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

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

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

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

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

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

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

2. Materials and Methods
2.1. System Design

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

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

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

2.3. RFPA Characterization and RF Heating Experiments

The supervision module was utilized to characterize and supervise two home-built RF
power amplifiers (RFPAs) that were used for RF heating. The two RFPAs shared the same
design that had a bandwidth of 400 MHz (100–500 MHz) and a nominal gain of 50 dB.
For the characterization of the amplifiers, a calibrated RF signal generator (SMGL, R&S)
generated a sinusoid signal that was split equally with power splitters (ZFSC-2-1W-S+,
Brooklyn, NY, USA). The split RF signals were used as input for the RF amplifiers and
as the reference signal for the supervision module (Figure 3A). The gain and phase of
the RFPAs were characterized versus the frequency and amplitude of the input RF signals.
For testing the RFPAs’ performance against frequency, two frequency sweeps with different
input power levels (0 and −10 dBm) in the range of 100–500 MHz and a step size of
1 MHz were conducted. For testing the RFPAs’ performance against input amplitude,
two amplitude sweeps with different signal frequencies (300 and 400 MHz) in the range
from −30 to 0 dBm and a step size of 0.5 dBm were conducted. The power levels and
phases of the forward coupled outputs of the directional couplers were recorded with
the supervision module. The unbalances in the two RF paths introduced by the power
splitters and the directional couplers were compensated in post-processing.
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balances in the two RF signal chains could be compensated during the characterization of the RFPAs.
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The computer controls the signal generator via a GPIB (general purpose interface bus) interface.
(B) Schematic of the experimental setup in the RF heating experiments. Four coherent RF signals
at 400 MHz were generated with a custom-built RF signal generator. One signal was connected to
an oscilloscope for monitoring. Two signals were connected to two RFPAs, and the last one was
connected to the supervision module as the reference signal. The supervision module monitored and
regulated the forward coupled outputs of the directional couplers. The two RF signal chains (from
the signal generator to the self-grounded bow-tie (SGBT) antennas) shared the same electrical length.
MR: magnetic resonance.

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

The first RF heating experiment was conducted with the supervision module being
in the control loop regulating the RF signals. The set-point for the RF power level at the feed-
ing port of the SGBT antenna was set to 42.5 dBm (17.78 W) for each RF channel. The two
RF channels were regulated to have the same phase at the feeding ports of the antennas.
For the second heating experiment, the supervision module was not included in the control
loop. The signal generator generated two RF signals with the same phase. The power level
at the feeding port of the SGBT antenna was set to 42.5 dBm (17.78 W) for each RF channel at
the beginning of the experiment. The RF power was applied to the phantom for 10 min for
both RF heating experiments. MR thermometry utilizing the proton-resonance-frequency-
shift (PRFS) approach [36,37] (TR = 99 ms, TE1 = 2.73 ms, TE2 = 6.71 ms, and voxel size =
1.0 × 1.0 × 5.0 mm3 [15]) at 297.2 MHz was conducted before and after each experiment.
Vegetable oil was used as a reference to correct the magnetic field drifts [15,38]. Fiber
optic temperature sensors (Neoptix, Quebec, QC, Canada) were used to validate the MRT
results [15]. For benchmarking experimental data with numerical simulations, temperature
simulations using the same frequency, power, and phase settings (400 MHz, 42.5 dBm, andφ
= 0◦ for both channels at the feeding port of the SGBT antenna) were performed in CST
Microwave Studio 2018 (Computer Simulation Technology GmbH, Darmstadt, Germany).
For this purpose, the phantom configuration used in the heating experiments was incorpo-
rated into the numerical simulations. The CST thermal transient solver was adopted with
a hexahedral mesh type. The maximum mesh size was set to 2.0 × 2.0 × 2.0 mm3, which
was sufficient for the problem since further decreasing the maximum mesh size by 10% did
not yield substantial changes (<0.01%) in the simulation results [15]. An open boundary
condition was used with the ambient temperature 20 ◦C set at the boundary as constant
temperature.

2.4. Head Motion Detection

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

After the simulation, E- and H-field data were exported channel-wise and isotropically
rebinned to a resolution of 3 mm3, and SAR10g (specific absorption rate) matrices were
calculated [11,41]. For HTP, power and phase settings for each channel were optimized
using the multiplexed vector field shaping (MVFS) method [29] to maximize RF power
deposition in the target volume while limiting the exposure in healthy tissue. The targeted
SAR in the tumor was set to 100 W/kg, while the SAR limit in healthy tissue was set to
40 W/kg. To investigate the impact of patient malpositioning, a second set of simulations
was performed after the longitudinal displacement of the head model (∆Z = 5 mm). Phase
and amplitude settings obtained for the originally targeted position were applied to these
new simulation results.
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Four SGBT antennas (two for each ring) were installed in the holder, as illustrated by the numbers
1–4. The antennas were connected to the signal generator via home-built directional couplers. (B) A
3D printed head model installed to an aluminum profile and used as an object under investigation.
(C) The experimental setup, (a) supervision module, (b) custom-built RF signal generator, (c) clock
distributor, (d) home-built directional couplers, (e) water pad, (f) head model, (g) antenna holder, (h)
water pump, (i) the COSI Measure setup [42], and (j) computer for interacting with the equipment.

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

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

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

To analyze the impact of power and phase errors of the RF signals on the performance
of a hyperthermia system, Monte-Carlo analyses were conducted on the power and phase
settings obtained from the EMF simulations and optimizations targeting the clinically
relevant model introduced in Section 2.4. The optimum solution was perturbed with
excitation error vectors of different magnitudes and phases. Ultimately, 256 Monte-Carlo
simulations over an error vector space of 0–15% power error (per channel) and 0–15◦

phase error (per channel) were analyzed, with each run containing 1 million randomized
vectors. The focusing efficiency was calculated by dividing the peak SAR10g in the tumor
by the peak SAR10g in healthy tissue. At the optimum solution, the focusing efficiency
was ~2.1, i.e., peak SAR10g in the tumor was about twice as high as the peak SAR10g
in healthy tissues. Any error in the system would both potentially increase healthy SAR10g
and decrease tumor SAR10g, thus degrading this metric below 2.1. Based on this metric,
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a statistical analysis of how well a system with a given error range performs compared to
a perfect system was carried out.

3. Results
3.1. System Characterization

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

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

PowerLevelre f =
(

3.6 × ADCre f + 1.427 × Freq − 86599
)
× 10−3(dBm) (1)
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Figure 5. Plots of the measured data obtained during the characterization of the RF supervision module. Each graph includes
91 curves each representing the results obtained for one tested frequency. Left: The ADC readings for the power meter
ADL5513 were plotted against corresponding power levels of the tested signals. For the same ADC reading, a maximum
variation of 2.31 dBm was observed among the curves. Middle: The ADC readings for the power meter AD8302 were
plotted against corresponding power levels of the RF signals. For the same ADC reading, a maximum variation of 5.72 dBm
was observed for the tested discrete frequencies. Right: The ADC readings for the phase meter AD8302 were plotted against
corresponding phases of the tested signal. The curves are symmetrical around a phase of 180◦.

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

PowerLevelRFinput =
(

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

×10−3 (dBm)
(2)
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For the phase meter in RF input channels (AD8302), a linear relationship (R2 = 1.00)
between the ADC readings and the phases was observed in the range of 5◦–175◦, with
almost no influence from the frequency of the signals. The phase curves were symmetrical
around a phase of 180◦. This complied with the characteristics of the meter chip. Equation
(3) describes the calibration results of the phase meter (ADCphase represents the reading
from the ADC). The theoretical resolution of this meter is 7.2 × 10−3 (◦). A mean absolute
error of 0.50◦ with a standard deviation of 0.41◦ was calculated using Equation (3) against
the measured data.

Phase =
(

7.2 × ADCphase + 2648
)
× 10−3(◦) (3)

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

3.2. RFPA Characterization and RF Heating Experiments

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

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

3.3. Head Motion Detection

To detail the impact of head movements on HT delivery, EMF simulations were
performed at f = 297 ± 50 MHz. The resulting maximum intensity projections of the SAR10g
distributions of the RF heating with and without head displacement are outlined in Figure 8.
Table 1 surveys the metrics used for the evaluation of the RF heating results with and
without head displacement. Heating results obtained for 5 mm off-center positions (Duke
2 and CRM 2) showed a lower maximum SAR in the tumor compared with the centered
models (Duke 1 and CRM 1). The CRM yielded a relative difference of ∆SAR10g,max = 22.3%
between the center and off-center position of the head. For SAR10g,max in healthy tissue,
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the heating results with patient displacement (Duke 2 and CRM 2) exceeded the SAR
limit set for the healthy tissue (SARlim(healthy) = 40 W/kg). The heating results with
the centered positions (Duke 1 and CRM 1) outperformed their off-center counterparts
regarding SAR10g,mean. In healthy tissue, the SAR10g,mean values obtained for the center
and off-center position of the Duke model were similar. The simulation of the CRM
revealed a higher SAR10g,mean for the center position versus the off-center position. The SAF
quantifies the ratio between the average RF power deposition in the tumor region versus
healthy tissue. Larger values indicate that an RF power is more focused to the tumor area.
TC(SARtumor > SARLim) is the proportion in the tumor volume that has a higher SAR than
the limit set for the healthy tissue. It is also an indicator of the heating efficiency. For CRM
2, a drop of 33.45% of target coverage was observed. The overall RF power deposition
in the target volume (Ptumor/Vtumor) decreased by 4.38% and 15.43% for the shifted Duke
model and for the CRM, respectively. The THQ dropped by 9.84% and 8.18% for the shifted
Duke model and for the CRM, respectively.
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Figure 8. Impact of head displacement on RF heating obtained from electromagnetic field (EMF) simulations using human
head models without (center position) and with movements (5 mm off-center position). (A) SAR10g (specific absorption
rate) maps (maximum intensity projection: MIP) obtained for the Duke model placed in the center of the RF applicator
(Duke 1). The phase and amplitude setting of the RF heating was optimized for this position. (B) SAR10g maps (MIP)
derived from the Duke model being shifted 5 mm upwards (Duke 2). Phase and amplitude settings were identical with
the used settings when the head model was placed in the center position. Several hotspots were generated in healthy tissue.
(C) SAR10g maps (MIP) obtained for the clinically relevant head model placed in the center of the RF applicator (clinically
relevant model (CRM) 1). The phase and amplitude setting of the RF heating was optimized for this position. (D) SAR10g

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

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

Metrics Duke 1 (A) Duke 2 (B) Relative
Difference (%) CRM 1 (C) CRM 2 (D) Relative

Difference (%)

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

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

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

TC(SARtumor > SARLim) 85.9% 78.8% −8.27 57.1% 38% −33.45
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Figure 9. Detection of head motion. The top figure indicates the timing and displacements of the movements of the head
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figures show the amplitude and phase of the reflected RF signals from the SGBT antennas detected by the supervision
module. The curves drawn in red represent the amplitudes of the reflected signals, while the curves in blue represent
the phases of the reflected signal relative to the transmitted/reference signal.
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3.4. Analysis of Impact of Power and Phase Errors on Hyperthermia Performance

Figure 10 depicts results from the Monte-Carlo (MC) analyses of the impact of
the power and phase errors of RF signals on hyperthermia performance. The perfor-
mance of the proposed RF supervision module, which had a power tolerance of 12%
and a phase tolerance of 1◦, was compared with that of the RF supervision system of
a multi-channel parallel transmission (pTX) system of a state-of-the-art 7.0 T MRI scanner
(Magnetom, Siemens Healthineers, Erlangen, Germany) that had a power tolerance of
12% and a phase tolerance of 5◦ [44]. The proposed RF supervision module outperformed
the RF supervision system of the commercial pTX system, as outlined in Figure 10A for
the relative focusing efficiency. Our Monte-Carlo simulations demonstrated that phase
errors, especially, heavily contributed to a loss of excitation and HT fidelity (Figure 10B).
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Figure 10. (A) Probability distribution of the focusing efficiency relative to the optimal RF power and phase setting. The four
curves represent four Monte-Carlo simulations with different error ranges (blue: 15% error in power and 15◦ in phase; red:
12% error in power and 5◦ in phase, representing the performance of the 7.0 T Siemens MR scanner used in Section 2.3;
green: 12% error in power and 1◦ in phase, representing the characteristics of the proposed supervision module; purple:
5% error in power and 1◦ in phase). (B) Percentage of Monte-Carlo runs that yielded a performance ≥ 90% depending on
power and phase tolerances. The red star indicates the performance of the 7.0 T Siemens MR scanner while the green star
indicates the performance of the proposed RF supervision module. This graph demonstrates that phase errors, especially,
quickly led to a loss of excitation fidelity.

4. Discussion
4.1. System Characterization

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

The phase meter demonstrated a great linearity in the range of 5◦–175◦, regardless of
the signal frequency. A theoretical resolution of 7.2 × 10−3 (◦) was obtained. The phase
meter was ambiguous for phases that were symmetrical around 180◦, e.g., phase = 90◦

and phase = 270◦ resulted in the same ADC reading in the curves. Considering the phase
meter measures for the phase difference between the RF input channel and the reference
channel, this ambiguity could be eliminated by observing the result from shifting the phase
of the reference signal by a small amount of phase angles. In practice, this approach
was conveniently implemented by using the phase shifting function of the RF signal
generator [15] developed in our group. Thus, for monitoring/regulating one RF channel
that contains forward and reflected signals, only two power and phase detectors (AD8302)
need to be used. In this way, the proposed design can reduce system cost and complexity
compared with similar implementation [45] that uses three power and phase detectors for
one RF channel.

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

4.2. Impact of Power and Phase Errors on Hyperthermia Performance

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

4.3. RFPA Characterization and RF Heating Experiments

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

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

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

4.4. Impact of Head Motion

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

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

5. Conclusions

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