperature with the goal to understand and 

treat diseases. The infrastructure and systems design of the ThermalMR technology 

has been developed, implemented, validated, and applied in this work. The design, 

implementation, validation, and application of the first phase-locked loop based RF 

signal generator in hyperthermia that is capable of generating 32 channels of 

independent RF signals with fine tuning resolutions of the signals’ parameters meet 

the demanding requirements of a state-of-the-art RF heating system. The multi-

channel RF supervision module developed in this work outperforms state-of-the-art 

counterparts. The detection of head motions in a hyperthermia setting was 

demonstrated for the first time with the RF supervision module. The validation of 

electromagnetic field focusing algorithms with phased array antennas targeting 

heating applications was successfully carried out using the high fidelity automatic 

measurement system developed in this work for the first time. This work 

synergistically connected computer science, physics, and life science. The 

infrastructure developed in this work represents a very valuable tool and forms a 

technological basis for future ThermalMR applications. 
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