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Zusammenfassung 

Die Magnetresonanztomographie (MRI) ist ein wichtiges bildgebendes Diagnoseverfahren 

mit der Anwendung in vielen medizinischen Disziplinen. Die Forschung zu ultrahohen Magnetfeldern 

(UHF, B0 ≥ 7.0 T) im humanen Bereich wird durch technische und wissenschaftliche Errungenschaften 

getrieben und basiert auf einer höheren Sensitivität, einem verbesserten Signal-Rausch-Verhältnisses 

(SNR) sowie eine Veränderung der gewebsspezifischen MR Eigenschaften. Die höhere Feldstärke 

resultiert auch in einer erhöhten Radiofrequenz (RF) für die MRI Signalübertragung 

(= Larmorfrequenz, f ≈ 298 MHz bei B0 = 7.0 T). Die Wellenlänge des RF Signals im Gewebe ist dabei 

bezogen zur Zielanatomie (e.g. Schädel, Oberkörper und Abdomen) verkürzt was zu konstruktiven und 

destruktiven Interferenzen des elektromagnetischen Feldes (EMF) führt. Diese Interferenzen ergeben 

ein heterogenes RF Transmissionsfeld (B1
+) mit Abschattungen, massiven Signalabfällen oder 

Signalausfällen welche die Vorteile der UHF-MRI durch eine beeinträchtigte Bildqualität schmälert. 

Die UHF Herz MR (CMR) profitiert von einem SNR-Gewinn sowie von veränderten 

gewebsspezifischen MR Eigenschaften bei höheren Feldstärken. Jedoch wird die B1
+ Verteilung, neben 

der gegebenen RF wellenlängenabhängigen Heterogenität, durch dielektrische Gradienten im Bereich 

des Thorax zusätzlich beeinträchtigt. Die anwendungsbezogene Forschung und Entwicklung auf dem 

Gebiet der UHF-CMR konzentriert sich auf die Verbesserung der Quantifizierung der 

Herzkammermorphologie, des myokardialen T1- und T2*-Mappings, der Fett-Wasser-Bildgebung und 

der Gefäßbildgebung inklusive der Flussbildgebung (4D-Flow). Die Weiterentwicklung dieser 

Methoden streben eine breite klinische Anwendung an und profitieren von einer homogenen B1
+ 

Verteilung im Herzen und in der Gefäßstruktur. Das primäre Ziel der der Forschung und Entwicklung 

von RF Antennenarraytechnologie ist eine Optimierung der B1
+ Verteilung. Das sekundäre Ziel ist die 

Verbesserung der Effizienz durch die Verringerung der spezifischen Absorptionsrate (SAR) mittels 

einer elektrischen Feldoptimierung. Die Kontrolle des elektrischen Feldes kann aber auch über die 

konventionelle MR Bildgebung hinaus genutzt werden und ermöglicht konzeptionell eine lokalisierte 

und gezielte RF induzierte thermische Intervention. Die Kombination von MRI und thermischen 

Interventionen in einem integrierten Thermal MR System ermöglicht die Anpassung und Verbesserung 

der lokalen Intervention durch eine Supervision der Behandlung mittels MR-Thermometrie. Das 

Thermal MR System stellt damit eine technologische Plattform dar, welche eine umfassende 

Untersuchung der Auswirkungen der Temperatur auf molekulare, biochemische und physiologische 

Prozesse erlaubt. Letztlich kann die Plattform Erkenntnisse darüber liefern, wie die Temperatur für 

Diagnosen und Therapien in vivo genutzt werden kann. 



 

Die Kontrolle der EMF Verteilung durch ein RF Antennen Array ist abhängig von den 

Abstrahlungseigenschaften der einzelnen Antennenelemente. Elektrische Dipole stellen durch eine 

linear polarisierte Stromverteilung und eine Abstrahlungsrichtung orthogonal zur Antenne eine 

vielversprechende Option dar. Allerdings ist die Kanalzahl und damit der Freiheitsgrad für die EMF 

Optimierung bei bisher vorgestellten Antennenkonzepten durch die Größe und die Kopplung zwischen 

den Elementen begrenzt. Der erste Abschnitt dieser Arbeit befasst sich mit dem Entwurf, der 

Implementierung und der Validierung einer Self-Grounded Bow-Tie (SGBT) Antenne in Kombination 

mit einem dielektrisch gefüllten Gehäuse. Eine schmalbandige Antennenvariante wird in einer 

32-Kanal Sende-/Empfangs-Array Konfiguration für UHF-CMR bei 7,0 T vorgestellt. Der zweite 

Abschnitt befasst sich mit der Entwicklung eines modifizierten breitbandigen SGBT-Konzepts für das 

Thermal MR System. Diese Antennenvariante erhöht die Freiheitsgrade für die Optimierung der 

elektrischen Feldverteilung um die Interventionsfrequenz und erlaubt eine Verbesserung der lokalen 

Erwärmung (Größe, Homogenität und Spezifität). Im dritten Abschnitt dieser Arbeit wird die 

Implementierung und Validierung eines Signalgenerators in Verbindung mit der im zweiten Abschnitt 

vorgestellten Breitbandantennenvariante vorgestellt. Der Signalgenerator erzeugt einen 

Interventionssignal mit der zeitabhängigen Anpassung von Amplitude, Phase und Frequenz für jeden 

Kanal. Die Entwicklungen und Erkenntnisse dieser Arbeit bieten einen konzeptionellen Rahmen für 

eine Vielzahl von realen Anwendungen, welche von der konventionellen MRI bis zu einem integrierten 

interventionellen Thermal MR System reichen. 

  



 

Abstract 

Magnetic resonance imaging (MRI) is an important diagnostic imaging modality free of 

ionizing radiation. Sensitivity gain, signal-to-noise ratio (SNR) considerations, and changes in the tissue 

dependent MRI properties. Together with technical and scientific developments further research into 

increasing the magnetic field strength is justified, culminating in human applications at ultrahigh 

magnetic field (UHF, B0 ≥ 7.0 T) MRI. Elevating the field strength results in an increased radiofrequency 

(RF) for signal transmission and reception in MRI (= Larmor frequency, f ≈ 298 MHz at B0 = 7.0 T). The 

wavelength of this RF signal becomes sufficiently short when passing through tissue relative to the 

size of the target anatomy of the brain, upper torso, or abdomen. This phenomenon leads to 

constructive and deconstructive interference of the electromagnetic field (EMF) distribution, which 

results in a high susceptibility for non-uniformities in the magnetic RF transmission field (B1
+). This 

detrimental excitation field distribution can cause shading, massive signal drop-off or even signal 

voids, and potentially offset the benefits of UHF-MRI due to compromised image quality. 

UHF cardiovascular MR (CMR) benefits from SNR gains and changes in the tissue dependent 

MRI properties, but the B1
+ distribution – in addition to the wavelength dependent 

non-uniformities – is further compromised by a dielectrically heterogeneous tissue environment. 

Research on UHF-CMR focuses on the improvement of the cardiac chamber morphology 

quantification, myocardial T1- and T2*-mapping, fat-water imaging, and vascular imaging (4D-flow). 

These applications benefit from a homogenous B1
+ within the heart and the vascular structure. Several 

published reports on the development of RF antenna array technology tailored for UHF-CMR address 

this challenge with ideas and achievements to enable broad clinical UHF-CMR applications in the 

future. The primary objective of advancing this RF technology is to achieve a uniform B1
+ distribution 

in the heart and the vascular structure with optimizing the magnetic field pattern. The second 

objective is the improvement of the RF antenna’s efficiency with the reduction of the specific 

absorption rate (SAR), which is achieved by an optimization of the electric field pattern. The control 

of the electric field is furthermore conceptually appealing beyond conventional MR imaging modalities 

and useful for localized and targeted RF induced thermal intervention. Combining MRI with a thermal 

intervention modality in an integrated Thermal MR system permits direct supervision of the treatment 

via MR-thermometry, as well as adapting and improving the focal point quality of the RF power 

deposition. The Thermal MR system is a platform for comprehensive investigation of the effects of 

temperature on molecular, biochemical, and physiological processes, ultimately yielding insights into 

temperature utilization for diagnosis and therapy in vivo.  



 

EMF control of an RF antenna array depends on the radiation pattern of the antenna 

elements. Electrical dipoles are promising for UHF-MRI due to a linear polarized current pattern and 

an energy deposition perpendicular to the antenna. However, the channel count and therefore the 

degree of freedom for EMF shaping of previously reported antenna concepts is limited by the 

geometric extent and the coupling between the elements. The first section of this work addresses the 

design, implementation, and validation of a novel small-sized Self-Grounded Bow-Tie (SGBT) antenna, 

in combination with a dielectrically filled housing. The narrowband SGBT antenna variant is used in a 

32-channel transmit/receive array configuration for UHF-CMR at 7.0 T. The second section focuses on 

the development of a modified broadband SGBT concept for the Thermal MR system. The broadband 

antenna increases the degree of freedom with an adaptation of the intervention frequency to improve 

the focal point quality (size, homogeneity, and specificity). The third section presents the 

implementation and validation of a signal generator in conjunction with the broadband SGBT variant 

introduced in section two. The device allows the generation of the intervention signal with a time 

dependent, channel-wise adaptation of amplitude, phase, and frequency. The work of this thesis 

offers a technical and conceptual framework for an increased degree of freedom for EMF shaping for 

a multitude of applications ranging from UHF-MRI to interventional MRI.  
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1 Introduction 

Non-invasive imaging technologies are key to early diagnosis and an effective treatment of 

pathological conditions in the clinical routine of various medical disciplines. Magnetic resonance 

imaging (MRI) enables the visualization of the body’s inner structures without the use of ionising 

radiation used in x-ray and computer tomography (CT). It offers an excellent soft tissue contrast at a 

high penetration depth as well as high spatial and temporal resolution. Such benefits drive the demand 

for MRI systems as well as MRI diagnostic scans. The registered MRI units per 1.000.000 inhabitants 

within countries of the Organisation for Economic Co-operation and Development (OECD) range 

between 0.45 (Israel, 2018) and 22.64 (Germany, 2017).1 The mean installation rate of MRI devices 

per year among the registered OECD countries in the 10-year timeframe from 2008-2018 was 10%.1 In 

the countries of the European Union a mean of 12% per year was observed, with a maximum increase 

of 33% per year for Lithuania.1 Recognizing the advantages of MRI, the number of exams per 1.000 

inhabitants within the OECD range between 2.2 (Netherlands, 2018) and 124.6 (Germany, 2017).2 

While MRI technology is widely applied, developments and scientific findings continue to add relevant 

diagnostic value. The work of this thesis demonstrates the development of radiofrequency (RF) 

hardware for cardiovascular diagnostics as well as thermal intervention within an MRI system. 

1.1 Rationale 

MRI scanners can be classified by their static magnetic field strength (B0) in Tesla (T). 

Continuous improvements in engineering facilitates an increased B0, enabling an elevated 

signal-to-noise ratio (SNR).3–10 In clinical routine magnetic field strengths of B0 ≤ 3 T are widely used. 

For scientific purposes as well as in specialized clinical applications, ultrahigh field (UHF, B0 ≥ 7.0 T) are 

in use and under investigation. The gain in SNR can be translated into enhanced spatial and temporal 

resolution.11–15 

The B0 increase furthermore results in an elevation of the specific prescession frequency 

(Larmor frequency) of MR nuclei. The Larmor frequency scales linearly with B0 (≈ 42.58 MHz/T) 

resulting in approximately 298 MHz for 7.0 T for hydrogen (1H) MRI, the most commonly used nuclei 

in clinical applications.16 The wavelength at this frequency of 1 m in free space is reduced to 12-13 cm 

when propagating through human tissue with a specific dielectric constant (εr).11–15 This physical  
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phenomenon may result in constructive and deconstructive interference of the electromagnetic field 

(EMF) distribution, and hence in a non-homogeneous magnetic transmission field (B1
+). This may lead 

to an unwanted signal intensity (SI) variation and in the worst case to signal voids.13,14,17 An important 

measure is the wavelength to field of view (FOV) size ratio. In regions of the body where this ratio is 

below 1.0, B1 field non-uniformities dominate. Torso imaging, and in particular MRI of the upper thorax 

and cardiovascular MRI (CMR), is one of the most challenging endeavours at ≥7.0 T. 

Electromagnetically, the challenge of the short wavelength is exacerbated by the dielectric 

heterogeneous tissue environment. Furthermore, movement of the heart and the lung requires a fast 

imaging modality and prospective/retrospective gating for the image acquisition.14 The increase in SNR 

at UHF is beneficial to improve image quality, reduce examination time, and enhance or establish 

contrast mechanisms, with the ultimate goal to map and assess cardiac physiology and 

pathology.11,12,14,15,18,19 For example, the SNR increase can be used to obtain a 12-fold improvement in 

spatial resolution versus standardized clinical CMR protocols for cardiac chamber morphology 

quantification.20 This allows improved visualization of fine anatomic structures like the valvar system. 

UHF fat-water CMR at high resolution with increased chemical shift between fat and water allows 

explorations into intramyocardial, epicardial, and pericardial fat.11,14,21,22 A further application 

demonstrating enhanced SNR at UHF is the improvement of time-resolved velocity (vascular) imaging 

using 4D flow sensitized techniques. Applying 4D flow at UHF-MRI holds the promise for improving the 

study of dynamic effects like flow patterns and wall shear stress assessment in disease.23–25 

Prolongation in the longitudinal relaxation time (T1) at UHF-MRI enables sufficient blood-myocardium 

contrast for gradient-echo imaging and supports improvements of quantitative CMR.14,19,26,27 For 

quantitative CMR T1 and effective transverse relaxation time (T2*) mapping methods hold the promise 

to detect diseased tissue (e.g. myocardial infarction or vascular stenosis).27–31 The increased SNR and 

the difference of the relaxation times compared to lower field strengths is key to identify novel findings 

and conclusions from UHF-CMR, but are tied to a homogeneous B1
+ field distribution in the 

experiments. The homogenization of B1
+ is objective to an optimized phase of the signals in an RF 

antenna array.14,15,32 Further degree of freedom is facilitated with controlling the phase and amplitude 

simultaneously for each independent RF channel.13–15,19,32 

In addition to the objective to homogenize the B1
+ field by adapting the magnetic field in a 

given region of interest (ROI), exercising control of the electric field (E-field) distribution is feasible. 

The E-field distribution within tissue results in a global and local increase of the specific absorption 

rate (SAR) averaged over 10 g of tissue (= SAR10g). In MRI, this represents a limiting factor in the 

maximum energy available for an investigation. But an intentional SAR increase in a target volume (TV) 

results in a localized and targeted temperature rise, which is conceptually appealing in the treatment 
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of pathologies or the investigation of the temperature response of in vivo tissue.33–38 Similar to the 

formation of a locally homogenized B1
+ distribution, a homogenized temperature rise in the TV is 

bound to a shaping approach enabling a constructive E-field interference. In the process, healthy tissue 

should be spared and temperature should be increased to 42-45°C in TV only.39 This concept has more 

limitations compared to the B1
+ field shaping and requires a high degree of freedom, where adjustment 

of the phase and amplitude of the single channels in an RF array is a minimum requirement.37,38 

Additional improvement of the focal point quality is achieved with allowing an adaptation of the 

frequency of the intervention RF signal.40–42 To allow a further increase of freedom a time-multiplexed 

beamforming43, a mixed frequency approach44, a time- and frequency-multiplexed approach45 can be 

used to improve the focal point quality.46,47 Combining the thermal intervention with the versatile 

contrast mechanisms of MRI in an integrated Thermal MR setup is an attractive concept, as 

temperature rise can be measured non-invasively through MR-thermometry. This allows the 

implementation of a control loop concept in a thermal intervention thereby increasing safety.48–51 

There is an unmet scientific and medical need for Thermal MR with a single RF applicator that allows 

imaging at ≥7.0 T and RF heating with the freedom of adjusting amplitude, phase, and frequency for 

each channel in the RF applicator. This approach requires a wideband antenna RF array combined with 

a highly accurate signal generation for the thermal intervention. 

The work of this thesis demonstrates an integrated line of advancing RF technology for 

UHF-MRI. The first section of this work presents the design, implementation, and validation of a 

Self-Grounded Bow-Tie (SGBT) building block for UHF-CMR (Figure 1a).52 The signature characteristic 

of this antenna type is its strong main lobe directivity at a small size. To reduce the overall antenna 

size further, a dielectrically filled housing is used to shorten the effective RF wavelength.53–56 The 

second section focuses on the development of a modified broadband SGBT concept as key element of 

a fully integrated thermal intervention within an 7.0 T MRI (Figure 1b).54 The broadband antenna 

characteristic allows high degree of freedom to improve the interventional focal point quality. The 

third section presents the implementation and validation of a signal generator in conjunction with the 

broadband antenna variant introduced in section two.57 The device enables a high flexibility in the 

Thermal MR setup by generating the intervention signals with respect to phase, amplitude, and 

frequency for each channel of the RF antenna array individually. The findings and drawn conclusions 

are adaptable and expandable to other UHF-MRI and thermal intervention applications and offers a 

framework for a high degree of freedom EMF control. 



1.2 Magnetic Resonance Imaging 

4 

 

Figure 1: Self-Grounded Bow-Tie antenna building block in (a) a narrowband antenna variant and (b) a 

broadband antenna variant. 

1.2 Magnetic Resonance Imaging 

MRI is a key element in the clinical routine for diagnosis of pathologies and treatment 

planning as well as monitoring. Compared to x-ray and CT it offers excellent soft tissue contrast. 

Furthermore, MRI offers a high penetration depth as well as good spatial and temporal resolution 

without ionizing radiation. The versatility of MRI provides a wide variety of opportunities for 

innovations and applications for the clinical routine as well as basic scientific research. 

MRI is based on the nuclear magnetic resonance (NMR) effect, which describes the 

absorption and emission of RF energy in material and tissue within a static magnetic field.58,59 1H, which 

is most widely used in MRI applications, has the quantum mechanical properties required for NMR. 
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Other nuclei exhibit properties for NMR as well (e.g., 14N, 19F, 23Na). A detailed explanation of the 

quantum mechanical processes necessary for a nuclei to exhibit NMR is beyond the scope of this 

thesis, and is further elaborated in key publications on this topic.16 A simplified perspective represents 

a spin as a circulating current resulting in a magnetic moment defined by  

 μ⃗⃗=γJ⃗ (1) 

with the gyromagnetic ratio γ and the angular momentum vector J⃗. The presence of an 

angular momentum allows the nucleus to be aligned with B0 and to be used for MRI. The B0 alignment 

follows the Zeeman effect and can either be parallel (low energy) or anti-parallel (high energy). The 

absorption or emission of energy results in a transition of the spins between the energy states, 

whereby the magnetic field B1 has a specific precession, the Larmor frequency. The Larmor precession 

follows 

 ω0=γB0 (2) 

and with the nuclei-specific gyromagnetic ratio scales linearly with B0. To summarize further 

effects in the MRI acquisition, the net magnetization vector (M⃗⃗⃗⃗) is introduced. M⃗⃗⃗⃗ can be interpreted 

as a magnetic vector, which is the sum of all spins in a defined volume of material or tissue. In the 

equilibrium state M⃗⃗⃗⃗ is parallel to the B0 field (z-axis, Figure 2).  

 

Figure 2: Definition of the net magnetization (M⃗⃗⃗⃗) and the contribution of the Mxy⃗⃗ ⃗⃗ ⃗⃗ ⃗ and Mz⃗⃗⃗⃗⃗⃗ . The flip angle 

is a function of the energy of the external B1 field. Figure adapted from key publication.16 
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Increasing the energy through transmission of B1 to the system results in tipping M⃗⃗⃗⃗ out of 

the equilibrium state into precession at Larmor frequency. M⃗⃗⃗⃗ can be split into Mz⃗⃗⃗⃗⃗⃗  and Mxy⃗⃗ ⃗⃗ ⃗⃗ ⃗, with the 

latter rotating around the z-axis on the xy-plane, where the amplitude ratio is dependent on the energy 

used in the transmission (Figure 2). With no external B1 field present, Mxy⃗⃗ ⃗⃗ ⃗⃗ ⃗ will reduce with Mz⃗⃗⃗⃗⃗⃗  

increasing until the equilibrium state is reached, whereby this process emits a magnetic 

radiofrequency field at Larmor frequency again. Besides the B0 a RF transmission and receiving 

component is necessary to transmit a B1
+ and receive a B1

- field from the material or tissue. As B1
+ is 

defined as the right circularly (counter-clockwise) polarized component, B1
- is defined as the left 

(clockwise) circularly polarized component of B1.60,61 This relationship can be illustrated with the 

“handedness” of the transmit (from the transmitter to the material/tissue) and receive (from the 

material/tissue to the receiver) direction, where the field must be opposite rotating in order to agree 

with the direction of the nucleus precession.60,61 Nuclei are dependent on their local environment and 

therefore their magnetic environment. Hence, chemical components can be differentiated and tissue 

contrast can be observed in clinical applications. This is the key aspect of NMR and MRI to allow an 

intrinsic tissue contrast due to different relaxation times for a nucleus. 

Besides the necessary magnetic field for NMR, Maxwell’s equations describe that an electric 

field is present simultaneously. This electric field and material or tissue conductivity results in RF 

energy absorption and hence, in an increased temperature. An arbitrary measure to assess this RF 

energy deposition is defined as SAR.62 SAR in [W/kg] is given at the location r⃗ by 

 
SAR = ∫

σ(r⃗,f⃗) |E‐field(r⃗)|²

ρ(r⃗)
dr⃗ 

(3) 

where σ(r⃗,f⃗) is the conductivity, |E‐field(r⃗)| is the magnitude of the electric field, and ρ(r⃗) is 

the tissue density. The SAR metric is used in numerical simulations to assess the safety of RF related 

absorption in order to limit the temperature rise in the whole body as well as in local regions. SAR, is 

not equivalent to the actual temperature rise, but is used as a method to address RF safety 

considerations. MRI limits for the SAR10g are summarized by the International Electrotechnical 

Commission (IEC) in the guideline 60601-2-33.62 Following this guideline, the whole body SAR for body 

transmit systems is limited to 2 W/kg for the normal mode and 4 W/kg for the first level mode 

averaged over the total patient mass. The SAR10g for local (partial) areas is 10 W/kg for the normal 

mode and 20 W/kg for the first level scanner mode.62 The limits are given for any 6 minute period of 

the scan session.62
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MRI can be interpreted as a spatial determination of the NMR effect; whereby locally varying 

magnetic fields (magnetic field gradients) are used for a spatial encoding of a received signal. In the 

most general application, this information is based on the local field dependent Larmor frequency and 

phase offsets of receiving signals. Further information on the gradient system including its physical 

and mathematical implications are beyond the scope of this work and are further elaborated in key 

publications on this topic.16  

1.3 Cardiovascular Magnetic Resonance Imaging at Ultrahigh Field (B0 = 7.0 T) 

UHF-MRI will be referred to in this work as MRI at a static magnetic field strength B0 = 7.0 T. 

The main motivation for Increasing the static magnetic field strength in is to increase the SNR, because 

the number of spins available for NMR following the previously introduced Zeeman effect (Section 1.2) 

is increased.16 Theoretically achievable SNR values at various field strengths are defined as ultimate 

intrinsic SNR (UISNR), where – based on electromagnetic considerations – an upper bound of a certain 

FOV is calculated.6–9,11 Already at an early stage of MRI research, it was shown that the NMR signal 

scales proportional to B0
2.3 Taking noise considerations into account, UISNR scales with B0

1.5, which is 

in good agreement with studies on SNR growth rates (B0
1.65 for 3.0 T, 7.0 T and 9.4 T)10 and SNR growth 

factors (1.4 to 2.0 for field strength improvement from 4.0 T to 7.0 T)5. Studies reveal that an UISNR 

gain is feasible with increasing the magnetic field strengths, but this gain is not homogenously 

distributed in the FOV, resulting in an elevated gain in regions close to the RF antenna area and a lower 

gain for deep lying voxels.11  

For UHF-CMR a 2.1 fold increase compared to an equivalent application at 1.5 T was found.63 

The increase in SNR at UHF is beneficial to improve image quality, reduce examination time, and 

enhance or establish contrast mechanisms, with the ultimate goal to map and assess cardiac 

physiology and pathology.11,12,14,15,18,19 The SNR increase relative to 1.5 T can be used to obtain a 12-fold 

improvement in spatial resolution versus standardized clinical CMR protocols for cardiac chamber 

morphology quantification.20 This allows improved visualization of fine anatomic structures like the 

valvar system. UHF fat-water CMR at high resolution with increased chemical shift between fat and 

water allows explorations into intramyocardial, epicardial, and pericardial fat.11,14,21,22 A further 

application demonstrating enhanced SNR at UHF is the improvement of time-resolved velocity 

(vascular) imaging using 4D flow sensitized techniques. Applying 4D flow at UHF-MRI holds the promise 

for improving the study of dynamic effects like flow patterns and the assessment of the wall shear 

stress in disease.23–25 The imaging of even smaller structures like coronary arteries was found to be 



1.3 Cardiovascular Magnetic Resonance Imaging at Ultrahigh Field (B0 = 7.0 T) 

8 

improved, but still remains challenging.64 Prolongation in the longitudinal relaxation time (T1) at 

UHF-MRI (myocardium T1 = 1925 ms at 7.0 T27 vs 950 ms at 1.5 T65) enables sufficient 

blood-myocardium contrast for gradient-echo imaging and supports improvements of quantitative 

CMR.14,19,26,27 For quantitative CMR T1 and effective transverse relaxation time (T2*) mapping methods 

hold the promise to detect diseased tissue (e.g. myocardial infarction or vascular stenosis).27–31 

The increased SNR and the difference of the relaxation times compared to lower field 

strengths is key to obtaining novel findings and conclusions from UHF-CMR. Nevertheless, pioneering 

early clinical applications of 7.0 T MRI are predominately used for head and extremity examinations, 

because of an unfortunate RF wavelength to FOV size ratio. At 7.0 T (approximately 298 MHz), the 

wavelength in tissue is shortened from approximately 1 m in free space to only 12-13 cm, according 

to the electromagnetic (EM) wave shortening factor defined by √εrµr (with µr = 1 in biological tissue).11–

16 Based on this short EM wavelength in tissue, the wavelength to FOV size ratio for the human thorax 

is below 1.0, resulting in non-uniformities of the EMF distribution.66 This non-uniformities effect is 

further exacerbated due to the dielectrically highly heterogeneous tissue environment. These two 

obstacles for UHF-CMR are the main reason that no volume resonator body coil (birdcage coil) is used. 

These volume resonator coils are widely spread for MRI ≤3.0 T in clinical applications and for smaller 

target regions at UHF-MRI such as head and extremities, where the wavelength to FOV ratio is close 

to 1.0.17 Promising is the use of local surface RF elements with multiple RF feeding channels for B1
+ 

transmission.13,15 The so-called RF antenna arrays are able to increase the degree of freedom for B1
+ 

shaping. Detailed introduction into the design process of such RF elements can be found in Section 

1.5. 

The wavelength and tissue environment responsible for non-uniformities of the B1
+ field 

provokes deconstructive and constructive interferences of the E-field, where the constructive forms 

locally elevated SAR following Equation (3). Based on the short wavelength at UHF-MRI, the local 

SAR10g is commonly the restricting factor following the IEC guideline 60601-2-33 for the limitation of 

the total power available for RF pulse (Section 1.2).62 This knowledge results in further design 

considerations for local transmit elements in Section 1.5.  
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1.4 Thermal Magnetic Resonance (Thermal MR) 

Biological processes are highly sensitive to temperature changes, making the aberrant 

temperature distribution in tissue a critical attribute for life.67–69 The thermal consequences of 

pathological processes have led to a strong interest in temperature as a clinical parameter, but its’ 

investigation has been widely hindered by the lack of a non-invasive method to manipulate and 

characterize temperature.34,70,71 The Thermal MR setup combines a thermal intervention with an 

UHF-MRI system and is therefore conceptionally appealing, because the versatile MRI contrast 

mechanisms including MR-thermometry can be used for non-invasive assessment of the temperature 

distribution in vivo. In addition, the Thermal MR system allows 19F MRI enabling research in the 

directions of therapeutics tracking as well as their accumulation assessment.72–75 The combination of 

a localized thermal intervention and 19F MRI suggests furthermore investigations on the controlled 

release of therapeutics from a thermosensitive nanocarrier with the goal to boost treatment and 

reduce side-effects.76–78 

Non-invasive thermal intervention within an MRI system can be realized based on two 

physical modalities: the focusing of ultrasound or EM waves. MR guided ultrasound facilitates a high 

energy deposition in a small target size. This permits thermo-ablation as well as mild thermal 

interventions (mild hyperthermia) that does not initially destroy cells thermally. Nevertheless, focused 

ultrasound is limited to a small TV and requires focal point steering procedure to cover a clinically 

relevant TV.79,80 Thermal intervention based of RF power deposition of constructive interfering EM 

waves on the other hand allows a homogeneous coverage of a clinically relevant, larger TV. Therefore, 

EM based thermal interventions are promising with regard to mild thermal interventions.81–83 Studies 

and simulations of targeted RF interventions have shown that an UHF-MR instrument can be adapted 

to generate focused energy deposition by the use of RF antenna arrays.40,56,84  

In contrast to conventional MRI application, as introduced in Section 1.2 and Section 1.3, 

Thermal MR makes additional use of the E-field distribution, which is commonly the limiting factor in 

MRI. Similar to the shaping of a constructive interference of B1
+ at UHF-CMR (Section 1.3) the 

fundamental idea of Thermal MR is to achieve a constructive E-field interference. Following Equation 

(3) a high E-field itself implies elevated SAR, resulting in a temperature increase. The target area might 

be a function of subject variability, and is dependent on the application and the goal of the thermal 

intervention. The adaptability of the focus point to the specific need can be summarized with the term 

focal point quality, which describes the focal point size, homogeneity, and location of the energy 
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distribution in the target. Besides the radiation pattern of the single antenna elements and the channel 

count, which are discussed in Section 1.5, the intervention frequency has a significant impact on the 

focal point quality.40–42 Studies on the ultimate intrinsic SAR (UISAR) revealed that depending on the 

localization and target size, a frequency optimized RF induced thermal intervention is achieved.41 A 

time-multiplexed beamforming43 or a mixed frequency approach44 are conceptionally appealing for 

online focal point quality improvement.46,47 Furthermore, it was reported that a time- and 

frequency-multiplexed approach for a thermal intervention procedure with a range of frequencies 

applied sequentially is beneficial to improve the focal point quality.45 It is suggested to apply a limited 

number of intervention vectors sequentially (intervention matrix), as a function of amplitude, phase, 

and frequency, for a limited time duration.45 To realize this promising multiplexed approach within an 

MRI environment an RF antenna system as well as a high-fidelity signal generation system are required 

to allow on-the-fly adaptation of the thermal intervention vector in a multiplexed approach. The 

MR-thermometry-based control loop concept allows for an interleaved measurement within the 

thermal intervention (Figure 3). The envisioned integrated Thermal MR system consists of a second 

control loop, which utilizes a stable intervention RF signal (Figure 3). To further address these 

objectives, antenna design and signal generator concepts are described in Section 1.5. 

 

 

Figure 3: Block diagram of the envisioned Thermal MR setup. The work in this thesis describes in detail 

the 32-channel signal generator in the thermal intervention signal chain and the SGBT antenna as an 

element of the SGBT applicator. 
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1.5 Development of Radiofrequency Field Technology in an Ultrahigh Field MRI 

Environment 

UHF-CMR applications (Section 1.3) as well as the broadband thermal interventions (Section 

1.4) require a radiative element; an antenna to transmit an EM wave at a defined frequency or at a 

defined frequency range. Dipole antenna configurations have gained increased attention for UHF-CMR 

and RF induced thermal interventions. Electric dipoles have the trait of a linearly polarized current 

pattern, where RF energy is directed perpendicular to the dipole along the Poynting vector to the 

object under investigation.14,85–90 This results in a symmetrical, rather uniform EMF distribution with 

increased penetration depth.14,85–90 Pioneering RF antenna array developments include stripline-

elements19, stripline waveguide like elements91, loop elements22,30,92–94, dipoles95,96, slot-antennas97, 

loop-dipoles88,98, and dipole building block elements86,87 to be used in studies. Both UHF-CMR and 

thermal intervention benefit from a high channel count to enhance the degree of freedom for EMF 

shaping. The goal for the imaging regime is to achieve a homogeneous B1
+ distribution whereas the 

goal for the thermal intervention regime is an improved focal point quality. The geometrical 

decoupling of reported dipole and loop-dipole configurations limits the number of transmit (TX) 

elements placed on the human body, thus restricting the degree of freedom for EMF shaping.88,95,98 

Reports on high permittivity dielectric and low loss materials for EM wavelength shortening, referred 

to as building block designs, allow high-density RF antenna arrays with providing sufficient 

decoupling.54,56 This will allow a high channel count in multiple rows for a rather small ROI (e.g. the 

human heart).54,56,86 The adapted SGBT building block constitutes a proven candidate to be used in the 

UHF-CMR regime, as well as in the broadband thermal intervention regime. It’s strong main lobe 

enhances the EMF directivity at a low coupling between next neighbour elements and provides the 

basis for a high density RF antenna array.55,99 In contrast to commercially available MRI hardware, the 

generation of RF signal for thermal intervention requires a comparably long duration and an increased 

channel count. The multi-channel (32-channel) signal generator forms a key element in the 

infrastructure to operate the broadband SGBT antenna in thermal interventions.  

1.5.1 Radiofrequency Technology Design Objectives for Ultrahigh Field MRI 

UHF-CMR based on 1H requires transmission and reception of signal at the defined Larmor 

frequency for 7.0 T. In the design study, a whole-body MR scanner (MAGNETOM, Siemens 

Healthineers, Erlangen, Germany) was used at a Larmor frequency of 297.2 MHz. Based on the short 

EM wavelength in tissue and the heterogeneous tissue environment, UHF-CMR is particularly 
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susceptible to non-uniformities in the B1
+ distribution. Research proposes several directions for B1

+ 

non-uniformity compensation include RF pulse design as well as localized multi-channel RF antenna 

array technology. From a RF design perspective, an increased channel count results in increased 

degree of freedom for B1
+ shaping (Section 1.3) within the ROI (e.g. the human heart). Furthermore, 

an increased channel count can be used for an enhanced distribution of superficial SAR and allow an 

improved SAR management. The SGBT building block tailored to a narrowband application is 

conceptually appealing, because of its small geometry and good EM field penetration depth. The 

narrowband SGBT antenna integrates the tuning and matching network as well as the common mode 

suppression network (cable-trap) on the individual antenna building block, making the antenna array 

a highly modular system. The signal generation for MRI is performed with an 8 kW RF power amplifier 

(RFPA, Stolberg HF-Technik AG, Stolberg-Vicht, Germany) integrated in the MRI System. The design, 

optimization, implementation, and validation of the antenna is provided in Section 2.1 and in the 

publication “32-Channel Self-Grounded Bow-Tie Transceiver Array for Cardiac MR at 7.0 Tesla” by 

Eigentler TW. et al.52 

1.5.2 Radiofrequency Technology Design Objectives for Thermal MR 

The objective of the envisioned Thermal MR setup is to combine a thermal intervention with 

an imaging antenna array within an MRI environment to allow 1H and 19F imaging, MR-thermometry, 

and RF power deposition in a TV (Section 1.4). The focal point quality for the thermal intervention is 

governed by the radiation pattern of the single RF transmit element, the channel count, and the 

thermal intervention frequency of the applicator.40–42 A time-multiplexed beamforming, a mixed 

frequency, or a time- and frequency-multiplexed approach are conceptionally appealing for online 

focal point quality improvement.43,45–47 The mixed frequency and the time- and frequency-multiplexed 

intervention45 requires a broadband antenna system as well as a multi-channel signal generation 

(Section 1.4). The antenna system – similar to the antenna design objective in Section 1.5.1 – needs to 

be small in order to increase the channel count and the degree of freedom for EMF shaping. MRI at 

7.0 T requires an antenna capable to transmit and receive EM signal at approximately 298 MHz (see 

Section 1.4), whereas the mixed frequency and the time- and frequency-multiplexed intervention 

needs an EMF transmission at a broad frequency range. The SGBT building block tailored to fulfil these 

requirements was adapted with a low-loss low-permittivity material at the tip area to increase the 

broadband impedance match of the antenna to a 50 Ω transmission line. Furthermore, the building 

block itself was geometrically optimized to increase the broadband antenna performance. A detailed 

explanation can be found in Section 2.2 and in the publication “Wideband Self-Grounded Bow-Tie 

Antenna for Thermal MR” by Eigentler TW. et al.54  
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The RF signal required for the thermal intervention can be subdivided into two systems: the 

8 kW RF signal generation integrated in the MRI system for imaging and the multi-channel RF signal 

generator for the thermal intervention. The first is used for the image acquisition and 

MR-thermometry, whereas the second provides the thermal intervention vector or matrix (phase, 

amplitude, frequency for a certain time duration) at the required fidelity. The 32-channel signal 

generator is based on a phase-locked-loop (PLL) approach which – based on MR-thermometry 

measurements and power loss measurements – allows the adaptation and correction of the focal point 

quality. The signal generator is scalable with respect to the channel count and is presented in Section 

2.3 and in the publication “Design, Implementation, Evaluation and Application of a 32-Channel Radio 

Frequency Signal Generator for Thermal Magnetic Resonance Based Anti-Cancer Treatment” by Han 

H. et al.57 

1.5.3 Radiative Elements 

Numerical simulations are a key tool for modern developments and optimization processes 

of products (e.g. RF technology). The numerical simulation-based design process can be subdivided 

into (i) the EMF simulation, (ii) the post-processing and co-simulation, and (iii) EMF shaping. 

Electromagnetic Field Simulations 

EMF simulations were performed using the finite integration technique (FIT) and the finite 

difference time domain (FDTD) solver of CST Microwave Studio (CST Studio Suite 2020, Dassault 

Systèmes, Vélizy-Villacoublay Cedex, France). The simulations were performed for tissue-mimicking 

phantom setups, and for the human voxel models Ella and Duke from the virtual population.100 The 

dielectric material specification of the phantoms were measured with an open-end coaxial probe.101 

Tissue properties were defined at 297.2 MHz according to the tissue database of the IT‘IS 

Foundation.102 

Post Processing and Co-Simulation 

Based on the EMF simulation results, the tuning and matching circuit elements, B1
+ and 

SAR10g distributions, as well as temperature distributions where derived. B1
+ efficiency was calculated 

by dividing the magnetic transmit RF field by the root mean square of the input power in kW.  

The co-simulation for the narrowband SGBT for UHF-CMR was performed in Matlab 2019b 

(Mathworks, Natick, MA) for channel-wise tuning and matching (f = 297.2 MHz).103 EMF simulation 

results were scaled accordingly, and with the material matrices used to calculate the B1
+ fields and 
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SAR10g distributions. For further optimization processes, virtual observation points (VOPs) where used 

to compress the SAR10g matrices and reduce computational effort.104,105 Supplementary co-simulation 

calculations include the RF power loss calculation, the intrinsic transmit and SNR as optimum 

superposition of B1.103,106 Details on the co-simulation and post-processing are in the Methods of the 

publication “32-Channel Self-Grounded Bow-Tie Transceiver Array for Cardiac MR at 7.0 Tesla” by 

Eigentler TW. et al.52 

Temperature simulations were performed using a uni-directional, thermal transient solver 

of CST Microwave Studio’s post-processing routine. The boundary condition was open with an initial 

material and ambient temperature of 20°C. Details on the temperature simulations are in the Methods 

of the publications “Wideband Self-Grounded Bow-Tie Antenna for Thermal MR” by Eigentler TW. et 

al and “Design, Implementation, Evaluation and Application of a 32-Channel Radio Frequency Signal 

Generator for Thermal Magnetic Resonance Based Anti-Cancer Treatment” by Han H. et al.54,57 

Electromagnetic Field Shaping 

The EMF shaping in an MRI context describes a manipulation of phase and amplitude of the 

signal of each channel to achieve a constructive interference of B1
+ within the ROI. In the context of a 

thermal intervention, EMF shaping has the objective to achieve a constructive E-field interference and 

hence a temperature rise in the target at a defined focal point quality. This thesis will focus on the 

constructive interference calculation for B1
+ for MRI; the improvement of the focal point quality is 

further elaborated in key publications in the field of thermal intervention and hyperthermia.37,38,45 

From a hardware perspective, surface RF transmit elements for B1
+ shimming can either be 

driven in a static/dynamic shim in parallel transmit (PTX) or a static shim setup in a combined transmit 

(CTX) mode.13–15,19,32 At UHF-CMR and other imaging disciplines at ≥7.0 T, an improved homogeneous 

B1
+ distribution without signal voids can only be achieved in a spatially limited volume or slice, which 

is defined as the ROI. Whereas PTX (dynamic or static) allows a subject- specific calculation of the 

excitation vector for the imaging, a wide implementation within clinical routine is still hindered by the 

additional workload (e.g. in vivo B1
+ mapping) required to calculate the excitation vector without 

exceeding local and global SAR constraints.32 The approach presented in “32-Channel Self-Grounded 

Bow-Tie Transceiver Array for Cardiac MR at 7.0 Tesla” by Eigentler TW. et al. uses a CTX shimming 

where the phase information is implemented in the hardware of the signal chain of the RF antenna 

array.52 To acknowledge the inter-subject variability, two voxel models (Ella and Duke) where 

convoluted into one dataset for the phase optimization. The B1
+ target function (Φtarget) is defined to 

maximize the min(B1
+) (MaxMin), minimize the coefficient of variation (COV), minimize the linear least 
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square (LLS), or minimize the magnitude least squares (MLS) within the ROI.32 To calculate a B1
+ to SAR 

efficient excitation vector, a combined optimization can be used following 

 Φtot= Φtarget+λ ΦSAR (4) 

 ΦSAR= max (Vexc⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗
'
 Q  Vexc⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ) (5) 

with Q being the full SAR matrix or the VOPs to reduce computational effort and Vexc⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  the 

excitation vector for imaging.32 The variable λ allows for scaling between the maximum SAR and the 

B1
+ results within the ROI. Alternatively, a multi-objective optimization can be used, where objective 1 

is the B1
+ target function and objective 2 is the maximum SAR. The shimming process is a global 

optimization process of Φtot performed by a genetic or a multi-objective algorithm implemented in 

the global optimization toolbox (Mathworks, Natick, MA) in Matlab 2019b. 

1.5.4 Signal Generation for Thermal MR 

The signal generation for a thermal intervention is, in contrast to the pulse generation for 

MRI, designed for a continuous RF signal. The signal is generated in two 16-channel RF synthesizer 

modules, with modulation of the single channels in (i) phase, (ii) frequency, and (iii) amplitude. The 

control of (i) and (ii) is accomplished with a PLL chip ADF4356 (Analog Devices, Norwood, MA, USA) 

for each channel. The PLL is based on a continuous phase correction with a high resolution (360°/224) 

and an adaptable frequency range of 54 MHz to 6800 MHz. For (iii), a variable gain amplifier (VGA) 

chip ADL5330 (Analog Devices, Norwood, MA, USA) controls the amplitude of the individual channels. 

The individual components are managed centrally and controlled via a field-programmable gate array 

chip ZU3EG (Xilinx, San Jose, CA, USA). Further system classifications are described in Section 2.3 and 

the publication “Design, Implementation, Evaluation and Application of a 32-Channel Radio Frequency 

Signal Generator for Thermal Magnetic Resonance Based Anti-Cancer Treatment” by Han H. et al.57 
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1.6 Validation Processes 

The assessment of the developments described above in terms of their expected RF 

characteristics were assessed through a validation process. The validation process is a crucial step in 

the RF technology development process, in order to assure the compliance of safety measures before 

moving to in vivo studies and interventions. Based on the RF characteristic assessment, phantom 

experiments were conducted to prove the safety aspects. Subsequently, an in vivo imaging study was 

conducted to prove the usability. 

1.6.1 Radiofrequency Antenna Characteristics Assessment 

Bench measurements to assess the antennas RF characteristics were performed on a 

network vector analyser (NVA) to measure the impedance (Z) and scattering (S) matrix of an antenna 

or the whole RF antenna array. Over a defined frequency range, the Z-matrix and the S-matrix describe 

the RF characteristics of a system. Both matrices contain reciprocal information; the first contains the 

complex input and coupling impedance and the second contains the input reflection and coupling of 

the RF wave with respect to the RF antenna array.  

A perfectly tuned and matched (50 Ω) system shows for the main diagonal a Zii = 50 + j0 Ω, 

which converts to a minimum reflection of Sii. The coupling of a system is represented by the 

off-diagonal elements in the Z- and S-matrix, whereas for the Z-matrix, real and imaginary parts can 

be interpreted as electric and magnetic coupling. A perfectly decoupled system has Zij = 0 + j0 Ω for 

the off-diagonal. Through certain measures (e.g. decoupling capacitor, impedance transformation), 

the magnetic coupling (imaginary) can be compensated. The resistive coupling (real) is based on 

currents induced in the subject, and can only be minimized through a re-design of the RF antenna array 

design.107 For the S-Matrix, a perfectly decoupled system is found when Sij is minimized. The features 

above are true for transceiver arrays and receive-only arrays. Receive-only arrays enable further 

decoupling measures (e.g. preamplifier decoupling); however, this is not in the focus of this work and 

will not be discussed further. 
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1.6.2 Signal Generation Characteristics Assessment for Thermal MR 

Bench measurements to assess the performance of the signal generator were performed 

using an oscilloscope to measure the switching times. For this test, the switching of amplitude, phase, 

and frequency was conducted with a reference signal provided by an oscillator output of the global 

positioning system (GPS). The switching times were assessed using an external trigger pulse and 

measuring the time delays between the pulse and the RF signal output modification. Phase differences 

of the RF output signal was evaluated using the oscilloscope. 

1.6.3 Transmission Field Mapping 

The B1
+ field pattern is a crucial information for RF antenna and RF antenna array 

developments at UHF-MRI. It is used to allow an array performance test in a realistic environment and 

to assess the safety aspects of the antenna by benchmarking the results against simulations. Together 

with the previously introduced B1
+ field non-uniformities at UHF-MRI, this has triggered increased 

interest in techniques for mapping. The most prominent techniques are the actual flip angle imaging 

(AFI)108,109, phase imaging110,111, dubbed dual refocusing echo acquisition mode (DREAM)112, double 

angle method113, saturated turbo fast low-angle shot (FLASH)114, and Block-Siegert shift imaging115,116 

approaches.117–119 These and other techniques use two acquired images, where the magnitude or 

phase information are combined by either subtraction or division, to generate a third image which is 

in turn used to calculate the flip angle distribution.117 The comparison of the presented techniques in 

2-dimensional (2D) and 3-dimensional (3D) acquisitions reveal that flip angle-dependent uncertainties 

exists, and that the relative SAR varies across the B1
+ mapping techniques.117 While SAR is relevant in 

an in vivo setup, this constraint is not limiting in phantom experiments. 

In this thesis, the B1
+ mapping is based on AFI for phantom experiments as well as on an AFI 

variant120 for in vivo studies. The AFI method is a 3D imaging approach, exhibiting a SAR efficient 

modality compared to other 3D methods.117 It is based on two gradient echo (GRE) magnitude images 

(SI1 and SI2) acquired at two different repetition times (TR1 and TR2). The flip angle, which is called 

actual flip angle (αactual) in this thesis, is defined by  

 
αactual≈arccos

TRα SIα‐1

TRα‐SIα
 

(6) 
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with TRα = TR1/TR2 and SIα = SI1/SI2.108 In comparison, the DREAM exhibits a lower SAR, but is sensitive 

to flow induced artifacts and has a limited dynamic flip angle range, which makes this approach 

impractical to use in UHF-CMR.112,121  

The B1
+ field map is based on the previous acquired αactual and the nuclei specific 𝛾 following 

 B1
+=

αactual

γ τ 
 (7) 

with 𝜏 being the pulse duration time of a rectangular pulse.122 B1
+ efficiency is calculated by scaling 

Equation (7) by the input power. The power in turn is defined by the actual voltage (Vactual) used in the 

system and the RF wave impedance Z0 = 50 Ω. Vactual is scaled by the ratio of the nominal flip angle of 

the sequence (αnominal) and the reference flip angle of the system (αreference) following 

 Vactual=
αnominal

αreference
Vreference (8) 

Throughout this thesis, we used the Siemens whole-body MRI system’s Vreference, calibrated with 

αreference = π. The B1
+ efficiency with the scaling to the power of the excitation pulse in √W is defined 

according to Equation (7) and Equation (8) by  

 
B1

+=
αactual 

γ τ  

αreference

αnominal

√Z0

Vreference
 

(9) 

1.6.4 Parallel Imaging 

Parallel imaging is an essential method in MRI to reduce examination time, which can in turn 

be invested in higher spatial and temporal resolution, and in an increased volume coverage.123 The 

conceptional idea behind the method is a form of undersampling of the acquired data in the frequency 

domain (k-space).124 To reconstruct the missing data, information on the coil sensitivity needs to be 

acquired in a patient-specific manner, during or prior to the undersampled scan.124 In addition to the 

well-established methods of simultaneous acquisition of spatial harmonics (SMASH)125, sensitivity 

encoding (SENSE)126, and generalized autocalibrating partial parallel acquisition (GRAPPA)127 other 

methods have been introduced and combined with novel reconstruction methods.123,124  
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In this thesis parallel imaging is based on a cartesian GRAPPA127, a method whereby missing 

data resulting from undersampling is reconstructed in the k-space. Based on the reduction factor (R) 

lines in the phase encoding direction are not acquired. The antenna array sensitivity profile is 

estimated from additional, so called autocalibration signal (ACS) lines recorded in the center of the 

k-space.127 The acquired data of multiple lines of all receivers are used to fit to the ACS lines of a single 

antenna. With this fit information the missing data of the single antenna is calculated in the k-space.127 

This method is repeated for all channels of the receiver array and allow a channel-wise image 

reconstruction. The reconstructed images of the single channels can be combined to a whole image, 

e.g. with a sum of squares reconstruction.127 Further information on the GRAPPA parallel imagining 

method is elaborated in key publications on this topic.127  

Within this thesis, an offline image reconstruction of GRAPPA accelerated images was used 

in Matlab 2019b.128 This method allows the calculation of SNR-scaled images and generates geometry 

factor (g-factor) maps. Based on the SNR information the calculation of contrast-to-noise ratio (CNR) 

is feasible. For CNR, the SNR of the myocardium is subtracted from the SNR of the ventricular blood 

pool.129 

1.6.5 MR-thermometry 

Localized temperature rise based on a non-invasive thermal intervention (Section 1.4) 

encourages the supervision of the thermal focal point quality through MR-thermometry. Methods for 

MR-thermometry are commonly based on temperature-dependent MR parameters such as the proton 

density, the T1 and T2 relaxation times, the diffusion coefficient, the magnetization transfer, 

spectroscopy, and the proton resonance frequency shift (PRFS).48,50,51 Additionally, 

temperature-sensitive contrast agents are a possibility, to acquire temperature distribution 

non-invasively.48,50,51 Dependend on the used method, an absolute (e.g. spectroscopic) or a relative 

(e.g. PRFS) temperature distribution can be measured.48,49,51 The relative measurement requires the 

acquisition of a baseline/reference image before the intervention.48,49,51 For in vivo situations, the 

downside of many methods are summarized with the acquisition time needed (T1 thermometry, 

spectroscopy), the non-linear relationship to temperature rise (T2 thermometry), and other mixed 

effects (e.g. proton density thermometry with short TR impairs T1 effects).48 This work focuses on the 

MR-thermometry gold standard: the PRFS.50 A detailed description of this and various other methods 

used for MR-thermometry can be found in key publications.48–51  
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The linearity, temperature sensitivity, and near independence of tissue types (with the 

exception of fatty tissue) make the PRFS method appealing to be used for MR-thermometry.48–51 PRFS 

is based on the temperature-dependent variation of the local magnetic field, which is formulated by 

 Blocal=(1‐ϑs)B0 (10) 

with the screening constant ϑs defined through ϑs= (
2χ

3
 + σS), where χ is the magnetic susceptibility 

and σ is the screening variable.16,48 As a consequence, the local resonance frequency following 

Equation (2) becomes 

 ωlocal= γ (1‐ϑs) B0. (11) 

The screening effect of the 1H nuclei in a molecular structure like H2O is reduced based on the 

temperature dependent EM bond in the molecule.130 The higher the temperature, the higher the 

screening effect within the molecule, and hence a lower local B0 with the consequence of a decreased 

ωlocal.48 The average screening constant ϑs of H2O scales approximately linearly (-1.03 ± 0.02 · 10-8 

per °C) with temperatures of -15°C to 100°C.48,50,130 This effect can be used to detect phase differences 

between the reference/baseline image acquired before the thermal intervention (ϕref) and the image 

acquired during or after the thermal intervention (ϕt).50,131 For in vivo tissue and with neglecting the 

temperature dependent magnetic susceptibility a voxel-wise calculation of the temperature rise 

follows 

 ∆T = 
ϕt‐ϕref

γ αS TE B0 
. (12) 

with the proportional constant αS being in the reported range of 0.9-1.0 · 10-8 per °C for tissue (except 

fatty tissue) and TE being the echo time of the image acquisition.49,132,133 Due to a time delay between 

ϕref and ϕt (e.g. magnet drift and motion), temperature-dependent effects (e.g. magnetic 

susceptibility), and other effects like for example perfusion may be misinterpreted in a temperature 

change. The correction and reduction of these effects is critical for PRFS based thermometry, and is in 

detail elaborated in key publications on this topic.49 
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Tesla 

The potential benefits of UHF-CMR and its implementation into the clinic are limited by 

multiple physics-related phenomena which result in non-uniform B1
+ distributions. Several 

publications discuss enabling RF antenna technology for UHF-CMR (Section 1.5) to overcome these 

shortcomings. Dipole antenna configurations have gained increased attention for UHF body MRI 

applications, because of their linear polarized current pattern with a perpendicular directed RF energy 

deposition. This results in a symmetrical excitation field with increase in penetration depth.85–88 

Compared to the Thermal MR (Section 1.4 and 1.5.2), UHF-CMR RF hardware operates at 297.2 MHz 

on a narrowband frequency range (Section 1.2). The narrowband SGBT building block employs a high 

channel density for dipole antennas used within an MRI environment. The high channel density allows 

a high channel count, enabling an increased degree of freedom for B1
+ shaping and SAR10g management 

for MRI applications. The reported antenna design process included an optimization process of the 

antenna itself and its EMF shaping approach to allow a constructive B1
+ interference within the ROI 

while limiting the SAR10g. The B1
+ optimization approach used the human voxel models Ella and Duke 

in a single convoluted dataset, to achieve a more generalized shim for all subjects of the in vivo study. 

The imaging study showed the applicability of both the optimized antenna design and the optimized 

B1
+ shim for UHF-CMR. 

The narrowband SGBT building block employs a tuned and matched antenna system for 

UHF-CMR. The findings prove the concept of a massively miniaturized dipole antenna system, which 

allows for an increased channel count and hence greater degree of freedom for EMF shaping. In 

addition to shaping the B1
+ field and the reducing the maximum SAR10g, the high channel system can 

be used for E-field shaping, and to limit the superficial SAR10g.  
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Purpose: Design, implementation, evaluation, and application of a 32-channel Self-
Grounded Bow-Tie (SGBT) transceiver array for cardiac MR (CMR) at 7.0T.
Methods: The array consists of 32 compact SGBT building blocks. Transmission
field (B|+) shimming and radiofrequency safety assessment were performed with
numerical simulations and benchmarked against phantom experiments. ln vivo BI’
efficiency mapping was conducted with actual flip angle imaging. The array’s ap-
plicability for accelerated high spatial resolution 2D FLASH CINE imaging of the
heart was examined in a volunteer study (n = 7).
Results: B|+ shimming provided a uniform field distribution suitable for female and
male subjects. Phantom studies demonstrated an excellent agreement between simu-
lated and measured Bf efficiency maps (7% mean difference). The SGBT array af-
forded a spatial resolution of (0.8 >< 0.8 X 2.5) rn1n3 for 2D CINE FLASH which is
by a factor of 12 superior to standardized cardiovascular MR (CMR) protocols. The
density of the SGBT array supports 1D acceleration of up to R = 4 (mean signal-to-
noise ratio (whole heart) Z 16.7, mean contrast-to-noise ratio 2 13.5) without impair-
ing image quality significantly.
Conclusion: The compact SGBT building block facilitates a modular high-density
array that supports accelerated and high spatial resolution CMR at 7.0T, The a1Tay
provides a technological basis for future clinical assessment of parallel transmission
techniques.
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1 I INTRODUCTION

Advances in cardiovascular MR (CMR) at ultrahigh magnetic
field strengths (U1-lF, B0 Z 7.0T) foreshadow some of the poten-
tial benefits to be expected as this technology moves to transla-
tional research and clinical science‘; Transferring UHF-CMR
into the clillic remains a major challenge since the advantages are
sometimes hampered by concomitant physics-related phenom-
ena. UHF-CMR is particularly susceptible to non-uniformities
in the radiofrequency (RF) transmission field (Bf). To address
this obstruction several reports refer to the development of en-
abling technology tailored for UHF-CMR.3 Research directions
for Bf‘ inhomogeneity compensation include RF pulse design
and enabling multi-channel RF coil teclmology. Pioneering
RF array developments for CMR at 7.0T include stripline-
elements,4 stripline waveguide like elements,5 loop elements,MO
dipoleslnz, slot-antennas,“ loop-dipoles,'4'l5 and dipole build-
ing block €l€l'll6l1iS.l6'l7

Dipole antenna configurations have gained increased atten-
tion for UHF-CMR. Electric dipoles run the trait of a linearly
polarized current pattern, where RF energy is directed perpen-
dicular to the dipole along the Poynting vector to the object
under investigation resulting in a symmetrical, rather uniform
excitation field with increased penetration depth.H'lM3 At
UHF-MRI linezu" (curl-free) current patterns provided by elec-
tric dipoles help to approach ultimate intrinsic signal-to-lloise
ratio (SNR).'g Current dipole and loop-dipole RF arrays rely
on geometrical decoupling limiting the number of transmitting
(TX) elements that can be placed per unit area.‘ HMS Yet, a
high number of elements is favorable to increase the degrees
of freedom and improve Bf at a deep-seated cardiac region of
interest (ROl).20 For reception (RX) a high number of RF array
elements afford parallel imaging with increased accelerationll
High-permittivity and low-loss dielectric materials facilitate
dipole antenna shortening and are promising to provide suffi-
cient decoupling allowing high channel count RF al'rays.i6‘22'33

To summarize, RF arrays tailored for UHF-CMR should
meet the requirements of patient safety, patient comfort, and
ease of clinical use to harmonize the technical specifications
with the clinical needs. This includes lightweight, flexibility,
the capability to accommodate multiple body habitus and an-
atomical variants, a modular and multi-dimensional arrange-
ment of RF building blocks together with a sensitive region
large enough to cover the human heart.“ Recent investiga-
tions demonstrated the feasibility of a Self-Grounded Bow-
Tie (SGBT) building block at 7.0 T lvlRl.m5 The hallmark
of this antenna type is its strong main lobe directivity and
small size, based on a dielectrically filled housing for effec-
tive wavelength shortening and antenna size reduction.Z3‘26‘27
Recognizing these opportunities it is conceptually appealing
to pursue the development of an SGBT-based high-density
TX/RX RF array tailored for UHF-CMR. To meet this goal
this work reports on the design, implementation, evaluation,

and application of a modular, lightweight 32-channel SGBT
TX/RX array for CMR at 7.0 T. For this purpose, the pro-
posed RF array is examined in electromagnetic field (EMF)
simulations and benchmarked against phantom experiments.
The feasibility of the RF array is demonstrated for high spa-
tial resolution 2D CINE imaging of the heart in healthy sub-
jects as a mandatory precursor to broader patient studies.

2 I METHODS
2.1 I Ethics statement

For the in vivo feasibility study, subjects without any known
history of cardiac disease were included after approval by the
local ethical committee (registration number EA 1/256/19,
Ethikausschuss am Canlpus Charité — Mitte, Berlin,
Germany). Informed Written consent was obtained from each
volunteer prior to the study.

2.2 I RF antenna building block design

The RF antenna building block consists of an SGBT antenna
with a dielectric-filled housing (Figure l),23‘27 The SGBT di-
pole antenna has a strong maill lobe directivity and limited
back radiation due to the self-grounded backplanezfi The all-
tenna was manufactured with a 0.3 nlm copper sheet, to ensure
a mechanically robust setup. The additive manufactured hous-
ing is based on lithography (Forrn2, Formlabs, Somerville,
MA, United States of America) and filled with deuterium
oxide (D20, 99.9%. er z 81 at 297.2 MHZ, Sigma Aldrich
Gmbl—l, Munich, Germany) as dielectric to shorten the effec-
tive RF wavelength and to reduce the overall antemla size.
The building block surface facing the object under investiga-
tion consists of a 0.5 mm FR-4 sheet (Figure 1C). From the
SGBT antenna tip, a parallel transmission lille was connected
to the tuning alld matching network at the backside of the
building block containing, a variable nonmagnetic ceramic ca-
pacitor (~l-23 pF, Voltronics Inc., Denville, NJ, United States
of America) and a nonmagnetic air-core inductor (12.2 rill,
Coilcaft lnc., Cary, IL, United States of America). The circuit
network was covered with lithography-based manufactured
housing for the individual element (Figure lC,D).

2.3 I Cardiac array assembly

To constitute the high-density TX/RX cardiac array sixteen
SGBT building blocks were combined to form the anterior
section. Sixteen SGBT building blocks were integrated into
the posterior section (Figure 2). For this purpose, the SGBT
building blocks were placed next to each other as close as
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possible with three rows of building blocks along the head-
feet direction. A shift ofthe array to the left side ofthe subject
was introduced to place the center of the antenna array above
the heart (Figure 2A). The anterior RF building blocks were
fixed by hook-and-loop fasteners allowing a flexible co1mec-
tion between the building blocks and a close-fitting to the
upper torso. regardless of sex or body mass index (BMI). For
the posterior section. a holder system was made from acry-
lonitrile butadiene styrene (ABS) material using a rapid pro-
totyping system (BST l20()es. Dimension lnc.. Eden Prairie.
MN. USA). The holder system accommodated the SGBT
building blocks and was integrated into the patient table cush-
ions. hence no extra free magnet bore space is consumed. To
reduce EMF reflections. a hydrogel pad was placed between
the anterior and posterior sections of the RF array and the ob-
ject under investigation (Figure 2C). The hydrogel (er z 82.

0 z 0.17 S/m) consists of xanthan (0.4% mass fraction. Roth
AG. Arlesheim. Swit7.erland). locust bean gum (0.-1% mass
fraction. Merck KGaA. Darmstadt. Germany). and agarose
(0.2% mass fraction. Roth AG. Arlesheim, Switzerland) filled
in a vacuum-sealed bag.” For RF safety and to avoid exces-
sive local specific absorption rate (SAR) in the vicinity of the
conductors. the thickness (Z 5 mm) of the hydrogcl pad and
the design of the building block casing assures a minimum
distance between the RF array and the object.

2.4 | Hardware

MR experiments were condticted on a 7.()T whole-body MR
scanner (MAGNETOM. Siemens Healthineers. Erlangen.
Germany) equipped with an 8 kW RF power amplifier (RFPA.
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FIG U R E 2 A. Schematic view of the antenna arrangement for the 32-channel cardiac array on the human voxel model Duke together with the
channel nomenclature. B. Averaged. measured noise correlation (NC) matrix ofthe 32-channel SGBT building block array of all subjects involved
in the CMR stttdy. C. implementation used in the feasibility study with the anterior section fixed by hook-and-loop fasteners. The posterior section
was placed in an additive manufactured holder system and was integrated into the patient table's cushions. Hydrogel pads were used to improve an
electromagnetic impedance match to reduce electromagnetic reflections between the building blocks and the object under investigation. D. Cascade
of one 1:2. two 1:4. attd eight l:-l power splitters (Power Splitter 297.2 MH/.. MRLTOOLS GmbH. Berlin. Germany) resulting in a 32-channel
equal phase transmit (TX) signal feeding the phase box. containing single-channel phase adjustments (um) by using phase-shifting coaxial
cables. The phase-shifted TX signal is connected to four nnilti-purpose interface boxes equipped with TX/RX switches and integrated low-noise
preampliliers (Stark Contrast. Erlangen. Germany)

Stolberg HF-Technik AG. Stolberg-Vicht. Germany) and a
gradient system with a maximum slew rate of l7() mT/m/ms
and gradient strength of 38 mT/m. To drive the RF array. the
transmit signal was divided into 32 equal amplitude signals
using a cascade of one 1:2. two 1:4. and eight 1:4 Wilkinson
power splitters with lumped elements (Power Splitter
297.2 MHZ. MRl.TOOLS GnibH. Berlin. Germany). The
phase adjustments (am) of the individual channels were in-
corporated by using phase-shifting coaxial cables (Figure 2D).
The 32-channels of the proposed cardiac array were connected
to the MR signal chain using four eight-channel multi-purpose
interface boxes with transmit/receive switches and integrated
low-noise preamplifiers (Stark Contrast. Erlangen. Germany).

2.5 I EMF simulations

EMF simulations were performed using the finite integration
technique (FIT) solver ofCST Microwave Studio (CST Studio
Suite 2()20. Dassatilt Systemes. Vélizy-Villacoublay Cedex.

France) with a broadband excitation at 297.2 1 50.0 MHZ. The
simulations were performed for a rectangular phantom setup
(156 >< 374 >< 318 nun}. er = 48. o = 0.47) and for the human
voxel models Ella and Duke from the virtual populationzq The
voxel models were used from the upper neck to the navel at
a resolution of 1.0 X 1.0 >< 1.0 ninrl. The dielectric material
specification of the phantom was measured with an open-end
coaxial probe.” Tissue properties were defined at 297.2 MHZ
according to the tissue database of the lT'lS Foundation} l All
simulations were performed within a model of the MR1 bores"
RF shield. The simulation resolution was kept below 4.0 X 4.0
X 4.0 mm} for all configurations. Bf‘ efficiency was calculated
by dividing the magnetic transmit RF field by the root mean
square of the input power in kW.

2.6 I Evaluation and optimization of SGBT

The antenna dimensions width (wn), length (la). and dihedral
angle (01) were investigated using CST Microwave Studio
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to achieve the highest possible Bf" efficiency divided by the
building blocks’ footprint (B|+ efficiency to footprint ratio).
For this purpose, the SGBT building block and the hydrogel
pad were placed centrally above the heart of the human voxel
models (Ella and Duke) and the lateral wall of the heart was
used as ROI as indicated in Figure 3A.

2.7 I Co-simulation, transmission field
shaping, and SAR calculation

A co-simulation was performed in MATLAB 2019b
(MathWorks, Natick. MA) for channel-wise tuning and
matching (f = 297.2 MHz) with a lossy capacitance (equiv-
alent series resistance = 0.2 Q, equivalent series induct-
ance = 1 nH) and a lossy inductance (Q = 45).32 EMF
simulation results were scaled accordingly and together with
the material matrices used to calculate Bf“ fields and SAR
distributions averaged over l0g tissue or material (SARmg).
To reduce the computational effort for the Bf’ shimming ap-
proach the channel-wise transmission field was regridded to
an isotropic resolution of 4.0 X 4.0 X 4.0 mm3 and SARwg
was compressed using virtual observation points (VOPs) at
an overestimation factor of 0.01.3334 RF power loss calcula-
tion was performed using a quadratic-form-based framework
for loss analysis in multichannel arrays.” All results refer-
ring to the power absorption were calculated without losses
in the signal chain. ie, the reference plane was at the input
of the balun on the SGBT antenna. The intrinsic transmit ef-
ficiency and the intrinsic SNR distributions were calculated
as an optimum superposition of Bf’ and Bl" with respect to
the power absorbed by the voxel model. Assuming complete
dominance of sample noise, this yields a theoretical upper
bound for the Bi’ shimming performance and is proportional
to image SNR.3‘ The intrinsic measures were conuasted with
the realistic transmit efficiency and the realistic SNR with
considering all coil losses. The performance ratio (%) of the
RF array reveals the ratio of the intrinsic and the realistic B|+
and B I“ superpositions. The values derived in this way can be
used to quantitatively compare expected SNR and transmit
efficiency of different arrays and to assess theoretical elec-
tromagnetic upper bounds.36'37

EMF shaping was performed using a combined approach
for Ella and Duke, where the minimum Br’ in the ROI is max-
imized by using the target function

f (exc) = min (BTEHH (e.rc)) + 6 -min (BTDM (e.rc)) — /1-
lmv: (VOPEM (cxc) + VOPDUKC (exc))

with the Bl+ scaling factor (6 = l...4) and VOPs scaling factor
(it = 0.001 . . .5). The phase optimization was performed with a
generic algorithm implemented in the global optimization tool-
box of MATLAB 2019b.

2.8 I Phantom experiments for EMF
simulations validation

To examine the RF characteristics of the cardiac array and of the
signal chain, bench measurements were perfomted using a four-
channel vector network analyzer (ZNB 4, Rohde & Schwarz,
Memmingen, Germany) in conjunction with a switching matrix
(ZN-Z84, Rohde & Schwarz, Memmingen, Germany).

A custom-made rectangular phantom (156 X 374 X
318 mnrl) consisting of deionized water. sucrose (l425.7 g/L),
NaCl (58.7 g/L), agarose (25 g/L. and CuSO4 (0.75 g/L)
was used to validate the EMF simulations obtained for the
32-channel SGBT antenna building block array. Simulated Bf“
efficiency distributions were benchmarked against measured
Bf’ efficiency maps for transversal slices through each of the
three SGBT antenna building block rows. For this evaluation,
two-phase setting modes were used: (1) the equal phase exci-
tation (otl ...o132 = 0°) and (2) the phase shim excitation (am)
obtained with the proposed optimization algorithm.

Bf’ efficiency field measurements were conducted with a
non-slice-selective actual flip angle imaging (AFI) method
(spatial resolution : 1.0 X 1.0 X 2.5 mm}, rectangular pulse
PD : l ms TE = 2.19 ms, TR] : 42 ms, TR2 = 122 ms,
BW = 500 Hz/Px, nominal FA = 50°, Vm» = 520 V. 64 slices)
and calculated offline in MATLAB 20l9b.38 Measured losses
in the signal chain of the MRI system were considered in the
simulation results. Pixel-by-pixel difference maps were calcu-
lated using a in plane resolution of 1.0 X 1.0 mmz where the
Bf’ mask (Bf Z 4 pT/\/kW in simulation without losses) was
used for cropping low signal areas. An ROI was defined in the
phantom to evaluate the simulation and measurement results.

2.9 I Volunteer studies

The in vivo study was performed in seven healthy subjects
(three females, four males; age = 29-59; average BMI = 23,8
1 2,1 kg/ml; minimum BMI = 20,2 kg/m2; maximum
BMI = 27.2 kg/ml). The study design contained Bf’ effi-
ciency mapping (two subjects), 2D CINE FLASH imaging
(seven subjects), assessment of spatial resolution enhance-
ment (four subjects), and parallel imaging (four subjects). For
retrospective cardiac gating and prospective cardiac triggering
elecuocardiogram (ECG) electrodes and an MR stethoscope
(EasyACT, MRI.TOOLS GmbH, Berlin. Germany) were
placed between the hydrogel pad and the anterior chest wall.

To facilitate 3D flip angle measurement, a radial phase
encoding (RPE) gradient-echo acquisition scheme was mod-
ified to acquire two interleaved TRs. which enables the com-
putation of absolute BI efficiency maps according to the AF]
approach (RPE-AFI).' 8 RPE-AFI was obtained with: spatial
resolution = 5.0 X 5.0 X 5.0 mm}, rectangular pulse PD = 0.5
ms, TE = 2.04 ms, TR1 = 10 ms, TR2 = 50 ms, nominal
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FIG URE 3 Summary of the results obtained for the optimization of the SGBT antenna geometry using the human voxel model Ella and
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from the respective maximum of the ratio between the Bf efficiency and the footprint of the building block is shown for a parametric sweep
(ct = 75° l20° and la = 40 mm 80 mm) and an antenna width of w, = 35 mm (B), wa = 40 mm (C), and w, = 45 mm (D). The maximum Bf
efficiency to building block footprint ratio is highlighted by a red cross for each parameter sweep
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FA : 66°, Vm; : 520 V, and 12 readouts per radial line fol-
lowing Dietrich S. et aljw

2D CINE FLASH imaging of the heart was performed to
obtain short axis (SAX), two-chamber (2CV), three-chamber
(3CV), and four chamber (4CV) views ofthe human heart (spatial
resolution = l.l X 1.1 X 2.5 mm}, TE = 2.09 ms, TR = 4.55 ms,
GRAPPA R = 2, views per segment = I0, cardiac phases = 30,
BW = 446 Hz/Px, nominal FA = 22°, Vmf = 520 V). Imaging
parameters were slightly adjusted for subject 1, subject 3, and
subject 7 (TE : 2.14-2.17 ms, TR : 4.72-5.58 ms). The noise
correlation matrix was derived from averaging noise pre-scans
obtained for each subject without RF excitation.“

2D CINE FLASH imaging targeting the 4CV and the SAX
were performed for spatial resolutions: (1) 1.8 X 1.8 X 6.0 mm}
according to standardized protocols used in CMR practice“
(TE = 1.75 ms, TR = 3.96 ms, views per segment = 10, car-
diac phases = 30), (2) 1.4 X 1.4 X 4.0 mm} (TE = 1.84 ms,
TR = 4.14 ms, views per segment = 10, cardiac phases = 30),
(3) 1.1 X 1.1 X 2.5 mm} (see above), and (4) 0.8 X 0.8 X
2.5 mm} (TE : 2.11 ms, TR = 4.75 ms, GRAPPA R : 2,
views per segment : 10. cardiac phases = 30). The normal-
ized signal intensity profile along a circuntferential trajectory
inside the myocardium was plotted for a mid-ventricular SAX
at end-diastole for four subjects. The results were labeled
using the common segmentation of the myocardium.”

The antenna arrays’ parallel imaging performance was
evaluated using acceleration factors of up to R = 6 and
GRAPPA rec0nstruction.J'3 Prospective imaging of the 4CV
and SAX was used at a resolution of 1.1 X 1.1 X 2.5 mm;
(TE : 2.5 ms, TR : 4.55 ms, views per segment : 10,
BW : 446 Hz/Px, and a nominal FA : 22° at Vmr : 520 V).
The phase encoding direction was kept the same for all reduc-
tion factors within a subject (4CV-AP: subject 2 and 5; 4CV-
RL: subject 4 and 6; SAX-AP: subject 2 and 4; SAX-HF:
subject 5 and 6). Offline image reconstruction was performed
in MATLAB 2019b.“ Pseudo replicas (500) were used to cal-
culate the SNR scaled images and geometry factor (g-factor)
maps. Contrast-to-noise ratio (CNR) was calculated by sub-
tracting the SNR values of the myocardium from the SNR
values of the ventricular blood pool in the 4CV and SAX.“
The acquired data was assessed for each individual subject
(SNRwl\ule-l1eart_mean! SNRmyucardiun1,mean! g'faCt0rwl\ule-he:.\r1.mearv

g-factorwh“1c_hc,m_nm, and CNR) and statistically analyzed for
all subjects enrolled in the parallel imaging study.

3 I RESULTS
3.1 I RF antenna building block design and
characteristics

The results of the EMF simulations are summarized
in Figure 3, suggesting a small antenna width for an

enhanced Bf’ efficiency to footprint ratio. Coupling be-
tween the elements, on the other hand, favors an increased
antenna width, resulting in a lower coupling between
SGBT building blocks in an RF array. The final antenna
design (wfl = 40.0 mm, la = 69.0 mm, or = 115.0”) was
defined as a trade-off between the BIT efficiency to foot-
print ratio and the decoupling behavior. The result was
deduced from the EMF simulations with the human voxel
model Duke, because of the reduced Br efficiency com-
pared to Ella (Figure 3). Following the implementation,
the SGBT building block exhibits a weight of 156 g and
a size of 89.3 X 48.0 X 25.8 mm}. This SGBT building
block configuration allows a nearest-neighbor coupling
of Sij 5 -11.2 dB at 0° relative angle at1d O mm distance
between the SGBT building blocks when placed on the
thorax of the human voxel models Duke (Sij = -12.7 dB)
and Ella (Sij = -11.2 dB). The decoupling performance
relies on geometrical decoupling and allows the use in an
RF array without additional decoupling measures (eg, im-
pedance transformation network and preamplifier decou-
pling). ln comparison, EMF simulations with wn = 35 mm
and wu = 45 mm revealed a coupling of Sij 5 -10.6 dB
and Sij 5 -12.3 dB. The power absorption analysis of a
single channel revealed that on average 61% and 71% of
the input is absorbed in the body of Ella and Duke for
the 32-channel array. The other losses are comprised of
a material including the hydrogel pad (20-26%), coupling
(8-11%), and lumped element losses (~l%).

3.2 I Cardiac array assembly

The anterior and posterior sections consist of sixteen
SGBT building blocks each, covering a surface area of
about 686 cmz, respectively (Figure 2A). The total weight
of the anterior section is approximately 2.5 kg. In the ex-
perimental setup the reflection and the coupling coeffi-
cient were found to be S“ < -10.2 dB and Sij < -14.1 dB.
Figttre 2B shows the noise correlation matrix which re-
vealed a value of -0.258 or below within the array for all
subjects.

3.3 I Hardware

The power splitters introduced losses of -0.27 dB for
the 1:2 and -0.49 dB for the 1:4 with a maximum phase
error of 1° each. The phase cables were capsulated in a
box and manufactured with less than 2.2° phase deviation.
Including all other parts of the system (cables between the
described elements, the antenna cables, the TX/RX switch
boxes, and the phase cables) the losses were found to be
-5.15 dB at a cumulative worst-case phase error of 9.9“.
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3.4 I C0-simulation, transmission field
shaping, and SAR calculation

Numerical simulations of the 32-channel RF array revealed
a reflection of Si, < -27 dB and coupling of Sij < -12 dB.
The factor 6 of the proposed mixed Bf“ shimming within

(A) B1+ (proposed phase shim)

the heart of Ella and Duke allowed a Bf efficiency gain for
Duke at the expense of Ella. Dependent on the Bf scaling
factor 5 and the VOPs scaling factor A an optimum phase set
was calculated maximizing the minimum Bl+ of both voxel
models. The optimized phase set (max, = -[0; 275; 241; 191;
135; 48; 0; 241; 204; 164; 128; 310; 273; 239; 169; 108; 0;

E
E

SAR10g (Proposed phase shim)
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FIG U R E 4 Summary of results obtained from the proposed optimized phase shim excitation (um = -[0; 275; 241; I91; 135; 48; 0; 241;
204: 164; 128; 310; 273; 239; 169; 108; 0; 34; 33; 24; 9; 97; 126; 135; 115; 61; 38; 95; 82; 32; 31 1; 0]“) using the human voxel models Ella and
Duke. A, Bf efficiency is visualized for three orthogonal slices through the center of the cardiac ROI (highlighted ll‘l red). SARIOE is visualized
as a maximum projection for three orthogonal views. For Ella, the simulations revealed (mean 1 SD [min]) Bf’ = (6.2 1 1.8 [3.4I) tiT/\/kW and
SARIOMM = 0.25 W/kg. Duke showed Bl‘ = (5.6 1 1.9 [2.8]) tiT/\/kW and SAR|I,g_,,m = 0.30 W/kg. B, Intrinsic transmit efficiency and transmit
efficiency performance ratio for the three orthogonal slices through the center of the cardiac ROI for Ella alld Duke. For Ella. the intrinsic transmit
efficiency revealed (mean 1 SD [min])B1"= (0.68 1 0.27 [0.36]) tiT/\/W and B|’fWfi_r“mnCmm_ = (87.4 1 1.2 [82.7])%. For Duke. Bf = (0.61
i 0.31 [0.24]) |.lT/\/W and B]*_Pmnmmmm = (89.9 1 1.4 [83.2])% was obtained. C. The intrinsic SNR and SNR performance ratio for three
orthogonal slices through the cardiac ROI of Ella and Duke. For Ella. an intrinsic SNR (mean 1 SD [min]) of Bl‘ = (0.66 1 0.25 [0.36]) |.lT/\/W
and Bf_Pm.Ummm_ mm = (87.2 1 1.5 I82.0I)% was observed. For Duke. Bl’ = (0.60 1 0.30 10.261) pT/\/W and B]'_pm.mum_m“m = (90.1 1 1.4 185.31)”/i
was estimated

34; 33;24; 9; 97; 126; 135; 115; 61; 38; 95; 82; 32; 311; 01°)
corresponding to 5 = 2.0 and A : 0.025 showed both, a fair
balance of the Bf’ efficiency results of Ella and Duke with
considerable low SAR“)?

Figure 4A shows the Br’ efficiency distribution within the
heart of the human voxel models for the proposed optimized
phase shim excitation. A B|+ efficiency distribution of (mean
1 SD [min]) (6.2 1 1.8 |3.4]) uT/\/kW for Ella and (5.6 1
1.9 [2.8]) tiT/\/kW for Duke was obtained. The SARmg dis-
tributions (Figure 4A) were normalized to an average total
power of 1.0 W and demonstrate a maximum of 0.30 W/kg
for both voxel models (0.25 W/kg for Ella alld 0.30 W/kg for
Duke). Considering the described hardware losses ill the RF
chain and a maximum allowed SAR|0g of 20 W/kg in the first
level controlled nlode, the input power was limited to 8.1 W
per channel including a safety factor of 1.7.46 The intrinsic
transmit efficiency revealed (mean) 0.68 uT/\/W for Ella and
0.61 |.tT/\/W for Duke, while the realistic transmit efficiency
was 0.59 tiT/\/W for Ella and 0.55 pT/\/W for Duke, corre-
sponding to a transmit efficiency performance ratio of 87.4%
for Ella and 89.9% for Duke. The intrinsic SNR revealed
0.66 tiT/\/w for Ella and 0.60 tiT/\/w r6l- Duke, while the
realistic SNR was 0.58 tiT/\/W for Ella and 0.54 tiT/\/W for
Duke. The SNR performance ratio was found to be 87.2%
for Ella and 90.1% for Duke. The power absorption analysis
of am demonstrated that 65% and 74% of the input power is
absorbed in the body of Ella and Duke. The other losses are
comprised of 13-16% material including the hydrogel pad,
10-16% coupling, and 1% lumped element losses.

3.5 I Phantom experiments for EMF
simulations validation

The simulated and measured Br’ efficiency maps showed
a good quantitative agreement with the signal chain losses
and the patient table cable losses of -6.37 dB (an additional
-1.22 dB on top of the -5.15 dB losses) being included.
Figure 5 shows the data for three slices through the phantom.
The absolute (simulation — measurement) voxel difference
obtained for all three slices was found to be (mean 1 SD)

(-0.26 1 0.45) tiT/\/kW £61 an equal phase excitation and
(-0.01 1 0.50) uT/\/kW for the proposed optimized phase
excitation. The difference relative to the simulation results
is (-6.1 1 l2.3)% and (-2.2 1 14.5)% for the equal and the
proposed phase excitation (men). The B?” efficiency distribu-
tion within the ROI in Figure 5C shows (mean 1 SD [min])
(4.30 1 0.34 [3.34]) uT/\/kW for the simulation and (3.90 1
0.44 |2.43]) tiT/ \/kW for the measurement.

3.6 I Volunteer study

Figure 6 shows in vivo flip angle maps aild the correspond-
ing thresholded B|+ efficiency distributions (FA 5 15°) for
sagittal, coronal, alld transversal views through the heart.
In vivo Bf efficiency (mean 1 SD) within the cardiac ROI
was 2.8 1 0.9 |.iT/\/kW for the female (subject 4) and 2.3 1
0.7 uT/\/kW for the male (subject 5). For comparison with
the simulation results (Ella: 6.2 1 1.8 uT/\/kW; Duke: 5.6
1 1.9 pT/\/kW), the in vivo data are scaled by the measured
losses (-6.37 dB) and correspond to 5.8 |.lT/\/kW for the fe-
male subject and 4.8 uT/ \/kW for the male subject as a mean
value for the cardiac ROI.

Figure 7 shows the 4CV, 3CV, 2CV, aild SAX views of
the heart obtained from 2D CINE FLASH using the opti-
mized phase setting (uexc). For the acquisition, an ill-plane
spatial resolution of 1.1 X 1.1 mmz and 21 slice thickness
of 2.5 mm were used. The image quality over all subjects
included in our feasibility study was consistent without
major signal voids due to destructive interferences.

4CV and SAX views of the heart at increasing spatial reso-
lutions are shown in Figure 8. The overall image quality and en-
hancements in the spatial resolution enabled the visualization
of fine subtle anatomic structures including the compact layer
of the right ventricular free wall and the remaining trabecular
layer. Pericardium, mitral, and tricuspid valves and their asso-
ciated papillary muscles, aild trabeculae are identifiable. The
high spatial resolution protocol (0.8 X 0.8 X 2.5 mm3) presents
a 12-fold improvement in the spatial resolution versus a stan-
dardized clinical CMR protocol.“ A normalized signal inten-
sity distribution obtained for the left ventricular myocardium
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FIG U RE 5 A) lllustration of the setup and slice positioning (slice l»3) used for Bl‘ efficiency simulations and measurements. Bf distribution
obtained for equal phase excitation (oil an = 0°) (B) and proposed optimized phase shim excitation (am) (C), including Bf efficiency simulation
results, Bf’ efficiency mapping, and relative difference map in percent. For the measurement, a 3D AFI (spatial resolution = 1.0 X 1.0 >< 5.0 mm},
TE = 1.94 ms, TR, = 29 ms, TR; = 109 ms, nominal FA = 50°, Vrc,» = S20 V, 64 slices) was used. For the ROI marked in red, the optimized phase
shim excitation (um) shows (mean 1 SD [min]) Bf = (4.30 1- 0.34 [3.34]) |.\T/\/kW for the simulation and Bf‘ = (3.90 1 0.44 [2.43]) |,1T/\/kW for
the measurement

D'fference NO O1 B1*‘[°/

is shown in Figure 8C for each spatial resolution. The results Figure 9 shows a dataset including SNR maps and g-factor
show no major signal voids for the SAX and a signal intensity maps for R = 2 to R = 6. The spatial resolution (1.1 >< 1.1 ><
variation of approximately 1- 50% with the lowest signal being 2.5 mrnj) presents a 6-fold improvement in the spatial res-
found in the lateral wall of the left ventricle. olution versus a standardized clinical CMR protocol.“ For
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FIGURE 6 A. In vivo flip angle (FA) maps acquired with a 3D radial sampled free-breathing AFI (spatial resolution = 5.0 >< 5.0 >< 5.0 mm}.
rectangular pulse PD = 0.5 ms TE = 2.04 ms, TR, = IO ms. TR2 = 50 ms, nominal FA = 66°, Vm; = 520 V. and l2 readouts per radial line) in a
female and male human subject. B, Bf efficiency maps calculated based on FA results with FA 5 15° rejected. FA and Bf are shown for a sagittal
(first column), coronal (second colunm). and axial slice (third column) through the heart (cardiac ROI highlighted in red) as well as a minimum
projection in the axial direction (4th column). For the female subject, the in vivo measurements revealed (mean i SD) FA = (35.7 1 ll.7)° and
Bf = (2.8 ;l; 0.9) uT/\/kW. For the male subject, FA = (28.2 1 lO.l)° and Bf = (2.3 1 0.7) pT/\/kW were observed

all acceleration factors used for the acquisition of 4CV and
SAX views, the CNR mean and standard deviation, as well
as the SNRwhole-hearttmean and the sNRmyocardium.mean mean’
minimum, and maximum are summarized in Table 1 for all
subjects. The mean g-factorwh0lc_hcafl_mm of all subjects was
ranging between 1.1 (R = 2) and 2.4 (R = 6) for the 4CV and
between 1.1 (R = 2) and 2.5 (R = 6) for the SAX. In analogy
the analysis of the g-factorwho,c_hw|_mX allows the assessment
of the Worst-case noise amplification. For R = 4 it was found
to be (mean [max]) 2.2 [2.7] for the 4CV and 2.0 [2.4] for
the SAX. This performance affords the acquisition of up to 4
slices per breath-hold with clinically acceptable image qual-
ity. Noise amplification associated with ID parallel imaging
increased severely with R = 6 as demonstrated in Figure 9.

4 l DISCUSSION

This work reports on the design, implementation, evaluation,
and application of a modular 32-channel SGBT TX/RX array
tailored for CMR at 7.0 T. The compact SGBT antenna build-
ing blocks support a flexible and reconfigurable arrangement
of a high-density array that conveniently conforms to an aver-
age upper torso. The in vivo CMR feasibility study revealed
good image quality, anatomic coverage, B?’ penetration depth,
blood myocardium contrast (ie, CNR), and SNR. The overall
image quality and the high spatial resolution help to reduce
partial volume effects. These improvements may be particu-
larly useful for visualizing small rapidly moving structures
like valve cusps, assessing subtle anatomical features such as
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trabeculae. or extending morphologic assessment to the right
ventricle including patients with congenital heart disease.47‘4S

The footprint of the SGBT building block (89.3 X 48.0
X 25.8 mmg) is reduced by 64% versus a very well estab-

1 || Clished fractionated dipole (300 X 40 X 20 mm‘ ), 59 /r~ versus

FIG U R E 7 End-diastolic 4CV. SAX.
ZCV. and 3CV derived from ZD CINE
FLASH imaging (spatial resolution : l.l
X l.l X 2.5 mm}. TE = 2.09 ms.
TR = -1.55 ms. GRAPPA R = Z; views
per segment : I0. cardiac phases = 30.
BW = 446 H7./Px. nominal FA = 22°.
Vm, = 520 V). Subject l is shown as a
whole field of view (FOV) and as ROI
magnified view. All seven subjects (three

female. four male; age: 29-59: BMI: 23.8 1
2.1 kg/ml) were examined without subject-
specific adjustment of the SGBT antenna

array geometry or the phase set

a bow-tie building block (I50 X 70 X 40 mm'i).l7 43% ver-
sus a single-side adapted dipole (I43 X 70 X 42 l11lll3),l6 and
87‘/r versus a self-matched leaky-wave antenna (384 X 85 X
18 n11n3).5 The weight of the proposed building block is 156 g
which is 56 g heavier compared to a 32-channel cardiac loop
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F I GU RE 8 The 4CV (first row). magnified view of at section of the right ventricle (second row). and SAX view (third row) of the heart using
different in-plane resolutions and slice thicknesses ranging from standard clinical protocols l.8 X 1.8 X 6.0 mm‘ (A) and 1.4 X 1.4 X 4.0 mm] (B)
to enhanced spatial resolutions l.| X |.l >< 2.5 mm] (C) and 0.8 X 0.8 X 2.5 mm} (D). Normalized signal intensity plot (fourth row) along a circular
trajectory through the myocardium of the mid-ventricular SAX views at end-diastole. For this purpose. standard segmentation of the myocardium
was used“

element configuration with approximately 100 g (per chan-
nel), but 264 g lighter compared to a 16-channel cardiac
bow-tie building block configuration exhibiting a weight of
420 g per building block (size 40 X 150 X 70 mm} filled with
D3O).€"'7 As the hydrogel pad is an integral part ofthe SGBT
antenna array, the weight of the pad adds 1.3 kg, which re-
sults in additional 8| g per channel for the anterior part of the
antenna array.

The combined (Ella and Duke) B?’ shim procedure aimed
to balance Bf’ for both models and to provide a more gener-
alized phase shim (um) that supports a broader spectrum of
cardiac anatomy. Individual Bf optimization revealed a Bf
efficiency (mean i SD |min]) of (6.2 1 l.4 [4.0|) pT/\/kW

for Ella and (5.8 i 2.0 |3.0]) pT/\/kW for Duke. Previous re-
ports on transmission field shaping of loop antenna configu-
rations tailored for CMR at 7.0 T documented a BIT efficiency
of 7.4 1 3.6 pT/ \/kW (4 channel array), 5.4 1 3.1 pT/\/kW (8
channel array). and 6.5 i 3.1 |.tT/\/kW (I6-channel array).7
This translates into an at least 55% higher standard devia-
tion and 38% higher coefficient of variation (ratio of standard
deviation to mean). resulting in a reduced Bf’ homogeneity.
The maximum SAR")? obtained for both human voxel mod-
els does not exceed 0.3 W/kg per Watt of input power using
the proposed optimized phase set. This outcome is improved
or similar to previously reported RF array configurations
tailored for CMRI at 7.0 T.6‘8"U‘H"5‘l7'49 Simulation results
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FIG U RE 9 Results (female, subject Z) derived from lD parallel imaging using acceleration factors ranging from R = Z to R = 6. GRAPPA
accelerated 2D CINE FLASH (spatial resolution = l.l X l.l >< 2.5 mm}. TE = 2.5 ms. TR = 4.55 ms, views per segment = ll). BW = 446 Hz/Px,
nominal FA = 22°, Vm» = 520V) images (first and 4th row). SNR scaled maps (second and fifth row), and g-factor map (third and sixth row) for
4CV (A) and SAX view (B); both with phase encoding direction A-P

derived for a 32-channel loop array configuration tailored
for CMR at 7.0 T revealed a realistic transmit efficiency of
(mean) 0.47 |,lT/\/W for Ella and of 0.44 pT/\/W for Duke
and a transmit efficiency performance ratio of 73.5% for Ella
and 74.9% for Duke.“ This suggests an at least 25% improved
realistic transmit efficiency at an elevated performance ratio

for the SGBT antenna array (0.59 uT/\/W and 87.4% for
Ella, 0.55 uT/\/W, and 89.9% for Duke). The simulated Bl
superpositions for the SGBT antenna array revealed that the
efficiency reduction due to intrinsic coil losses is relatively
constant throughout the ROI. This presents an advantage over
loop arrays, where peripheral SNR experiences a stronger
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"The data contain the contrast-to-noise ratio (CNR. mean and SD). the SNR for the whole heart and the myocardium (mean. minimum. and maximum). and the
geometry factor (g-factor. mean. and max).

degradation due to coil losses compared to more central
locations.50

The hydrogel pad promotes the performance by enhancing
EMF coupling to the subject. Without the hydrogel pad and
an optimized phase set, the mean Bf’ efficiency in the heart is
reduced by 45% for Ella and 39% for Duke in the same simu-
lation setup, co-simulation, and Bf shimming approach. The
calculation of the optimal B] superposition for simulations
without the hydrogel pad revealed a lower performance ratio
forB|+(Ella: 52%, Duke: 60%) and Bl" (Ella: 49%, Duke: 57%).

The phantom study revealed a good agreement between
simulations and measurements which is documented by a
difference of 7% of the mean Bf“ efficiency values within
the defined ROI. The in vivo mean Br’ efficiency (female:
B?’ = 2.8 uT/\/kW, male: B?" = 2.3 pT/\/kW) showed
a deviation of 6% and 14% versus the simulations (Ella:
B1+= 2.9 pT/\/kW; Duke: Bf = 2.7 [tr/\/kw) including the
losses in the RF signal chain of -6.37 dB.

The small antenna building block size combined with
the excellent decoupling behavior enables the setup of high-
density arrays, where the building blocks can be arranged
close to each other without additional decoupling measures.
The compactness of the RF array benefits parallel imaging
performance, where electrodynamics dictates a rapid SNR
degeneration at high 1D accelerations. In recognition of the
benefits of the SGBT antenna, the high-density RF array might
be translated into a reduction of noise amplification in parallel
imaging with the goal to preserve SNR by using 2D acceler-
ation versus 1D accelerations 1'53 2D parallel imaging of the
heart is only practical in the slice direction if compact RF el-
ements such as the SGBT are used as RF arrays. The mean
whole heart SNR values and CNRs of the proposed SGBT

antenna array outperform the SNR and CNR reported for a
32-channel loop array configuration with the exception of the
SAX view at R = 6.6 For the 4CV and the SAX view at R = 4
the mean SNRwhn1c_hCm_mm was 17 and 20 for the SGBT de-
sign versus l 1 and 17 for the 32-channel loop array.6 The mean
CNR for 4CV and SAX at R = 4 were found to be 14 and 20
for the SGBT antenna array which compares to 3 and 10 for
the loop array configuration.“ The benchmarking of the mean
g-facto1'wh,,Ic_|mn_“mn revealed lower values for R 5 3, whereas
increased reduction factors (R > 3) showed superior perfor-
mance of the loop array compared to the SGBT arrayf’ Due to
differences in the acquisition and the image reconstruction, the
results of this comparison need to be interpreted with caution
and are subject to variations in the GRAPPA reconstruction.

The SGBT building block was matched and tuned to a
resonance frequency of 297.2 MHZ in this work. It can be
conveniently adapted to a wideband configuration supporting
resonance frequencies of up to 600 MHZ which would facil-
itate CMR at magnetic field strengths of up to 14.0 T.23‘27 A
high-density TX/RX array accommodating wideband SGBTs
would afford ll-1/191: CMR which would promote translational
research by benefitting explorations into molecular CMR in-
cluding assessment of cardiac i11flan1rnation.5'l‘55

Recognizing the opportunities of adding a thermal in-
tervention dimension to an MRI device for studying the
role of temperature in biological systems and disease our
high-density RF array opens a trajectory to an integrated.
multi-purpose RF applicator. This applicator accommodates
RF-induced heating, in vivo temperature mapping using MR
thermometry, anatomic and functional MRI, and the option
for x-nuclei MRI (Thermal MR).56'6l Potential clinical ap-
plications extend beyond diagnostic cardiac imaging and can
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serve as a platform to treat cardiovascular diseases, where
localized RF intervention might be used, eg, terminate de-
fective electrical pathways. Studies will reveal whether
UHF-MR guided targeted RF heating for focal RF ablation
can be used to terminate defective electrical pathways in the
heart, and offer an alternative approach to current invasive
intracardi ac catheterization for the treatment of tachycardia.

5 I CONCLUSIONS
To conclude, the presented high-density transceiver array
supports CMR at 7.0 T using a single feeding RF power
amplifier mode without the need for subject-specific shim-
ming or coil adjustments for the considered BMI range. The
proposed cardiac TX/RX array is compatible with a multiple
feeding RF power amplifier mode and contributes to the tech-
nological basis for the future clinical assessment of parallel
transmit techniques designed for cardiac MR at ultrahigh
magnetic fields. This work demonstrated the feasibility of
the proposed modular TX/RX array for cardiac MR but the
range of applications can be extended to renal imaging, ab-
dominal imaging, pelvic imaging, thorax, and lumbar spine
imaging, as well as other large-volume imaging MR applica-
tions by reconfiguring the SGBT building block-based array.
With appropriate multi-transmit systems that offer more than
today’s state-of-the-art 8 or 16 TX channels, one might en-
visage the implementation of cardiac coil arrays with 32 and
more TX/RX elements with the ultimate goal to break ground
for many elements upper torso or body RF coil array.
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Targeted thermal intervention within an MRI system offers the opportunity to employ an 

antenna system that combines anatomical (1H) as well as therapeutic (19F) imaging, thermal 

intervention, and MR-thermometry in a single device. The focal point quality for the RF power 

deposition in the thermal intervention is governed by the radiation pattern of the single RF transmit 

elements, the channel count, and the thermal intervention frequency of the applicator.40–42 The RF 

applicator represents the last element in the signal chain for the Thermal MR setup (Figure 3). The 

wideband SGBT building block employs an antenna system with allowing an adjustment of the 

amplitude, phase, and frequency of the intervention signal (Section 1.5.2). Its small footprint and low 

coupling enable a high channel density which increases the degree of freedom for EMF shaping. The 

broadband ability supports time-multiplexed beamforming43, a mixed frequency approach44, and a 

time- and frequency-multiplexed45 signal transmission to the subject. The usability of the single 

wideband SGBT antenna is shown in a phantom imaging study and thermal intervention experiments 

at 300 MHz, 400 MHz, and 500 MHz, as well as for in vivo imaging experiments. For the MRI study a 

whole-body 7.0 T was used, but the broadband characteristics of the introduced antenna supports 

field strengths beyond this as well. Due to the broadband antenna concept, it is independent to 

variations loading conditions, and facilitate 19F MRI without additional tuning. 19F MRI is of high interest 

for therapeutic localization and tracking. Furthermore the RF induced thermal intervention in 

combination with 19F MRI can be used to supervise the release of fluorinated therapeutics from 

thermosensitive nanocarriers.76 

The wideband SGBT building block is a multipurpose antenna element allowing 1H and 19F 

MRI (approximately 7.0 T to 14.0 T), RF induced broadband thermal intervention, and 

MR-thermometry. With the free adjustment of the frequency of intervention signal it offers an 

extension of the features provided by the narrowband SGBT antenna system (Section 1.4).  
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Abstract
The objective of this study was the design, implementation, evaluation and applica-
tion of a compact Wideband self-grounded bow-tie (SGBT) radiofrequency
(RF) antenna building block that supports anatomical proton (1H) MRI, fluorine (HF)
MRI, MR thermometry and broadband thermal intervention integrated in a whole-
body 7.0 T system.
Design considerations and optimizations were conducted with numerical electromag-
netic field (EMF) simulations to facilitate a broadband thermal intervention frequency
of the RF antenna building block. RF transmission (Bf) field efficiency and specific
absorption rate (SAR) were obtained in a phantom, and the thigh of human voxel
models (Ella, Duke) for 1H and 19F MRI at 7.0 T. Bf efficiency simulations were vali-
dated with actual flip-angle imaging measurements. The feasibility of thermal inter-
vention was examined by temperature simulations (f = 300, 400 and 500 MHz) in a
phantom. The RF heating inten/ention (Pin = 100 W, t = 120 seconds) was validated
experimentally using the proton resonance shift method and fiberoptic probes for
temperature monitoring. The applicability of the SGBT RF antenna building block for
in vivo 1H and 19F MRI was demonstrated for the thigh and forearm of a healthy
volunteer.
The SGBT RF antenna building block facilitated “F and 1H MRI at 7.0 T as well as
broadband thermal intervention (234-561 MHZ). For the thigh of the human voxel
models, a Bf efficiency 211.8 pT/\/kW was achieved at a depth of 50 mm. Tempera-
ture simulations and heating experiments in a phantom demonstrated a temperature
increase AT >7 K at a depth of 10 mm.
The compact SGBT antenna building block provides technology for the design of
integrated high-density RF applicators and for the study of the role of temperature in

Abbreviations used: ‘H, proton; "F, fluorine: AFI. actual flip—angle imaging; Bf, transmit radio frequency field; EM. electromagnetic: EMF. electromagnetic field; 2,, relative dielectric constant;
FR4, flame-retardant substrate (class 4); MR thermometry, magnetic resonance thermometry; PFCE, perfluoro-15-crown-ether; PRFS. proton resonance frequency shift; PTFE,
polytetrafluoroethylene: RF, radiofrequency: RFPA, radiofrequency power amplifier; SAR, specific absorption rate; SARIOB, specific absorption rate averaged over 10 g material or tissue; S“.
scattering matrix entry i,j; SGBT. self-grounded bow-tie: Thermal MR, thermal magnetic resonance; UHF-MR. ultrahigh field magnetic resonance.
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(patho-) physiological processes by adding a thermal intervention dimension to an
MRI device (Thermal MR).

K E Y W O R D S

broadband antenna, magnetic resonance, radiofrequency antenna, self-grounded bow-tie,
thermal intervention, thermal magnetic resonance, ultrahigh field MR

1 I INTRODUCTION

Temperature is a critical attribute of life, since biological processes are highly sensitive to temperature changes. The aberrant thermal properties
of pathological tissues have led to a strong interest in temperature as a clinical parameter, but this interest has been hampered by the lack of non-
invasive methods to measure and manipulate temperature,“ Vigorous efforts in fundamental research and (bio)engineering of electromagnetic
(EM)-induced heating has resulted in an enormous body of literature, paving the way for further technical developments.“

Targeted radiofrequency (RF)—induced thermal intervention based on constructive interference of EM waves transmitted within an MRI
system is conceptually appealing for pursuing image-guided mild hyperthermia and other thermal interventions including controlled release of
therapeutics from nanocarriers that bestow environmental responsiveness to physiologically relevant changes in temperature.“ The efficacy and
release profiles of MR—sensitive fluorine payloads from thermos—responsive nanocarriers can be monitored and quantified with ”F MRI, which
could provide an ideal means to monitor the release kinetics and bioavailability of an MR visible cargo in vivo, which would be a major leap for-
ward to temperature-induced drug delivery in vivo.1° in vivo thermometry and thermal dose management are essential for temperature-triggered
interventions or drug delivery, and are at the forefront of the awareness and attention of the corresponding research communities. Similar to pro-
ton, the fluorine resonance frequency is also affected by temperature and can be exploited for temperature monitoring of fluorinated probes.“

Ensuring a patient— and probIem—oriented adaptation of the size, uniformity and location of the RF energy deposition in the target region
is highly relevant for the thermal intervention, with the focal point quality being governed by the radiation pattern of the single RF transmit
element, the RF channel count and the thermal intervention radiofrequency of the RF applicator.12'15 Reports on the radiation pattern of res-
onant structures underline the benefits of dipole antenna arrays for enhancing the focal point quality in thermal interventions.16 These
pioneering developments include dipole configurations with a reduced size, using high-permittivity dielectric and low-loss materials for
antenna shortening en route to high-density arrays.‘7'1B The thermal intervention frequency is a significant parameter that impacts the focal
point quality. While long RF wavelengths in tissue at 64 MHz (1.5 T) are not suitable to focus EM energy within small targeted areas, the
shortened wavelength in tissue at 2297 MHz (7.0 T) enables stronger focusing of RF fields, thanks to more localized interference pat-
terns.“'18 Theoretical research and numerical simulations of targeted RF heating have shown how an ultrahigh field MR (UHF—MR) instrument
can be adapted to generate highly focused heat in regions of tissue by the use of RF antenna arrays,“ Studies on ultimate intrinsic specific
absorption rate (SAR) and RF applicator concepts suggested high frequencies of up to 1 GHz for a highly focused EM energy deposition.‘2'13
Antenna count and positioning also influence the focal point quality.“ Increasing the number of antennas enables a lower surface RF energy
deposition, while the focal point quality can be improved by longitudinal steering using multiple rings of antenna along the z-dimension.13'19
A variable frequency increases the degrees of freedom (amplitude, phase and frequency) to modulate the focal point quality.13'19'2° Reports
on this subject suggest an ideal intervention frequency or a mix of intervention frequencies for a particular target and target Iocation.19‘23 A
compact wideband antenna setup based on a self-grounded bow-tie (SGBT) antenna is a potential answer to the need for multiple rings and
a high channel count setup to enable broadband thermal intervention.”'22’24 While several previous reports on RF antenna systems have
addressed these multiple issues individuaIly,8'15'18’2°‘25 our objective with this new design was to achieve a comprehensive solution.

Recognizing the opportunities of adding a thermal inten/ention dimension to an MRI device (Thermal MR) for studying the role of tempera-
ture in biological systems and disease, this work reports on the design process, implementation, evaluation and application of a compact wideband
SGBT building block. We demonstrate the suitability of this design for thermal intervention, proton (1H) MRI, 1H MR temperature mapping and
fluorine (HF) MRI in a single device, integrated in a whole-body 7.0 T MRI system.

2 I M ETH O DS

2.1 I RF antenna building block design considerations

The RF antenna building block consists of an SGBT antenna with a dielectric material filled housing (Figure 1A). The SGBT antenna is based on a
design with a strong main lobe directivity and limited back radiation due to the self—grounded backplane.“ This feature makes it an ideal
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F I GU R E 1 (A) Basic scheme of the SGBT building block, balun and SGBT antenna design. (B) Additively manufactured building block with the
SGBT antenna placed inside the housing and with the balun positioned on top of the building block. (C) Experimental setup with SGBT building
block, water bolus and phantom used for magnetic transmission field assessment and thermometry measurements. (D) Basic scheme of the setup
including the positioning of small tubes within the phantom (length = 210 mm; width = 140 mm; depth = 64 mm) for accommodating fiberoptic
probes for temperature measurements or a fluorinated compound for fluorine MRI. (E) Measured broadband material characteristics of the used
phantom for a frequency ranging from 200 to 500 MHz

candidate for a highly efficient thermal intervention antenna with the ability of MR imaging at 7.0 T2223 A deuterium oxide (D20, 99.9%, s, m
81 at 297.2 MHZ, Sigma Aldrich GmbH, Munich. Germany) filled housing was used to shorten the effective transmit RF wavelength to reduce the
overall antenna size.17‘19

The SGBT antenna was manufactured with 0.3 mm copper, to guarantee a mechanically robust antenna system. A low~permittivity dielec-
tric material was used to improve the broadband characteristics by spreading the electric field in the tip area of the antenna.” The dielectric
material thickness was found to have a minor influence on the broadband characteristics, so that 0.5 mm FR4 was used to limit the degrees
of freedom for the antenna optimization. Additive manufacturing based on lithography (Form2, Formlabs, Somerville, MA) was used to model
the housing of the building block (Figure 1B). A balanced to unbalanced (balun) transformer, manufactured of copper—coated FR4 composite,
was employed to match a 50 Q coaxial device (coaxial cable) to the antenna port and vice versa.2° A microstrip exponential taper was used
to combine the balun with impedance matching.2°'24 To enhance the efficiency and directivity of a dipole antenna for targeted heating, a
water bolus between the radiating element (here. the SGBT building block) and the subject or phantom was used.8'27 The water bolus was
filled with deionized water (H20) to minimize costs; it was separated from the D20-filled building block with a 0.5 mm FR4 layer. The
water bolus (with the dimensions 59.0 x 119.4 x 20 mma) was manufactured from a waterproof latex cover stabilized by a plastic ring
(thickness = 5 mm).
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2.2 I RF antenna building block optimization approach

The software package CST Microwave Studio 2018 (Computer Simulation Technology GmbH, Darmstadt, Germany) was used for numerical elec-
tromagnetic field (EMF) simulations and optimization. Interactions between the components of the RF antenna building block were evaluated
step—by-step: (i) submerging the antenna in distilled water, (ii) placing the antenna within the building block housing with the water bolus installed,
and (iii) combining the SGBT building block with the exponential stripline balun. The complex interaction of the components of the antenna design
required evaluation and optimization of the geometry of the combined setup, whereas the optimization parameter space is multidimensional and
listed in Table 1, including upper and lower limits as well as the optimization result. A genetic optimization algorithm implemented in CST was
applied for the multidimensional optimization.” The population of the algorithm was set to 4 x 8 at a mutation rate of 60% with a maximum num-
ber of iterations of 60. The cost function used a reflection coefficient S11 s -13 dB for 260 to 600 MHz and S11 s -10 dB for 600 to 700 MHz
with the objective to enable fluorine imaging (flee = 279.6 MHz), proton imaging (f1H = 297.2 MHZ) and MR thermometry at 7.0 T. as well as
supporting a broadband frequency regime for thermal interventions. For the optimization process, a rectangular box (length = 240 mm, width =
240 mm, height = 150 mm) filled with muscle tissue mimicking material was used. For this purpose the dispersive material specifications were pro-
vided by the lT’lS Foundation (Zurich, Switzerland) for a broad frequency range.” This setup was used instead of an upper thigh of the virtual
population to limit the computational effort.3° The basic feasibility of a high-density array of SGBT antenna building blocks was evaluated and
confirmed in EMF simulations and measurements of the nearest neighbor coupling. To cover all possible arrangements in an array configuration,
the coupling ($21) of the reference antenna (Ref) to the antennas A, B, and C was exemplarily investigated.

2.3 I EMF, SAR and temperature simulations

Evaluation simulations of dielectric losses, transmit RF Bf field, SAR distribution and temperature were performed with the time domain
solver of CST Microwave Studio 2018. Dielectric losses were analyzed for the individual components (balun, antenna, building block and water
bolus) of the proposed SGBT building block. The B1’ efficiency was calculated by dividing the transmit RF field by the square root of the input
power. Simulations were performed for a phantom validation setup (length = 210 mm, width = 140 mm, depth = 64 mm, shown in Figure 1)
and for the human voxel models Ella and Duke from the virtual population using a voxel resolution of 1.0 x 1.0 x 1.0 mm3.3° For the simula-
tions, the SGBT building block and the water bolus were positioned (i) in the center of the phantom surface (Figure 1D) and (ii) at the surface
above the center region of the left thigh of the human voxel models. The boundary region distance between the SGBT building block filling
and the water bolus was considered as 0.5 mm FR4; the water bolus latex cover was found to be 20.02 mm and was neglected in the simula-
tions. The measured dielectric parameters of the phantom (based on an open-end coaxial probe setup)“ and the tissue specifications” for the
human voxel models were defined as dispersive to support the broadband intervention (Figure 1E). The mesh resolution was kept at s4.0 x
4.0 x 4.0 mms for both phantom and voxel model studies. The evaluation differentiates between two modes: (i) the imaging mode at fie; =
279.6 MHz and f1H = 297,2 MHz, and (ii) the thermal intervention mode at fl = 300 MHz, f; = 400 MHz and f3 = 500 MHz. For the imaging
mode, both Bf efficiency distribution and SAR distribution according to IEC 62704-1 standards were examined.” SAR was normalized to
1 W input power and averaged over 10 g of tissue (SAR1og). Evaluation of the Bf efficiency and SAR10g distribution were assessed for a

TABLE 1 Metrics, including boundaries used and results obtained for the genetic optimization of the SGBT building block and the exponential
stripline balun. The building block dimensions were considered without the housing (3 mm thickness manufactured, 0.5 mm FR4 substrate). The
overall antenna length (l,m| = 46.3 mm) is defined with the radius of the antenna bending radius (r = 7.5 mm). The building block length top
(lbU;|d,,,g block = 85.1 mm) is defined with the building block scaling factor and the building block width top

Description Lower limit

Antenna aperture angle. [°] 65 100 74

Upper limit Optimization result

Antenna length backplane [mm]
Antenna width backplane [mm]
Antenna pin width [mm]
Balun antenna connector [mm]
Balun width [mm]
Building block width top [mm]
Building block length bottom [mm]
Building block height [mm]
Building block scale factor

25.0

27.0

1.5

1.5

30.0

40.0

70.0

12.0

1.01

35.0

45.0

3.0

6.0

55.0

60.0

110.0

30.0

1.60 1.49

31.3

42.3

1.7

4.5

39.3

56.9

108.4

18.9
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central transversal slice through the left thigh of Ella and Duke. Temperature simulations were performed with a uni-directional, thermal
transient solver in CST Microwave Studio's postprocessing routine. For this purpose, material parameter estimations used for the thermal inter-
vention were derived from the literature, including phantom density (1230.89 g/I), heat capacity (2.9635 J/g/K) and thermal conductivity
(Q4355 W/m/K).33'3"

2.4 I Hardware

Bench measurements of the reflection coefficient were performed using an eight-channel vector network analyzer (VT 8, Rohde & Schwarz,
Memmingen, Germany) and analyzed in MATLAB (MathWorks, Natick, MA). ‘H MRI, 19F MRI and MR thermometry were conducted using a 7.0 T
whole-body MRI system (MAGNETOM, Siemens Healthineers. Erlangen, Germany) equipped with an 8 x 1 kW RF amplifier (StoIberg HF-Technik
AG. Stolberg-Wcht, Germany) and a gradient system with a maximum slew rate of 170 mT/m/ms and gradient strength of 38 mT/m (Siemens
Healthineers). The heating regime setup consisted of an external signal generator (SMGL, Rohde & Schwarz) and a custom-made power amplifier
supporting continuous 100 W forward power at the desired frequencies of f1 = 300 MHz, f2 = 400 MHz and f3 = 500 MHz.

2.5 I Validation of EMF and temperature simulations

EMF and temperature simulations were validated using a custom-made phantom (Figure 1C-E) filled with deionized water, sucrose (994.0 g/I),
NaCl (38.8 g/ll, agarose (20.0 g/I) and CuSO4 (0.75 g/I). Three vertically aligned polytetrafluorethylene (PTFE) plastic tubes (inner diameter =
2 mm) were placed at increasing depths in the center of the phantom to accommodate fiberoptic probes (Omniflex. Neoptix. Québec, Canada) for
temperature measurements.

The performance of the developed RF antenna building block and its reflection coefficient was validated for the phantom and a healthy
male human subject (aged 29 years). For transmit RF field validation, Bf mapping was conducted in the phantom using 3D actual flip angle-
imaging (AFI) (spatial resolution = 1.0 x 1.0 x 5.0 mma, TE = 2.07 ms, TR1 = 35 ms, TR; = 115 ms, nominal FA = 30“, scan time = 2.25 minutes
per slice, 96 slices).35 The deviation of the measured Bf field from the loss-conected simulated Bf efficiency field was calculated for the
central transversal slice through the phantom. A comparison with the simulations of the Bf efficiency field along three vertical lines in the
transversal slice was conducted for the central, 10 mm left and 10 mm right lines. Temperature simulations were validated in a phantom study
by performing heating experiments at frequencies fl, f2 and f3 in conjunction with MR thermometry at 7.0 T. The antenna was connected to an
external RF power amplifier (RFPA) for the heating experiments and manually reconnected to the MRI signal chain for thermometry. RF heating
was performed in the iso-center of the MRI bore at room temperature (~ 297 K) for 120 seconds continuously applying P... = 100 W at the
antenna building block. Cable losses of <-1.9 dB were compensated for by adjusting the output amplitude of the RF power amplifier at all
examined frequencies. 2D MR thennometry was conducted using the proton resonance frequency shift (PRFS) method by applying a dual
gradient-echo method (spatial resolution = 1.5 x 1.5 x 4.0 mma, TE, = 2.26 ms, TE; = 6.34 ms, TR = 102 ms, scan time = 0.44 minutes) before
and after the RF heating period.3°'3° The relative temperature mapping of PRFS after the heating process was compared with fiberoptic probe
measurements.

2.6 I Ethics statement

For the in vivo feasibility study, a subject without any known history of disease was included after approval by the local ethical committee
(registration number DE/CA73/5550/O9, Landesamt fi'.ir Arbeitsschutz, Gesundheitsschutz und technische Sicherheit, Berlin, Germany). Informed
written consent was obtained from the volunteer prior to the study.

2.7 I 1H and “F MR imaging

Phantom and in vivo studies were performed to demonstrate the “F and ‘H imaging characteristics of the SGBT building block. The tubes within
the phantom, previously used for temperature measurements. were filled with high fluorine content nanoparticles prepared according to the
literature.“ 19F-rich nanoparticles were prepared by emulsifying perfIuoro-15-crown-5-ether (1200 mmol/L) (PFCE; Fluorochem, Hadfield, UK)
with Pluronic F-68 (Sigma-AIdrich).4° For the in vivo study, 15 g of flufenamic acid (101 mmol/ L), a nonsteroidal antiinflammatory drug containing
19F (Mobilat, Stada, Bad Vilbel, Germany) was sealed in a latex bag and placed on the forearm or the upper thigh of a healthy male volunteer.”
The imaging protocol (one sagittal and three transversal slices) included:
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Phantom 1H: FLASH, spatial resolution = 0.5 x 0.5 x 2.5 mma, TR = 50 ms, TE = 2.86 ms, nominal FA = 40°, receiver bandwidth = 260 Hz/Px,
scan time = 1.18 minutes;
Phantom “F: RARE. spatial resolution = 0.5 x 0.5 x 5.0 mm3, TR = 1000 ms. TE = 5.20 ms, nominal FA = 180°, echo train length = 4, averages
= 8. receiver bandwidth = 592 Hz/Px, scan time = 12.51 minutes;
Foreami 1H: FLASH, spatial resolution = 0.5 x 0.5 x 2.5 mm3, TR = 90 ms, TE = 3.86 ms, nominal FA = 30°, receiver bandwidth = 260 Hz/Px,
scan time = 1.18 minutes;
Foreami “F: RARE, spatial resolution = 1.5 x 1.5 x 5.0 mma, TR = 2360 ms, TE = 5.60 ms, nominal FA = 180°, echo train length = 16, averages
= 8, receiver bandwidth = 337 Hz/Px, scan time = 2.27 minutes;
Thigh ‘H: FLASH, spatial resolution = 0.5 x 0.5 x 2.5 mm3, TR = 90 ms, TE = 3.86 ms, nominal FA = 30°, receiver bandwidth = 260 Hz/Px, scan
time = 2.20 minutes;
Thigh19F: RARE, spatial resolution = 1.5 x 1.5 x 5.0 mms. TR = 2000 ms, TE = 5.60 ms, nominal FA = 180“, echo train length = 16, averages =
8, receiver bandwidth = 337 Hz/Px, scan time = 2.12 minutes.

3 | RESULTS

3.1 I Characterization of the RF antenna building block

Figure 1 shows the building block with an SGBT antenna and a stripline balun after the optimization process. The weight of the filled building
block was m = 150 g, with dimensions of 114.4 x 54.0 x 22.5 mmg.
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EMF simulations of the individual components revealed the contributions of the RF antenna, building block, water bolus and balun to the
broadband characteristics of the proposed RF antenna building block. The reflection coefficient of the antenna immersed in water showed broad-
band behavior with a resonance at 335 MHz. The bandwidth was increased using a low dielectric material at the tip area (Figure 2A).” With the
dielectric material, the antenna impedance decreased from 50.6 Q — j 19.3 Q at 234 MHz to 28.5 Q +j 0.8 Q at 560 MHz (Figure 2B). The water
bolus between the subject and the RF antenna building block ensured EMF propagation at a broadband frequency range (Figure 2C,D). The bolus
resulted in more wideband behavior of the reflection coefficient, and a more constant impedance (49.8 Q — j 3.9 Q at 234 MHz to 21.4 Q +j 14.5
Q at 560 MHZ) at the antenna feed for the SGBT building block (Figure 2C,D). Introducing the balun allowed matching of a 50 Q coaxial cable to
the 43.5 Q differential antenna port (stripline width = 4.5 mm). The combination of the RF antenna building block with the balun resulted in an
overall bandwidth of 340 MHz (for S11 <—10dB, f = 235 to 575 MHz).

The simulated S11 parameters in the phantom were in good agreement with the measured values from 250 to 650 MHz (Figure 2E). The mea-
sured cut-off frequency was increased by 6 MHz compared with the simulation, with an overall linear difference between simulation and mea-
surement of 3.3% 1 1.9% (mean : SD). The reflection coefficient obtained from simulations with the RF antenna building block placed on the left
thigh of the human voxel model Duke and Ella exhibited a bandwidth of Af = 337 MHz for Duke and Af = 303 MHz with an increased minimum
of S11 <—9.4 dB for Ella (Figure 2F). The measurement of the healthy subject provided a broadband response with an enhanced overall bandwidth
ranging from 292 to 664 MHz for S11 <-10 dB.

Simulation and measurement of the nearest neighbor coupling between individual SGBT building blocks revealed exemplary Si] <-17 dB for
possible antenna arrangements in an array configuration (Figure 3).
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3.2 I EMF, SAR and temperature simulations

The dielectric power losses of the RF antenna building block and the water bolus ranged from 8.8% at 300 MHz to 15.6% at 500 MHZ for the
accepted RF power at the coaxial cable connector. The major part of the losses was due to the filled building block (5.2% at 300 MHZ to 8.4% at
500 MHz) and the water bolus (2.5% at 300 MHZ to 5.3% at 500 MHz). Losses for the SGBT antenna were 20.5%, whereas the balun showed
losses of 51.4% for 5500 MHZ. B1‘ efficiency maps and SAR distributions for “F and 1H obtained for the human voxel models are illustrated in
Figure 4. Ella showed a minor decrease in the transmission field efficiency compared with Duke. For Duke and Ella, a B1’ efficiency 211.8 pT/
\/kW was achieved at a depth of 50 mm (Figure 4A,B). The 1 W-normalized SAR10g distribution at tn; = 279.6 MHz and f1H = 297.2 MHZ showed
a maximum SARwg = 1.8 W/kg for Ella and SAR1°g = 3.0 W/kg for Duke (Figure 4C,D). Considering the measured hardware losses of -3.2 dB for
the RF imaging signal chain, the input power was limited to 7.0 W, to stay within the 10 W/kg for SAR10g limits of the IEC guidelines for the
normal operating mode.“ The simulations on the phantom revealed a Bf efficiency of 211.1 pT/\/kW at a depth of 50 mm (Figure 5).
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FIGU RE 4 Experimental arrangement of the building block and the water bolus placed on the left thigh of the human voxel model Duke and
Ella: (A) cut plane in Z-direction and (B) top view. (C) Radiofrequency transmission (Bf) field simulation maps of the left thigh of the human voxel
models for fluorine (”F) and proton (1H). (D) Specific absorption rate (SAR) averaged over 10 g tissue (SAR1Qg) at f19F = 279.6 MHZ and f1H =
297.2 MHz of the left thigh of the human voxel models. (E) Comparison of the Bf field along the center line (marked in (C)) derived from the
EMF simulations of the thigh of Duke and Ella. (F) Comparison of the SAR1Qg distribution along the indicated center line (marked in (C)) of the
thigh of Duke and Ella
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FIGU RE 5 Radiofrequency transmission (Bf) efficiency map obtained from (A) numerical simulations and (B) experiments based on the actual
flip angle imaging technique (AFI) of the indicated SGBT building block with the water bolus on the phantom. (C) Absolute and (D) relative
difference maps of the simulation and the measurement of the phantom setup. (E) Bf field values obtained from simulations and measurements
along the lines (marked in (A) and (B)) in the phantom

Temperature simulations demonstrated the wideband thermal intervention feasibility providing a comparable heating pattern in the phantom
at f1 = 300 MHZ, f; = 400 MHZ and f3 = 500 MHz (Figure 6).

3.3 | Validation of EMF and temperature simulations

The simulated Bf efficiency maps showed qualitative and quantitative agreement with the results derived from experimental Bf mapping. The
difference map revealed a deviation of less than 6.7 pT/\/kW (or 17%) for the central area underneath the RF antenna building block by consider-
ing the measured -3.2 dB losses in the RF signal chain. The Bf profiles along the lines indicated in Figure 5A.B demonstrate both the quantitative
and qualitative agreement between the simulation and the measurement.

Connecting the SGBT building block to the MRI RF signal chain employed for imaging experiments and MR thermometry took t,,,a,,,,,,,,,,, =
1.15 minutes. A relative difference map between simulation and MR thermometry temperature distribution and a profile along the central axis
underneath the antenna, including the fiberoptic probes, is shown in Figure 6C,D. The difference between the temperature simulations and MR
thermometry along the indicated vertical lines of Figure 6A,B is 0.79 : 0.36 K for f1, 0.82 : 0.36 K for f2 and 1.19 1 0.38 K for f3 (mean : SD). An
overall difference between simulation and measurement of 0.94 1 0.40 K (mean 1 SD) for all profiles in the performed then'nal interventions was
calculated. The mean difference between the fiberoptic probe measurements and MR thermometry was 0.66 K for all probe locations (Figure 6D).
Probe position 1 showed a higher relative deviation (>15.4%) compared with the other measurement points (<9.3%) for all intervention frequen-
cies (Figure 6D).
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F I GU RE 6 (A) Temperature simulations in the phantom after 120 seconds of thermal intervention at continuous P," = 100 W at the antenna
port for f1 = 300 MHZ, f; = 400 MHZ and f3 = 500 MHz. Highlighted are the reference line and three fibreoptic probe positions (P1-P3) used for
one-dimensional plots. (B) Temperature measurements were obtained with MR thermometry based on proton resonance frequency shift (PRFS).
The reference line and three fiberoptic probe positions (P1-P3) used for one-dimensional plots are highlighted. (C) Difference maps obtained from
the numerical simulations and measurements of the phantom setup. (D) Comparison of the RF heating-induced temperature changes obtained
from temperature simulations and experimental measurements

3.4 | ‘H and "F MR imaging

imaging PFCE in the phantom study, as well as the fluorinated topical drug in the in vivo studies, showed sufficient signal to locate the compounds
in the proton reference images. This demonstrates the feasibility of "F and 1H imaging with the proposed broadband SGBT antenna building
block without additional tuning and matching circuits (Figure 7).

4 | DISCUSSION

This work demonstrates the design and optimization of a novel wideband SGBT building block to support thermal intervention, 1H MRI, ‘H MR
temperature mapping and “F MRI integrated in a whole-body 7.0 T MRI system.

The water bolus has a significant role in the overall SGBT building block behavior; it ensures proper coupling between the building block and
the object under investigation, allowing impedance matching, and forming a short waveguide—like element This promotes the perfomwance by
(i) affording a compact size of the antenna building block, (ii) enhancing EMF coupling to the subject, and (iii) enabling broadband characteristics of
the antenna. Additionally, flowing water within the bolus could be used to allow for superficial cooling during thermal intewentions.a'19'27’42 With-
out proper impedance matching by the water bolus, the reflection coefficient showed a single self-resonance at - 645 MHz. With the water bolus
installed, the SGBT antenna design and the building block optimization yielded a nearly constant impedance and low—reflection coefficient for a
wide bandwidth. Adapting the exponential stripline balun to the impedance at the feeding pins of the antenna allows a connection to a 50 Q
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FIGURE 7 Proton image (IH), fluorine image (A) 1H 19F I'\ .
(19F) and NF/1H overlay. The position of the RF
building block is outlined in white; the water
bolus is indicated by an arrow in the 1H images.
Illustrated are (A phantom axial slice, (B) phantom
sagittal slice, (C) forearm axial slice and (D) thigh
axial slice

(B)

(C)

(D)

coaxial cable. This low-loss stripline balun is advantageous for high-peak and average-power applications such as MR imaging and thermal
interventions.

The proposed compact SGBT building block affords a size reduction of 55% and 72% compared with previously reported SGBT (107 x 78 x
31 mm3) and bow-tie (150 x 70 x 40 mma) RF antenna building block configurations, respectively.18'22 A previous implementation of a single—side
adapted dipole antenna that used high dielectric material to shorten the wavelength had a volume of 143 x 70 x 42 mma; our proposed design is
72% smaller in volume than this.” The size reduction is even more pronounced when benchmarking the proposed SGBT building block against
pioneering dipole designs without a dielectric cavity, such as fractionated dipole (I = 300 mm),“3 snake dipole“ or meander dipole (I = 320 mm)
designs.” For example. a well-established implementation of the fractionated dipole uses a housing with a size of - 300 x 40 x 20 mm3; our com-
pact SGBT configuration results in a volume reduction of 52% compared with this, and a reduction in the antenna length of nearly a factor of
three/'3 The compact size of the RF antenna building block and its low nearest neighbor coupling is suitable for high-density and many-element
RF array configurations, which is crucial for improving the focal point quality of thermal interventions and for approaching the ultimate SAR ampli-
fication factors predicted by numerical simulations.12‘14

The proposed antenna design shows an efficiency of 91.2% at 300 MHZ and 84.4% at 500 MHz, with the dielectric losses being mainly
attributed to the filled building block and the water bolus. The efficiency of the proposed building block could be increased using dedicated low-
loss, high-permittivity dielectrics (eg, ceramics) close to the copper part of the SGBT antenna. The compact SGBT building block supports imag-
ing at 7.0 T with a Bf efficiency of 211.8 uT/\/‘kW at a depth of 50 mm for 1H and 19F MRI. Although the coupling of the electric field from the
building block to the subject increases due to the water bolus, the superficial SAR is still comparable with other array antenna designs by scaling
the results to 1 W input power per channel.17'43 Incorporating 19F MRI adds additional value to the thermal intervention by providing the
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capacity for detection and quantification of fluorinated compounds, allowing research and implementation on fluorinated, thermally activated
drugs (eg, release of fluorinated compounds from thermosensitive carriers).1°'4°'47 Further to 19F and 1H imaging, the SGBT antenna building
block supports RF-induced heating for a broad frequency range. Arranged in an RF array, this feature facilitates the adjustment of the thermal
intervention frequency, providing an extra degree of freedom to the thermal inten/ention.12'1“>1° The proton-based MR thermometry has the
potential to acquire three-dimensional temperature maps, enabling a feedback loop to control RF power deposition during a thermal interven-
tion.“ Our temperature simulations, MR thermometry and temperature measurements showed good agreement with a temperature rise of AT
>7 K at a depth of 10 mm. It is a recognized limitation of our proof-of-principle study that manual switching was used to change between the
RFPAs used for thermal intervention and for MRI. Due to a time delay between RF heating and MR thermometry, an underestimation of the
monitored temperature could occur. For clinical implementation with multiple antennas, a controllable switch is beneficial to avoid time delays
and connection errors for sequential RF heating and MR thermometry.

Phantom and in vivo imaging experiments demonstrated the feasibility of a broadband RF antenna concept for 1H and "F imaging without
tuning and matching based on discrete inductive and capacitive elements. For "F in vivo imaging, the 15 g of topical ointment used in the
proof-of-principle study showed sufficient SNR to visualize and register the 19F image with the 1H image. Analytically, this mass of the substance
has ~ 2.9 x 10*” fluorine atoms. This correlates to a bolus of the antitumor drug 5-fluorouracil administered intravenously (3.3 x 1O*21 fluorine
atoms), which afterward distributes via the blood circulation.” In the serum, 5—fluorouracil is present at a concentration of 1.1 and 5.9 pg/mL in
the center of a tumor.5° In the tumor, this results in a local level of 2.7 x 10"” fluorine atoms/L, which is four orders of magnitude below the
administered bolus concentration. Such differences in the total numbers of fluorine atoms can be addressed by increased averaging, using reduced
matrix size, lower SNR thresholds and optimized scan parameters.

The broadband characteristics of the RF antenna building block are well suited for thermal interventions, since the presented RF antenna
building block is less sensitive to loading conditions based on (i) a temperature increase and impedance change of the dielectric building block due
to losses during the high (average) power transmission, (ii) a temperature-dependent impedance change of the water bolus or target tissue,
(iii) patient movement, and (iv) intersubject variability. The balun design shows a weak suppression of common mode on the cable, which could
lead to artifacts in the acquired images or crosstalk in an array configuration. A narrowband cable-trap or bazooka balun can be used to minimize
the common-mode effects for MRI, where the broadband behavior is not affected. Arranging the stripline balun and the cable connector orthogo-
nal to the electric field allowed minimization of the common-mode effects for the supported frequency bandwidth without using a blocking
circuit. Whereas no signal was observed for the SGBT building block (filled with D20), deuterium oxide can be used to avoid the proton signal of
the water bolus (filled with H20).

5 I CONCLUSION

The electric and magnetic characteristics of the SGBT building block support 1H and “F (MRI), broadband themial intervention (RF hyperthermia)
and therapy control (MR thermometry) in an integrated device. The compact design can be exploited for the design of high-density RF applicators,
offering an increased degree of freedom based on high channel count, phase and amplitude manipulation, as well as adjustable intervention
frequency for each channel.
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With the RF applicator representing the last element in the signal chain of the Thermal MR 

setup, the 32-channel RF signal generator employs the signal source for a broadband thermal 

intervention. It supports the broadband antenna system and allows a time-multiplexed43, mixed 

frequency44, and time- and frequency-multiplexed45 signal generation.46,47 The signal generator is a key 

element of the thermal intervention platform and drives the amplitude, phase and frequency setting 

for the thermal intervention. The high degree of freedom for E-field shaping can improve the focal 

point quality for various objectives of a thermal intervention. Furthermore, a feedback loop 

supervising the stability of the signals improves the safety and for example temperature drifts can be 

corrected on-the-fly. The feasibility and applicability of the signal generator was shown in phantom 

MR-thermometry as well as phantom E-field mapping experiments. The signal generator is based on a 

PLL system and offers a low-cost alternative to commercially available systems. Compared to 

commercial systems, the design provides a large number of channels, which is scalable, if more 

channels are needed. The reported device offers different communication and control interfaces to 

simplify the integration into the envisioned Thermal MR setup. 

The 32-Channel RF signal generator allows to drive the previously introduced wideband SGBT 

building block for a thermal intervention. It is therefore a critical element in the envisioned integrated 

thermal intervention setup (Section 1.4).  
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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 [19,21,22,2-1,30]. 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]. lncreasing the
number of RF antennae resulted in higher RF power absorption and enhanced tumor coverage ratios
in deep-seated brain tuinors in children [33]. The optiinal 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 GI-Iz 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—/10]. Recently,
an iterative multiplexed vector field shaping (MVFS) approach was introduced to solve the time- and
frequency multiplexed problem of constrained RF-induced hyperthermia [2-1]. 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 [10,32,4147]. 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 lnstrurnentation 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.

ii L_Jirzy&i1nnn._,1~miiiiiiciiii I
I
1 I I I I

l -arr

.-___' _.J >L‘ I 5
Figure 1. Cont.
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Ié
M

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.

Videos S1—S3 demonstrate live adjustments of the signal frequency, amplitude and phase. Videos
54-56 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 MI-lz 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 starldirdDeviation
Frequency switching time (ms) 2.208 1.872 2.582 0.219
Amplitude settling time (us) 617 320 810 143

Phase settling time (us) 196 140 290 40

Amplitude Calibration
15‘ ~ Tl ~ 4 ~—,.;7/-we -

1,1
10 //1/1

5 " / ‘/
/1

dBm)
_ / E0 //

//V _5 . //

Amptude G8
\
\
\
\
\
\
\

. / cm 300MHz ~
/ cm 600MHz

-20 //’ cm 900MHz 1
,. — cn2 300MHz

-25 — / cn2 600MHz —i
_ // -- -cn2 900MHz

300 1 2 3 4 5 6 1
DAC Control Word X104

Figure 2. Amplitude calibrations for two channels at three frequencies: 300 MHz, 600 MHz and
900 MHZ.
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Table 2. Test results of the phase shift experiments.

Measured Shift Phase Shift Error
b—a (°) (c—(b—a)) mod 360 (°)

Phase Shift Phase Reading Phase Reading
c (°) a (°) before Shift b (°) after Shift

300 Ml-Iz

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
1 1.0517 2.1267
5 1.1045 6.1592
10 1.0741 11.2004
15 1.1124 16.1507
45 1.19 46.254
90 1.1915 91.185
100 1.1294 101.1894
180 1.1242 —178.8824
200 0.9942 -158.9036
270 1.082 —88.783
300 -1.8299 -61.7925

0.5214
1.075

5.0547
10.1263
15.0383
45.064
89.9935
100.06

—180.0066
-159.8978

—89.865
-59.9626

-0.0214
-0.075
—0.0547
—0.1263
—0.0383
-0.064
0.0065
-0.06
0.0066

-0.1022
-0.135
-0.0374

900 MHZ

0.5 -18.8026 -18.1841
1 -18.8053 -17.6564
5 -18.8533 -13.7494
10 -18.9628 —8.8075
15 -18.8442 —3.8403
45 -19.2507 25.888
90 —19.246 70.7953

0.6185
1.1489
5.1039
10.1553
15.0039
45.1387
90.0413

-0.1185
—0.1489
—0.1039
—0.1553
—0.0039
—0.1387
—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.l134
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 Ml-lz) 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—] show the results obtained for positioning the E—field
focus in an arbitrary (off-center) location. The measured E-field distribution pattems 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.
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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 l—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 (AT) in the phantom. Figure -lM—O depict AT
profiles obtained for a center line placed across the transversal slice at the middle of the phantom for
temperature simulations (Figure ~1A—C), experimental RF heating using the commercial SMGL (R&S,
Munich, Germany) signal generator (Figure -1D-F) and experimental RF heating employing the RF
signal generator developed in this work (Figure 4G—I). Figure ~i]—L show the differences in RF-induced
temperature changes obtained from MRT for the developed signal generator (Figure 4G—l) and the
commercial SMGL signal generator (Figure -1D—F). Almost identical temperature changes across the
phantom were observed. The maximum temperature increase derived from MRT was AT = 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 Healing

Figure 5 summarizes the results derived from nurnerical simulations and experiments using the
two-channel RF heating setup at 400 Ml-lz. Figure 5]—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
cl) = 0°, the induced temperature increase due to constructive interference was ATmaX = 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 9O 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 (AT) obtained from the numerical simulations and experiments
using a single channel cormected to an SGBT antenna for RF heating (t = 10 min, Pm 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 (C-1) 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
(]—L) outline AT 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 AT 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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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 (M819OA, 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 (]—L) outline AT
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 AT 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 cl) : 0°. This pattern was shifted -18 mm to
the left for phase setting ml) = 90°. For phase setting cb = 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 irnplementation 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 [-13,47]. 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
ThermalIvlR 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 Thermall\/[R
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 us, 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 irnplement more precise control over the
output signal amplitude.

In the phase shift experiments, test results (Table 2) at 900 M1-IZ 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, N], 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 ;i: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 iuunber 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 maxirnmn 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 (AT) obtained from the nmnerical 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 AT in the phantom. This is caused by the higher loss of
the RF signal in the phantom at higher frequencies. The MRT results revealed AT 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 (At = 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
pattem 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 lnstruments, 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 progranimable low jitter crystal oscillator Si549 (Silicon Labs,
Austin, TX, USA) or from the external reference signal input. The routings of the LVFECL (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 1.mitAES-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-ernitting 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.



2.3 Design, Implementation, Evaluation and Application of a 32-Channel Radio Frequency Signal 
Generator for Thermal Magnetic Resonance Based Anti-Cancer Treatment 

68 

 

Cancers 2020, 12, 1720 13 of 23

llllllllllll ail‘

Ex??ef

Ethernet Switch & Fan-out

Senal port

1i';§iJ§
FPGA RF Swltch x16

Reset on the SoM

| Hi
Ethernet I 

PC|e x4
RF Swntch x16

_' LVDS x8

IPMC

Amphfler
x 6

ATCA 0n~board 15 R; out
Power Module Powersystem OOOOOOOOOOOOOOOO

2-Slot AXIe Chassis

Figure 6. System block diagram of the 32-channel RF signal generator. Two 16—channel AXIe RF signal
synthesizer modules were installed into a Z—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-cha.nnel 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 (TPMC) 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 ESTWO1OAOB
(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



2.3 Design, Implementation, Evaluation and Application of a 32-Channel Radio Frequency Signal 
Generator for Thermal Magnetic Resonance Based Anti-Cancer Treatment 

69 

 

Cancers 2020, 12, 1720 14 of 23

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 Chamcterization

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 charmel 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 X 4.0 mrn3 including an adaptive mesh refinement to irnprove 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 (<O.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 Ml-Iz)
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 Ml-Iz 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
(BDCO810-50/1500, BONN Elektronik, Holzkirchen, Germany) and the feed through penetration panel
of the l\/IR scanner room. By adjusting the ainplitude 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 (]/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 [6l]) placed in the isocenter of a 7.0 T
human MR scanner (Magnetom, Siemens I-lealthineers, 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 X 2.0 X 2.0 mrn3, 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 MI-Iz, 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 X 1 >< 5 mm3) at 297.2 Ml-lz 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.

l Fl 7

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.
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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 Ml-Iz.

300 MHZ 400 MHz 500 MHZ

Relative permittivity, 2, 56.2091 54.3220 49.4599
Conductivity, 0 (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 (11) = 0°, cl) = 90° and (I) = 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 benchrnarking experimental data with numerical siniulations,
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 X 2.0 X 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 sirnulation 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 X 1 X 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 (M819OA, 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.
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3 Discussion 

The work of this thesis demonstrates the feasibility of a high-density RF array based on dipole 

antennas for body MRI and Thermal MR. It provides the design, application, and validation of a 

narrowband as well as a broadband antenna concept based on the SGBT antenna building block. The 

optimized antenna designs have a small footprint and facilitate a low coupling between the channels. 

This allows a high channel count, which supports a high of freedom for (i) B1
+ shaping, for (ii) SAR 

management, and for (iii) focal point quality improvement for thermal interventions, as well as (iv) for 

spreading the superficial SAR. The broadband SGBT antenna building block offers the unique 

opportunity to choose freely the intervention frequency for targeted heating. The 32-channel signal 

generator is a key element in the Thermal MR setup and provides the thermal intervention vector and 

matrix. Both, the broadband SGBT and the signal generator allows investigations into time-multiplexed 

beamforming43, a mixed frequency44, and a time- and frequency-multiplexed45 signal transmission to 

the subject. 

3.1 Self-Grounded Bow-Tie Antenna 

The SGBT antenna type was first demonstrated in the field of telecommunications as an 

extension of the Bow-Tie dipole, operating at a frequency range of approximately 2-15 GHz.53 The 

antenna design, seagull-over-sea configuration (tilted Bow-Tie dipole over ground), shows an 

improved main lope directivity due to its backplane, lowering in our case the unwanted and 

unproductive RF antenna array radiation. To reduce the antenna size, the seagull-over-sea was 

adapted with a self-grounded backplane formed by the backwards bending of the Bow-Tie dipole 

outskirts.53 Compared to other dipole antennas such as the lambda-half dipole or the fractionated 

dipole, the introduced SGBT antenna designs have lower back radiation (Figure 4).



3.1 Self-Grounded Bow-Tie Antenna 

80 

 

Figure 4: Synopsis of radiation pattern of dipole antennas with the 3D far-field function and a 2D 

far-field function at the xy-plane. The antennas are (a) the narrowband Self-Grounded Bow-Tie 

antenna, (b) the broadband Self-Grounded Bow-Tie antenna, (c) the Bow-Tie antenna, (d) the 

fractionated dipole, and (e) a 500 mm dipole antenna. 
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The applicability of this antenna type for MRI based applications requires a redesign and 

optimization of the antenna’s geometry to lower frequencies (e.g. 297.2 MHz and approximately 

280 MHz to 600 MHz). It was shown that a dielectrically filled housing further reduces the size of the 

antenna.52,54 Utilizing D2O as dielectric with an εr ≈ 80 proves useful due to the lack of single proton 

nuclei in the molecule. Hence, no NMR signal is detectable in this compartment in an MRI 

acquisition.134 Furthermore, D2O is a low-loss material, limiting the material losses close to the 

conductive elements of the antenna system. Other low-loss materials are for example ceramics, which 

exhibit an increased εr. Prevailing practices establish the successful use of ceramic materials for EMF 

shaping through dielectric pads or within a Single-Side Adapted Dipole antenna configuration.86,135–137 

However, the high density of ceramics increases the weight of the antenna system, thus incrementally 

increasing the pressure on the human body and therefore impairing a comfortable exam or 

intervention. Furthermore, a high εr for a reduced antenna size results in a mismatch in the dielectric 

constant of tissue at the observed frequencies. This mismatch results in increasing reflections of the 

EMF propagating between the subject and the antenna system.86  

Reducing the reflections of the propagating EMF between the antenna element and the 

phantom or subject is of high importance for the efficiency of the RF system. In the case of an antenna 

building block design, the reduction of the number of dielectric gaps – respectively dielectric material 

transitions – increases the efficiency. Introducing a dielectric pad between the antenna building blocks 

and the subject was shown to be feasible in an MRI environment. Comparing the numerical simulation 

results of the 32-channel narrowband SGBT array with dielectric pad to the same RF antenna array 

without a dielectric pad revealed, that the B1
+ in the heart is reduced by 45% for Ella and 39% for Duke. 

This reduction is given for an optimized B1
+ distribution for all models respectively; numerical 

limitations of the proposed global optimization process need to be considered in the comparison. 

Figure 5 shows the reduced transmission of the E-field and the reduced B1
+ penetration depth for the 

tissue mimicking phantom experiment when no dielectric pad is installed. The material for the 

phantom in this study is equivalent to the phantom used in Section 2.1 (εr = 47.7, σ = 0,475 S/m). The 

power loss calculation supports the efficiency reduction when no dielectric pad is used. With the array 

configuration and remaining material specifications constant, the absorbed power drops for Ella from 

61% to 11% and for Duke from 71% to 15% with no dielectric pad used. The sum of the material and 

lumped element losses on the other hand increase from 27% to 73% for Ella and from 21% to 68% for 

Duke, whereas the losses for the lumped elements reveal a major increase of 34% for Ella and 32% for 

Duke. These results represent mean loss calculations for the whole antenna array, but with only one 

antenna powered simultaneously. 
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Figure 5: B1
+ field distribution of the introduced narrowband Self-Grounded Bow-Tie antenna building 

block (a) with and (b) without hydrogel pad. The E-field distribution of the antenna system (c) with (d) 

without hydrogel pad. The antennas were tuned and matched to 297.2 MHz in this visualization. 

Similar to the dielectric filled housing, the dielectric pad contains a low-loss material with a 

flexible design to adapt to the various shapes of the human body. The dielectric pad was manufactured 

using deionized H2O54,57 or hydrogel52 based on H2O. The use of H2O resulted in an MR signal from 

these compounds, but it did not impair the image quality. Nevertheless, signal of the dielectric pad 

can be avoided using D2O. Dielectric pads are commonly used in thermal interventions and 

hyperthermia applications, but its application in an MRI environment is not widely spread.36,83,138 The 

reason for that might be the lack of need (e.g. lack of dipole antenna building blocks) and safety 

concerns based on potential leakage. To overcome the safety concerns, low-loss hydrogel pads offer 

a mechanically stable, but still flexible alternative.139 The hydrogel is a dedicated low-loss material and 
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reported losses could be reproduced (tan(δ) ≈ 0.12 at 300 MHz).52 Nevertheless, the losses of water 

(tan(δ) ≈ 0.015 at 300 MHz) provided by the CST Microwave Studio 2020 database for the Debye water 

model are considerably lower. The effect of the elevated losses can be explored by the power loss 

calculation of the 32-channel SGBT array. In the case of the hydrogel placed between the antenna 

array and the subject, the material losses are 26% for Ella and 20% for Duke. In the case of a water 

pad, the measure was found to be reduced to 9% for Ella and 7% for Duke. This result emphasises the 

importance of correct loss estimations for EMF simulations. In this comparison, the antenna positions 

and all other material specifications of the 32-channel configuration was unchanged and the loss of all 

channels were averaged for a single channel excitation. 

3.2 Narrowband Antenna Application for Cardiovascular MRI 

The application of a narrowband antenna concept commonly requires some method of 

tuning and matching. Either the antenna design can be geometrically adapted to be tuned to the 

required frequency and matched to 50 Ω input impedance, or a tuning and matching circuit is required. 

This circuit design and the belonging elements (e.g., capacity, inductivity) are functions of the 

antennas’ intrinsic complex impedance. In case of the introduced narrowband antenna design, a series 

capacitor and a parallel inductor was realized as circuit network. This network, like the antenna design 

itself, can be represented by an S-matrix, where the combination of the antenna S-matrix and the 

circuit S-matrix are optimized resulting in minimum reflection (Section 1.6.1). 

The antenna optimization process was accomplished with the single antenna placed centrally 

above the heart of the human voxel models Ella and Duke. A parameter sweep was implemented with 

varying the antenna width (wa), length (la), and the aperture angle (α) to increase the B1
+ at the lateral 

wall of the voxel models. It was found that an increased la is beneficial for a high B1
+ penetration depth. 

For a design decision the ratio of the B1
+ to the footprint size was used in the numerical simulation 

study. The results on the introduced ratio suggested a small wa as it scales linear with the antenna 

footprint, but the reduction of nearest neighbour coupling revealed a reciprocal approach. With the 

introduced antenna design (156 g at 89.3x48.0x25.8 mm³), a trade-off between the B1
+ to footprint 

ratio and the decoupling performance was achieved. The antenna design optimum is based on a rather 

flat maximum (Figure 3, Section 2.1) where in the case of wa = 40 mm a 1% reduction of the B1
+ to 

footprint ratio is observed for a broad design parameter combination. This flat optimum underline 

that manufacturing inaccuracies are not impairing the antennas performance. 
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Based on the arrangement of the channels in an RF antenna array, a optimization is required 

to achieve a constructive interference of the B1
+ field within the heart. This optimization is performed 

using a CTX shimming approach to avoid subject dependent adaptation and time-consuming 

preparation scans. The CTX approach allows a hardware implementation of the phase settings in the 

signal chain of the 7.0 T scanner. To cover a broad range of anatomies, the ROI was virtually enlarged 

beyond the actual myocardium. Furthermore, mixed shim approach was used, where the human voxel 

models Ella and Duke were combined in a single data set. The scaling of the B1
+ results for Ella and 

Duke allowed to balance the RF antenna array performance for one subject against the other. This 

procedure reveals convincing results as no signal voids could be observed in the imaging study over a 

range of body-mass-indexes (BMI = 23,8±2,1 kg/m²). 

Before performing an imaging study, the performance of the antenna system was 

benchmarked in phantom experiments against simulation results. A quantitative comparison relies on 

an exact measurement of the transmission losses of the system. These losses were measured from the 

patient-table connector to the single antennas, where the losses of the phase shifting cables are 

averaged because of their length and therefore loss variation. Considering all the losses in the signal 

chain, the AFI B1
+ mapping revealed a mean difference of approximately 9% between the simulation 

and the measurement in the ROI of the depicted interference pattern in Figure 5 in Section 2.1. The 

use of a depicted ROI within this experiment is encouraging as imaging and manufacturing inaccuracies 

close to the vicinity of the antenna system might hide the overall simulation accuracy.  

The phantom experiment results reveal a low discrepancy between simulation and 

measurement, suggesting an accurate numerical safety assessment based on SAR10g. Furthermore an 

additional safety factor of 1.7 was included in the safety settings at the MRI system.140 An in vivo study 

was performed including an AFI based B1
+ mapping approach.120 The B1

+ maps for a female and a male 

subject respectively reveal a difference of 6% compared to Ella and 14% compared to Duke. The in vivo 

B1
+ mapping suggests an overestimation due to the thresholded data (flip angle ≤ 15°). A quantitative 

and qualitative agreement between simulation and measurement was found, proving the previously 

conducted phantom experiments (Figure 6, Section 2.1). The imaging study revealed a stable inter-

subject performance without visible signal voids for all views (Figure 7, Section 2.1). 

SNR, CNR, and g-factor maps scale with increasing the GRAPPA reduction factor. Reported 

values of selected literature on UHF-CMR for a 32-channel loop antenna design, a 16-channel Bow-Tie 

antenna array, and a Fractionated loop-dipole antenna array configuration are summarized in Table 1 

for clinically relevant reduction values R = 2 to R = 4.87,88,92 Comparing the proposed 32-channel SGBT 

array to the other dipole antenna configurations (16-channel Bow-Tie and Fractionated loop-dipole) 
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on the field of UHF-CMR, it was found that the reported CNR values could be outperformed. In contrary 

to the Fractionated loop-dipole antenna configuration, the SNR of the 16-channel Bow-Tie showed 

improved performance compared to the introduced antenna design. The mean g-factor values within 

the heart revealed lower values for the Fractionated dipole, hence a better performance compared to 

the SGBT array. In contrast, the g-factor values of the Bow-Tie antenna configuration only revealed 

lower values for R = 4 with respect to the introduced design. A loop antenna configuration at the same 

channel count as the SGBT array showed that the mean whole heart SNR values and CNRs improved 

with using the SGBT array. A similar tendency was observed for the mean g-factor values, where the 

introduced RF antenna array revealed lower values. It is important to notify, that a direct 

benchmarking of the parallel imaging performance on an experimental basis is only feasible when 

performing all measurements on the same MRI system, with the same under sampling method (e.g., 

SENSE or GRAPPA), the same sequence settings, and the same subject or phantom in the best case. 

Discrepancies impair a benchmarking and the provided comparisons need to be treated carefully. 

Furthermore, the mean g-factor value as a measure to compare the results is intrinsically misleading, 

as it reports on the average noise amplification due to under sampling. A more insightful measure is 

the maximum g-factor value within the ROI, as it represents the worst-case noise amplification.141  
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Table 1: Synopsis of statistics on the parallel imaging performance up to R = 4 for the 32-channel 

Self-Grounded Bow-Tie52, 32-channel loop antenna92, 8-channel Fractionated dipole combined with 

16-channel loop antenna88, and 16-channel Bow-Tie87. Except for the 8-channel Fractionated dipole 

combined with 16-channel loop antenna which uses SENSE, GRAPPA is used. 32-channel loop antenna 

and 16-channel Bow-Tie one subject is investigated therefore the statistic is presented as mean value. 

Antenna 
System 

View Analyzis R=2 R=3 R=4 

32-Ch. 
Self-Grounded 

Bow-Tie52 

4CV CNR (Mean ± Std) 27.0 ± 1.9 19.5 ± 2.1 13.5 ± 1.9 

  SNRwhole-heart,mean (Mean [Min]) 31.6 [29.6] 22.9 [20.6] 16.7 [15.5] 

  SNRmyocardium,mean (Mean [Min]) 18.4 [16.0] 13.6 [10.9] 10.1 [8.3] 

  g-factorwhole-heart,mean (Mean [Max]) 1.1 [1.1] 1.3 [1.4] 1.5 [1.6] 

SAX CNR (Mean ± Std) 41.0 ± 5.5 26.9 ± 3.0 19.9 ± 2.9 

  SNRwhole-heart,mean (Mean [Min]) 38.2 [32.7] 26.7 [24.0] 19.5 [16.6] 

  SNRmyocardium,mean (Mean [Min]) 18.4 [16.6] 13.3 [11.2] 9.7 [8.6] 

  g-factorwhole-heart,mean (Mean [Max]) 1.1 [1.1] 1.3 [1.4] 1.5 [1.6] 

32-Ch.  
Loop Antenna92 

4CV CNR (Mean ± Std) 6.0 ± n/a 6 ± n/a 3.0 ± n/a 

  SNRwhole-heart,mean (Mean [Min]) 20.0 [18.0] 15.0 [12.0] 12.0 [11.0] 

  SNRmyocardium,mean (Mean [Min]) n/a n/a n/a 

  g-factorwhole-heart,mean (Mean [Max]) 1.3 [1.4] 1.3 [1.9] 1.6 [1.7] 

SAX CNR (Mean ± Std) 19.0 ± n/a 12.0 ± n/a 10.0 ± n/a 

  SNRwhole-heart,mean (Mean [Min]) 23.0 [n/a] 20.0 [n/a] 17.0 [n/a] 

  SNRmyocardium,mean (Mean [Min]) n/a n/a n/a 

  g-factorwhole-heart,mean (Mean [Max]) 1.3 [n/a] 1.4 [n/a] 1.4 [n/a] 

8-Ch.  
TX/RX 

Fractionated 
dipole 
16-Ch.  

RX  
Loop Antenna88 

4CV CNR (Mean ± Std) 10.3 ± 1.2 n/a n/a 

  SNRwhole-heart,mean (Mean [Min]) 11.9 [n/a] n/a n/a 

  SNRmyocardium,mean (Mean [Min]) n/a n/a n/a 

  g-factorwhole-heart,mean (Mean [Max]) 1.0 [1.4] 1.0 [1.6] 1.1 [1.7] 

SAX CNR (Mean ± Std) 12.7 ± 8.2 n/a n/a 

  SNRwhole-heart,mean (Mean [Min]) 10.9 [n/a] n/a n/a 

  SNRmyocardium,mean (Mean [Min]) n/a n/a n/a 

  g-factorwhole-heart,mean (Mean [Max]) 1.0 [1.1] 1.0 [1.3] 1.1 [1.4] 

16-Ch.  
Bow-Tie87 

4CV CNR (Mean ± Std) 11.0 ± n/a 6.0 ± n/a 5.0 ± n/a 

  SNRwhole-heart,mean (Mean [Min]) n/a n/a n/a 

  SNRmyocardium,mean (Mean [Min]) 29.0 [n/a] 24.0 [n/a] 21.0 [n/a] 

  g-factorwhole-heart,mean (Mean [Max]) 1.1 [n/a] 1.5 [n/a] 1.3 [n/a] 

SAX CNR (Mean ± Std) 9.0 ± n/a 5.0 ± n/a 4.0 ± n/a 

  SNRwhole-heart,mean (Mean [Min]) n/a n/a n/a 

  SNRmyocardium,mean (Mean [Min]) 29.0 [n/a] 25.0 [n/a] 20.0 [n/a] 

  g-factorwhole-heart,mean (Mean [Max]) 1.6 [n/a] 1.5 [n/a] 2.0 [n/a] 
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3.3 Broadband Antenna Application for Thermal MR 

A broadband antenna concept requires a low reflection of the EM wave for a broad range of 

frequencies, where in the introduced design the MRI frequency of 19F at 7.0 T represents the lower 

limit (≈ 280 MHz). The main lobe directivity showed a stable behaviour without splitting for the whole 

frequency band. The low-loss, low-permittivity material is beneficial in spreading the surface current 

of the tip area, which in the narrowband application are on the edges of the Bow-Tie part of the 

proposed antenna system (Figure 6). This finding concurs with previous reports on the SGBT antenna 

building block.55 A step-by-step design approach, where first the antenna’s copper structure is 

optimized and second the building block geometry is adapted was not feasible. The antenna design 

and the building block geometry reveal a strong EM influence among each other. A geometry 

optimization was therefore performed for the whole building block setup combined (Table 1, Section 

2.2). Similar to the narrowband variant of the SGBT antenna, a dielectric pad is used to improve the 

EMF coupling of the antenna building block to the subject. The dielectric pad of the broadband 

antenna variant is an integral part of the introduced antenna, because it impacts the impedance, hence 

the reflection (S11) and broadband properties. In comparison to the introduced narrowband antenna, 

the tuning and matching of the broadband SGBT is performed by adapting the antenna’s geometry to 

achieve an impedance of close to Z = 50 ± j0 Ω for the entire frequency range (Figure 2, Section 2.2). 

The broadband SGBT building block shows a high efficiency with material losses, ranging from 9% at 

300 MHz to 16% at 500 MHz. These material losses can be reduced with dedicated low-loss materials 

(e.g. ceramics) close to the conductive copper elements of the antenna. 
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Figure 6: Electric surface current distribution on (a) the broadband Self-Grounded Bow-Tie antenna 

and (b) the narrowband Self-Grounded Bow-Tie antenna immersed in water as dielectric. The 

broadband antenna variant uses a low-loss, low-permittivity material to spread the current 

distribution and increase the broadband behaviour of the antenna. The presented antennas were 

tuned and matched to 297.2 MHz for a better comparison. 

The introduced broadband SGBT building block design allows MRI of two nuclei (19F and 1H) 

at 7.0 T without adapting or switching the antenna system. The design furthermore facilitates RF 

thermal intervention at a broad frequency range integrated in a UHF-MRI environment. The validation 

process of the antenna was performed in the imaging regime (19F and 1H) and the thermal intervention 

regime. The imaging performance of the wideband SGBT building block was assessed using AFI for B1
+ 

mapping and benchmarked against EMF simulations conducting a phantom study (Figure 5, Section 

2.2). The deviation was found to be 17% or less, but without the loss correction (-1.22 dB) of the cables 

from the MRI system’s RF amplifiers to the patient-table connectors. Elevated deviations were found 

in the vicinity of the phantom to the dielectric pad. The single antenna element measurement cannot 

offer an interference pattern for a more precise comparison, as it was provided for the narrowband 

SGBT antenna configuration (Figure 5, Section 2.2). The discrepancy between measurement and 

simulation was most likely based on manufacturing, antenna placement, and slice positioning 

deviations. Experimental assessment of 19F imaging performance based on B1
+ mapping was not 
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feasible, as no phantom could be manufactured economically with sufficient 19F compound to allow a 

mapping procedure. High fluorine content nanoparticles prepared by emulsifying perfluoro-15-crown-

5-ether (PFCE; Fluorochem, Hadfield, UK) with Pluronic F-68 (Sigma-Aldrich) were used in the phantom 

imaging study for a qualitative assessment (Figure 7, Section 2.2).142 In vivo experiments were 

conducted on the forearm and the thigh of a human subject including a fluorinated compound, which 

consists of flufenamic acid (101 mmol/L), a nonsteroidal anti-inflammatory drug (Figure 7, Section 2.2). 

The imaging results revealed a good FOV coverage with no 1H of 19F signal of the antenna itself; only 

the used dielectric pad introduced a 1H signal. An arrangement of the antenna in an RF array with 

multiple channels will increase the FOV and will allow EMF control for B1
+ shimming and targeted RF 

power deposition. 

The thermal intervention performance of the broadband SGBT building blocks were 

investigated at 300 MHz, 400 MHz, and 500 MHz in the previously used phantom setup (Figure 6, 

Section 2.2). These thermal intervention frequencies are only examples, in a realistic application the 

frequency can be adjusted arbitrary in the whole provided bandwidth (approximately 280 MHz to 

600 MHz). The thermal intervention simulation results revealed a rather uniform temperature rise for 

all frequencies, only for 300 MHz a slightly smaller area was heated. This behaviour is present in the 

simulations and measurements and is explained by increased losses in the antenna system and the 

phantom at higher frequencies. At the vicinity of the phantom, the temperature distribution varies 

between the simulations and measurements, implying a thermal modelling discrepancy of the 

dielectric pad (Figure 6, Section 2.2). The findings suggest, that the dielectric pad in the measurements 

results in a surface cooling, which was not correctly estimated in the EMF and temperature 

simulations. The most dominant difference was found in the outskirts perpendicular to the main lobe 

directivity, but without affecting the temperature rise along the Poynting vector of the E-field 

radiation. The agreement was further shown in 2D temperature plots, where a good qualitative and 

quantitative agreement was found between the simulation, the MR-thermometry measurements, and 

the fibre optical probe measurements. 
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3.4 RF Signal Chain Systems Design for Thermal MR 

The thermal intervention signal chain in combination with the introduced broadband 

antenna (antenna array) is a crucial element of the Thermal MR system. It implements a control loop 

concept by providing the flexibility to adapt amplitude, phase, and frequency of the individual 

channels to improve the focal point quality. The scalability of the design allows the implementation of 

n > 32 individual RF channels. The introduced 32-channels version facilitates a high degree of freedom 

for a time- and frequency-multiplexed optimization approach. In contrary to the gold standard MR 

scanner signal chain, the proposed system allows an increased channel count (8- and 16- channels in 

MRI) and a full bandwidth (small transmitter bandwidth covering the Larmor frequency of the 

respective nuclei in MRI). Furthermore, the amplifier system used in MRI is designed for rather short 

RF pulses and not a continuous power delivery which constrains the available power for the thermal 

intervention.  

The signal generator design was benchmarked in several steps: first the signal settling 

performance and temperature stability, second the interference point control in the electric field by 

E-field measurements, and third the implementation in an MRI environment with a 1- and a 2-channel 

application. The introduced signal generator is based on a PLL circuit, which provides a high phase and 

frequency tuning resolution. The frequency switching time reveal was a maximum of 2.6 ms, whereas 

amplitude and phase settling take place at less than 0.8 ms. This fast and stable switching in the 

thermal intervention session is of high importance for an improved focal point quality, especially with 

respect to a time-multiplexed, frequency mixed, or a time- and frequency-multiplexed  

approach.43–46  

For the validation of the envisioned Thermal MR setup the previously introduced wideband 

SGBT building block antenna was used in an 8-channel arrangement. The control and adaptation of 

the E-field interference pattern (Figure 3, Section 2.3) was provided within simulations and 

measurements. The result conceptually proves the feasibility of the envisioned setup with the use of 

a wideband antenna system. In this phantom experiment study, an intervention frequency of 400 MHz 

was used, but the wideband SGBT building block as well as the signal generator allow the use of an 

arbitrarily chosen intervention frequency within the range of the antenna’s bandwidth.  

An E-field interference results within a lossy material or within tissue in a local temperature 

increase. This temperature increase was shown to be present when using a single antenna setup in 

Section 2.2. With a rather short intervention time of only 2 minutes at Pin = 100 W at the SGBT antenna 
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port, temperature increases of >10°C at the vicinity of the phantom where achieved. The 1-channel 

thermal intervention with the developed signal generator in Section 2.3 revealed comparable results 

with a 10 minute intervention time and a Pin = 17.78 W (cumulative power 177.8 W versus 200 W for 

the previously reported wideband SGBT building block in Section 2.2). Experiments with the signal 

generator in Section 2.3 revealed reduced temperature increases during the treatment compared to 

the study in Section 2.2. This deviation is based on a variation in the intervention time, where at 

10 minutes of intervention the focal point was enlarged due to thermal conduction. Furthermore, the 

phantom material used in the study is different to the phantom material used in Section 2.2. The losses 

within the phantom were measured to be σ = 0.18 S/m at 300 MHz for the signal generator 

measurements in Section 2.3 versus σ = 0.72 S/m at 300 MHz for the single element measurements in 

Section 2.2. A material with lower losses in Section 2.3 was used to reduce surface heating and enable 

a temperature rise within the phantom for a 2-channel experiment. Other than the experimental 

protocol and loss difference, the experimental setup used for the signal generator was modified with 

respect to the phantom geometry and the lack of a dielectric pad. The dielectric pad was not used in 

this experimental setup, because no in vivo experiments were conducted, and the rectangular shaped 

phantom did not require an antenna placement on an uneven subject surface. Both, the commercial 

signal generator (SMGL, Rohde & Schwarz, Memmingen, Germany) and the developed signal 

generator design, revealed excellent qualitative and quantitative agreement; both among each other 

as well as to fibreoptic probe measurements (Figure 4, Section 2.3). Simulation results on the other 

hand showed a deviation of ≤2.5°C in the conducted measurements, suggesting modelling induced 

variations within the numerical simulation. The modelling errors include, boundary condition 

variations (air-flow in the MRI-bore and environment temperature), thermal property variations 

within the phantom, and manufacturing based discrepancies on the losses and properties of the 

broadband SGBT building block. 

To provide an experimental proof of a constructive E-field interference pattern and control 

over the location of a temperature increase within an UHF-MRI system, a 2-channel setup at an 

intervention frequency of 400 MHz was used. The phase adjustments were performed by using the 

proposed signal generator design and a commercial arbitrary waveform generator (M8190A, Keysight, 

Santa Rosa, CA, USA) as a benchmark. Similar to the single channel thermal intervention 

measurements, minor differences were observed between the commercial and the proposed signal 

generator. Furthermore, a good qualitative agreement between the simulation and measurement was 

achieved. Quantitatively discrepancies between simulation and measurements where observed at the 

vicinity of the phantom. These deviations are based on imperfections of the used power amplifiers, 

where the output signals where phase-offset-dependent impacted by the crosstalk of the two 
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channels used. The simulations and measurements revealed a constructive interference at a phase 

difference of 0° with a temperature rise of approximately 2.5°C in the center of the phantom. The 

steerability of the focal point was proven by a phase difference of 90° between the two channels, 

where the focal point was shifted by approximately 18 mm (Figure 5, Section 2.3). These results are 

the conceptual proof of the envisioned Thermal MR setup, whereas the steerability and the focal point 

quality was limited due to the limited channel count. An increase of the channel count will provide an 

increased degree of freedom for improving the focal point quality, as was shown in the E-field 

measurements (Figure 3, Section 2.3). 
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4 Conclusions and Outlook 

This thesis demonstrates the development, optimization, and application of a SGBT antenna 

within an UHF-MRI environment. The narrowband SGBT building block was introduced for CMR, but 

it’s field of application is versatile. The broadband SGBT building block is an integral element of the 

envisioned Thermal MR applicator design. Both antenna variants use a dielectric pad; whereas the 

narrowband variant uses a mechanically advanced hydrogel material, the wideband variant 

implements a H2O filled flexible compartment. Utilising dielectric pads increase the efficiency of the 

SGBT building blocks for UHF-CMR and for Thermal MR, as it is observed and reported for 

hyperthermia applications.36,83,138 

To conclude the findings on the narrowband SGBT antenna, the cardiac TX/RX RF array is 

compatible with a multiple feeding RF power amplifier for PTX. The SGBT antenna array offers a high 

degree of freedom for the used CTX shim. Furthermore, it allows an improved excitation homogeneity 

through dynamic PTX with spoke- and kT-point excitation.32,143–146 The RF array contributes therefore 

to the technological basis for future clinical assessments of dynamic PTX techniques designed for 

UHF-CMR. Accessing the full potential of the SGBT antenna array with dynamic PTX requires 

appropriate multi-transmit systems that offer more than today’s MRI system gold-standard of 8 to 16 

TX channels. This high dipole antenna count and therefore high degree of freedom can be of high 

relevance for further B0 increase, where a linear (curl-free) current pattern is dominant for achieving 

the UISNR and non-uniformities of B1
+ are enhanced.89,90 The introduced narrowband SGBT array 

demonstrates the application of the antennas in a highly modular manner, allowing a broad range of 

BMI for UHF-CMR, and paves the way for extended applications (e.g., abdominal imaging, pelvic 

imaging). Furthermore, smaller antenna designs opens the feasibility for studies on the optimal 

antenna placement to improve the B1
+ homogeneity and the efficiency of the antenna array.37,41,147,148  

The same findings and conclusions are applicable for the control of the E-field distribution 

and the focal point quality for the envisioned Thermal MR system. For an improved focal point quality, 

the degree of freedom is key. With the proposed wideband antenna concept, the frequency bandwidth 

adds to the amplitude and phase adjustment in an additional time multiplexed approach. The 

wideband antenna concept is a novel approach for UHF-MRI and permits the application of the 

antenna at various field strength without adaptation. The antenna building block in combination with 

the dielectric pad is widely independent of the loading condition, supports a wide range of anatomies, 

and provides a sable EMF pattern over a broad frequency range. The introduced antenna design is, to 
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the knowledge of the author, the first proposal of a broadband antenna design for Thermal MR, but 

further improvements in the broadband properties are conceivable. Several fundamental concepts to 

improve the broadband capacity and the antennas’ efficiency such as multi-resonant structures, 

low-loss dielectric material for further size reduction, and metamaterials or metamaterial-like 

structures demand further investigation.149–152 

The developed signal-generator in combination with the wideband SGBT building block 

allows the application of a 32-channel Thermal MR setup with the antennas arranged in any shape 

(e.g. a ring) to improve the focal point quality (Figure 7). Besides the introduced elements in this work, 

essential parts for the Thermal MR system include a supervision module, power amplifiers for each 

thermal intervention channel, and an RF switch to switch between the thermal intervention signal 

chain and the MRI signal chain (Figure 3). The supervision module was recently proposed by Han H. et 

al. in a multi-channel RF supervision module.153 This module allows detection and correction of 

frequency, phase, and amplitude discrepancies of the amplified signal in feedback loop; therefore, 

serving as a safety infrastructure (Figure 3).153 As thermal intervention treatments are rather long with 

respect to the treatment time, movements of the subject are possible. Movements can cause the loss 

of the focal point and in the worst-case result in a thermal damage of tissue outside the TV. Hence, 

the direct detection of movement based on the loading condition of the antenna array through the 

supervision module improves the safety of the envisioned Thermal MR system.153 

With all components available for an integrated Thermal MR system experiments on the 

control of the focal point quality through a high degree of freedom is facilitated. Studies will reveal the 

application of a time-multiplexed, frequency-multiplexed, or a time- and frequency-multiplexed 

thermal intervention with the objective to approach the UISAR. 41,43–45 

  



 

95 

 

 

 

Figure 7: First Thermal MR applicator prototype based on the introduced wideband Self-Grounded 

Bow-Tie building block design. The prototype includes 20-channels in a circular, two-row arrangement 

for head applications for example. 
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