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Abstract
Purpose: The drift in radiofrequency (RF) power amplifiers (RFPAs) is assessed
and several contributing factors are investigated. Two approaches for prospective
correction of drift are proposed and their effectiveness is evaluated.
Methods: RFPA drift assessment encompasses both intra-pulse and inter-pulse
drift analyses. Scan protocols with varying flip angle (FA), RF length, and pulse
repetition time (TR) are used to gauge the influence of these parameters on
drift. Directional couplers (DICOs) monitor the forward waveforms of the RFPA
outputs. DICOs data is stored for evaluation, allowing calculation of correction
factors to adjust RFPAs’ transmit voltage. Two correction methods, predictive
and run-time, are employed: predictive correction necessitates a calibration
scan, while run-time correction calculates factors during the ongoing scan.
Results: RFPA drift is indeed influenced by the RF duty-cycle, and in the cases
examined with a maximum duty-cycle of 66%, the potential drift is approxi-
mately 41% or 15%, depending on the specific RFPA revision. Notably, in low
transmit voltage scenarios, FA has minimal impact on RFPA drift. The appli-
cation of predictive and run-time drift correction techniques effectively reduces
the average drift from 10.0% to less than 1%, resulting in enhanced MR signal
stability.
Conclusion: Utilizing DICO recordings and implementing a feedback mech-
anism enable the prospective correction of RFPA drift. Having a calibration
scan, predictive correction can be utilized with fewer complexity; for enhanced
performance, a run-time approach can be employed.

K E Y W O R D S

bSSFP, directional coupler, drift, RF power amplifier, run-time correction, satTFL

1 INTRODUCTION

MRI relies on the precise functioning of complex hard-
ware components. While MRI technology has advanced

significantly over the years, one challenge that continues
to persist is the occurrence of drift (gradual deviation in
the performance over time) in the MRI hardware. Drift
in MRI hardware can result in reduced image quality and
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decreased reproducibility of imaging studies over time,
compromising the accuracy and diagnostic value of the
images.

The severity and impact of various hardware drift types
on the acquisition process are determined by the employed
sequence and utilized protocol. For instance, in MR imag-
ing, drift of the B0 field can result in image shift along
the phase-encoding direction in echo-planar imaging1 or
ineffective fat saturation.2 In MR spectroscopy, correcting
for frequency and phase drift is an essential step as spec-
tral broadening and signal-to-noise ratio loss will impact
metabolite signals if not accounted for.3–5

Another element within MRI known to undergo drift
is the radiofrequency (RF) power amplifier (RFPA). This
component is tasked with amplifying the RF pulse in
the sequence, and its abnormality in performance results
in varying excitation profiles and flip angles (FAs).6 To
compensate, feedback routines can be integrated at the
hardware level. It is shown that employing current feed-
back within an on-coil class-D RFPA system enables
obtaining RF envelope information in terms of amplitude
and bandwidth, thereby achieving load-insensitive opera-
tion.7 Another work demonstrates the potential applica-
tion of Cartesian feedback to control in-phase and quadra-
ture components of the current delivered to a RF coil.8
This method was subsequently expanded to integrate a
band-pass error amplifier, addressing sensitivity issues
related to phase or amplitude discrepancies as well as DC
offsets in the feedback loop.9 However, there are instances
where corrections can be delayed or compromised dur-
ing specific acquisition protocols where RFPA undergo
high thermal stress when they are subjected to high duty
cycle tasks.

Correction of RF pulse imperfections can be expanded
to software level, offering increased reproducibility and
flexibility for the development and testing of algorithms.
A study shows RF envelope can be adjusted iteratively
using basic signal addition and subtraction to achieve
a desired excitation profile without requiring compensa-
tion for nonlinearities in the RFPA.10 Another approach
involves utilizing a current sensor11 and supplying the
RFPA with predistorted input, aiming to rectify offset,
non-linearity, coupling, and temporal errors.12 The pre-
distortion technique can also be implemented using data
gathered from field sensors.13 In the context of paral-
lel excitation pulses where a rapidly changing envelope
is typical, a regularization technique has been proposed
to mitigate distortions arising from the memory effect of
the RFPA.14 Despite not being currently utilized, these
methods hold potential for compensating RFPA drift with
certain modifications. However, they depend on external
hardware, iterative processes, or calibration scans for their
implementation.

At ultra-high field (UHF) MRI, this issue becomes
notably more troublesome as greater power requirements
arise, often necessitating RF power up to 10–32 kW.6,8

Consideration should also be given the requirement of
multiple RFPAs needed for RF transmit arrays which are in
most cases preferred to volume body coils at UHF in order
to mitigate B+1 inhomogeneity.15,16 Multiple RFPAs outputs
can be combined and later split or individually utilized to
drive a pTx array coil. The output drift may vary between
RFPA revisions (model numbers), which can be problem-
atic when malfunctioning units are replaced with newer
models with an updated hardware design. Additionally,
differences in RF waveforms played out in individual chan-
nels, often associated with tailored pTx RF pulses, can also
contribute to different drift behaviors as the RFPA trans-
fer function does not necessarily offer a constant power
gain factor,6 and the drifting behavior might also exhibit
variations under varying stress conditions.

RFPA drift is a critical aspect to consider to obtain com-
parable results in inter-site and intra-site reproducibility
studies. The impact of RFPA drift on quantitative imaging
was recently investigated as part of the traveling head 2.0
multicenter study at 7T.17 It was observed that the RFPA
behavior differed across sites. Despite an average devia-
tion of 6.3% in the measured B+1 between the individual
UHF sites with different hardware and software versions,
comparable results were obtained. However, by employing
calibration data to correct for RFPA drift retrospectively,
the observed initial differences between the different cen-
ters could be reduced by 8.1% for chemical exchange sat-
uration transfer (CEST) relayed nuclear Overhauser effect
(rNOE) maps. The repeatability of high-resolution mul-
tiparameter mapping was evaluated in a separate multi-
site study conducted at 7T.18 All five sites had a scan-
ner equipped with identical hardware and configuration
(which was not the case for the traveling head study).
While multiparameter mapping measurements generally
exhibited a good level of repeatability, consistently across
all sites, the magnetization transfer saturation (MTsat)
map exhibited the highest coefficient of variation (CV),
indicating lower repeatability. Furthermore, using the
Bloch–Siegert shift19 B+1 mapping method for transmit
inhomogeneity correction, the R1 and proton density (PD)
maps demonstrated slightly higher CV. Given the utiliza-
tion of RF pulses with extended duty cycles in CEST,
Bloch–Siegert shift, and MTsat sequences, we suspect
that RFPA drift might be a principal factor underlying
the reduced repeatability observed in the MTsat, R1, and
PD maps in Reference 18. This reasoning gains credence
from the fact that the scanners utilized in these investi-
gations are outfitted with unregulated amplifiers, which
are not specifically tailored for quantitative MRI (qMRI)
applications.

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.30078 by U

niversity O
f G

lasgow
, W

iley O
nline L

ibrary on [12/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



AGHAEIFAR et al. 3

In this study, our initial focus is to examine the behav-
ior of RFPA under specific protocols in order to evaluate
the influences of various factors and dependencies on
RFPA drift, as well as their reproducibility. We provide evi-
dence of RFPA drift based on phantom and in vivo scans
and compare the drift-affected data with their correspond-
ing drift-compensated counterparts. We demonstrate the
utilization of calibration data for prospective drift correc-
tion. Furthermore, we propose a method to monitor the
output of RFPA and effectively correct for any potential
deviations by providing run-time feedback to the imag-
ing sequence. Lastly, we discuss some strategies aimed at
reducing impact of RFPA drift in the reconstructed data.

2 METHOD

2.1 MRI measurement setup

All measurements were performed and data were collected
on a MAGNETOM 9.4T MRI scanner (Siemens Health-
care) running Syngo VE12U software. The scanner was
equipped with an SC72 whole-body gradient coil with a
maximum amplitude and slew rate of 70 mT/m and 200
T/m/s, respectively. A 16-channel pTx system was utilized
to enable RF transmission, with eight of those channels
being newly added following a scanner upgrade. As pro-
vided by the scanner manufacturer, the Tx coils were
driven by 16 separate RFPAs of which 8 were of a more
recent design. In the subsequent sections, the former and
updated RFPA designs are denoted as group 1 and group 2,
respectively. A custom built head array coil with 16 trans-
mit and 31 receive elements was used for RF transmission
and signal reception.20

Given the limited availability of the MAGNETOM 9.4T
MRI scanner, the evaluation of inter-pulse RFPA drift
assessment (as detailed below) was partially repeated on
Siemens MAGNETOM 7T Plus, Siemens MAGNETOM
7T Terra, and Siemens ISEULT MAGNETOM 11.7T MR
scanners to assess RFPA behavior at other frequencies.
The RFPAs for all four scanners are manufactured by
Comet (Comet XYLON international GmbH). The MAG-
NETOM 9.4T and MAGNETOM 7T Plus MR scanners use
1 kW RFPA units, whereas the MAGNETOM 7T Terra and
ISEULT MAGNETOM 11.7T MR scanners are fitted with
2 kW RFPA units.

2.2 RFPA drift assessment

As an internal part of the pTx safety system, each of
the RF transmission lines incorporates directional cou-
plers (DICOs), which are responsible for monitoring the

forward and reflected waveforms and enabling inline
calculation of specific absorption rate (SAR). The mea-
surements obtained from a DICO are digitized using a
sampling rate of 1 MHz. By activating a switch through
the scanner’s command line interface, the digitized
data can be saved in its raw form, allowing for later
retrieval, analysis and processing. The forward values
recorded by DICOs were utilized in this study to evalu-
ate RFPA drifts. The literature has also reported various
other applications by utilizing the recorded values from
DICOs.21–23

2.2.1 Inter-pulse drift

An RF-only sequence without gradients was employed to
investigate impact of RF length, RF FA, and pulse repeti-
tion time (TR) on RFPA drift. For simplicity, a nonselective
rectangular pulse was used and applied in all measure-
ments until the RFPA output became stable and the drift-
ing ceased. The measurements were repeated by adjusting
one parameter within a given range while keeping the
other two factors constant. In consideration of hardware
safeguards, the highest analyzed RF duty-cycle—defined
as the ratio of RF length to TR—was 66.6%. The ranges
of FA, TR, and RF length investigated in this study are
reported in Table 1.

An assessment of inter-pulse drift between scanners
was conducted by configuring the transmit voltage of each
RFPA to generate a 10 V rectangular RF pulse. Apply-
ing the default scaling factor of

√
nTx

nTx
, where nTx repre-

sents the number of transmit channels, this equates to
setting the system transmit voltage at 40 V for the MAG-
NETOM 9.4T, which has 16 transmit channels, and at
28.284 V for other scanners equipped with eight transmit
channels. Measurements were iterated across TR inter-
vals ranging from 3 to 21 ms, with increments of 3 ms. RF
duration fixed at 1.5 ms remained constant throughout the
experiment.

2.2.2 Intra-pulse drift

A sequence using only RF pulses, resembling inter-pulse
assessment, was utilized. The duration of each RF pulse
was set at 15 ms and executed 50 times. TR was extended to
10 s to ensure sufficient relaxation of the RFPAs before the
commencement of the subsequent RF pulse. The determi-
nation of this 10-s TR duration was based on experimental
evaluation and could vary for different RFPA models. The
study was replicated using various RFPA transmit voltages
spanning from 12.5 to 175 V (Table 1), with the highest
allowable transmit voltage per channel being 200 V.
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T A B L E 1 Flip angle (FA), pulse repetition time (TR), radiofrequency (RF) length, and transmit voltages examined for inter-pulse
and intra-pulse RF power amplifiers (RFPA) drift assessment.

FA (deg.) TR (ms) RF length (ms) Transmit voltagea (V)

Inter-pulse 10 3:3:21b 0.2, 0.4, 0.8, 1.2, 2 15.5, 9.3, 4.5, 3, 1.8

10 6:3:24 4 0.9

10 9:3:27 6 0.475

10 12:3:30 8 0.47

30 3:3:21 1.2 9.3

60 3:3:21 1.2 18.2

Intra-pulse — 10 000 15 12.5, 25, 50, 75, 100, 125, 150, 175
a This represents the transmit voltage on the RFPA output after accounting for the system scaling factor of 0.25 for 16 transmit channels.
b MATLAB notation: initial value:increment:last value.

2.3 Drift correction

2.3.1 Predictive correction

Two scans were conducted, and the DICOs samples
recorded during the first scan were utilized to correct for
the drift in the second run. The transmit voltage of each
RF pulses was scaled to achieve a similar excitation FA as
the previous pulse. Correction factors were calculated as:

CFn,c =
∑L

m=1|RFn,c[m]|
∑L

m=1|RFn−1,c[m]|
, n ∈ [2,N], c ∈ [1, 16], (1)

where the correction factor CFn,c was calculated for the
nth RF pulse with L samples and cth Tx channel and with
N RF pulses in total played out in the sequence. The cor-
rection factors were saved in a text file and subsequently
loaded before the second sequence started. The corrections
table had dimensions of N × 16, where 16 represents the
number of Tx channels, and N represents the number of
executed RF pulses. During run-time, the transmit voltage
of each individual Tx channel was updated for each TR.

2.3.2 Run-time correction

The reconstruction pipeline was modified to incorporate
the reading and sorting of DICOs output in parallel with
data acquisition. This modification enabled the pipeline to
provide real-time feedback to the ongoing sequence. The
modification was implemented using the vendor’s recon-
struction software called image calculation environment
(ICE). Unlike the predictive approach, where the nth RF
pulse was used to calculate the scaling for (n + 1)th RF
pulse, a constant RF pulse in the sequence was used as a
reference. This means that in Equation (1), the chosen RF
in the denominator remained fixed (typically, the first RF

can function as an appropriate reference). The correction
factor obtained from the nth RF was then applied to correct
for the (n +m)th RF, where m is an integer greater than or
equal to 1 and its value is determined by factors such as the
duration of the RF, TR, and the time necessary for inline
calculations.

2.4 Imaging protocols

The evaluation of RFPA drift correction was conducted
using a balanced steady state free precession (bSSFP)
sequence and B+1 mapping using a two-dimensional
presaturation TurboFLASH (satTFL)24 sequence. A
polymer-based phantom with short T1 (≈460 ms) was uti-
lized to attain steady-state faster and mitigate the overlap
between RFPA drift and transient states in bSSFP. For
bSSFP measurments, a single 3-mm slice was measured
with 40 repetitions. The images were acquired using
sign-alternated RF pulses, preceded by 100 dummy RF
pulses to ensure a steady-state condition. The acquisition
protocol included field of view: 192 × 192 mm2, resolu-
tion: 1.5 × 1.5 mm2, TE/TR: 1.6/3.2 ms, FA: 15◦, and RF
duration of 1 ms (sinc pulse with time-bandwidth prod-
uct of 2.0). The first RF pulse (played out as a dummy
scan) was chosen as reference for run-time correction.
Phase-encoding lines were acquired with both a linear and
a centric reordering scheme. The pairing strategy was used
for eddy current compensation in centric reordering.25

The satTFL measurement comprised five unsaturated
scans repeated consecutively, followed by one scan pre-
pared using a presaturation pulse. To minimize the impact
of T1 on the measured B+1 , a centric reordering scheme was
employed during the readout. Similar to the bSSFP scans,
the initial RF pulse was selected as the reference. The
acquisition protocol included field of view: 220×220 mm2,
resolution: 3.4×3.4 mm2, TE/TR: 1.57/4920 ms, FA: 5◦,
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AGHAEIFAR et al. 5

and RF duration of 1 ms. Two healthy volunteers for bSSFP
measurements and one healthy volunteer for satTFL mea-
surements underwent scanning in compliance with the
policies and procedures of the local research ethics guide-
lines. Field of view increased to 222 × 222 mm2 for bSSFP
in in vivo scans, and only the linear reordering scheme
was applied and assessed.

3 RESULTS

Figure 1 illustrates the drift of 16 RFPAs across 10 000
pulses, with RF Length= 1.2 ms, TR= 3 ms, and FA= 10◦.
Each data point on the graph corresponds to a single RF
pulse. The integral of RF magnitude is computed, and the
percentage change relative to the initial RF is depicted to
visualize the magnitude drift. In this scenario, the high-
est drift is observed in the case of Tx 16, reaching a value
of 23.3%. The plot reveals the distinction between two dis-
tinct groups of RFPA behavior, with one exhibiting less
drift than the other. Additionally, the graph indicates that
a subset of RFPAs displays fluctuations deviating from the
overall trend. Phase drift is determined by calculating the
average phase value from the central portion of the RF
waveform, which is then subtracted from the phase of the
initial RF.

Figure 2 displays a synopsis of the inter-pulse RFPA
drift evaluation across a range of RF lengths and TR val-
ues. Two heatmaps are employed to distinguish the per-
formance of distinct RFPA groups. In this depiction, the
color and numerical value denote the average of the maxi-
mum drift and the highest drift observed among all RFPAs
within the respective group, respectively. It is evident from
Figure 2 that there is a correlation between maximum drift
and RF duty-cycle. A lengthier RF pulse combined with
a shorter TR results in an increased drift within RFPAs.
When the ratio of RF length to TR remains constant, the
maximum drift consistently falls within a similar range.

Figure 3 displays RFPA drift results for different flip
angles. The results indicate that when maintaining a con-
stant RF length and repetition time (fixed RF duty-cycle),
the impact of the FA on the maximum drift is marginal
(corresponding transmit voltages are listed in Table 1).
This measurement was conducted using an RF length of
1.2 ms.

Figure 4 illustrates the plots displaying the drifting of
RFPAs obtained from the inter-scanner assessment con-
ducted with an RF length of 1.5 ms and TR ranging from
3 to 21 ms. The average drift values in percentage for
RFPAs at TR = (3, 21 ms) for the involved scanners are as
follows: 9.4T group1 and group 2 (25.6%, 2.6%) and (11.0%,
1.4%), 7T Plus (7.9%, 1.2%), 7T Terra (10.9%, 1.2%), and
11.7T (15.7%, 2.3%). Notably, it is observed that the drift
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F I G U R E 1 Drift of the output of radiofrequency (RF) power
amplifiers (RFPAs) during the execution of 10 000 RF pulses with
FA of 10◦ and a duration of 1.2 ms. Pulse repetition time (TR) was
set at 3 ms. Transmit channels 1–8 belong to group 2, exhibiting
minor drift, while the remaining transmit channels belong to group
1 following the earlier RFPA design. Channels 4 and 16 exhibit the
least and greatest magnitude drift, at 7.7% and 23.3%, respectively.
To quantify magnitude drift, the integral over the magnitude of
samples from directional couplers (DICOs) records is computed for
each pulse, then relative change with respect to the first RF pulse is
calculated. Phase drift is determined by calculating the difference
between the average phase values extracted from the central portion
of DICOs samples in the current RF pulse and initial RF pulse.

pattern reverses and begins to decrease after reaching its
peak at 7T Terra and 11.7T.

Figure 5 depicts the intra-pulse drift across a range of
transmit voltages, averaged over 50 RF pulses each with a
duration of 15 ms. After removing the initial and final 200
samples (equivalent to 200 us) to eliminate overshoots and
undershoots, the magnitude and phase values are normal-
ized to and subtracted from the initial sample, respectively.
The plot highlights contrasting RFPA behaviors between
low and high transmit voltages. In the case of low transmit
voltage, the magnitude drift indicates an increase in RFPA
output voltage, while the phase drift remains negligible.
Nevertheless, when the transmit voltage exceeds 100 V per
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F I G U R E 2 The inter-pulse drift percentages are presented for various radiofrequency (RF) lengths and pulse repetition time (TR). The
color and number indicate the average and maximum drift, respectively, for the radiofrequency (RF) power amplifiers (RFPAs) in each group.
Each group comprises eight RFPAs. Notably, RFPAs in group 2 exhibit reduced drift, especially under high RF duty-cycles. The highest RF
duty-cycle considered in the examination is 66.6%. Each block in the heatmap has its own drift plot, as representatively depicted in Figure 1.

RFPA channel, the RFPA exhibits negative drift, leading
to a decline in output voltage, a phenomenon commonly
referred to as voltage droop. Furthermore, the phase drift
demonstrates more pronounced changes, particularly at
very high transmit voltages. Output of transmit channel 1
is depicted in Figure 5. Similar behavior is observed in the
other transmit channels as well, with the exception that
the threshold voltage at which drift direction changes and
voltage droop becomes evident is variable and ranges from
100 to 125 V.

Figure 6 illustrates the outcomes of bSSFP imaging
under three scenarios: without correction, with predictive
correction, and with run-time correction, all observed with
an ascending k-space acquisition order. For comparison,
the bSSFP acquisition was repeated with a centric k-space
order. The uncorrected results from this experiment are
shown in the last row of Figure 6 (fully corrected results
are presented in Figure S1). In the initial column, unpro-
cessed images from the 40th repetition, where steady-state
is attained, are displayed. It is noticeable that image inten-
sity is marginally greater when no correction is applied,
aligning with simulations indicating that a slight increase
in steady-state signal occurs when the target flip angle
(FA) of 15◦ is raised by a small percentage (Figure S2).
The images contain the signal intensity values for three
arbitrarily selected voxels.

The second, third, and fourth columns within Figure 6
present CV for the initial 10, last 10, and complete repeti-
tions, respectively. CV is computed voxel by voxel within
each scan of bSSFP along the repetition dimension. This

approach is used to highlight temporal behavior of RFPA
drift which manifests itself along the repetition dimension.
The first repetition is omitted to reduce signal deviations
arising from the transient state. The inclusion of RFPA
drift corrections in the measurements results in greater
temporal consistency which is reflected by lower CV val-
ues. It is demonstrated that, in contrast to the scenario
without any correction, CV maps exhibit similarity across
a range of continuous repetitions in both predictive and
run-time drift correction methodologies. The outcomes
obtained from centric ordering without correction also
indicate higher CV compared to its corresponding linear
ordering.

The last column in Figure 6 displays the evolution of
voxel intensity across all repetitions for the point marked
with a blue cross in the first column. It is observed that
voxel intensity increases in presence of RFPA drift for the
protocol utilized in this study. In this particular measure-
ment, the RFPAs experience a drift of 10.0% ± 4.1% (mean
± SD) in relation to the initial dummy pulse. However,
this drift is reduced to 0.64% ± 0.46% and 0.003% ± 0.027%
through the implementation of predictive and run-time
correction, respectively.

Figure 7 illustrates the in vivo outcomes of RFPA drift
correction. Due to the extended T1 relaxation times of
white matter and gray matter at 9.4T,26 a lengthier prepara-
tion phase is necessary for bSSFP to achieve a steady state.
Given that a set of 100 dummy scans are employed in the
measurements, data from the initial seven repetitions are
omitted in CV calculations to mitigate the impact of the
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F I G U R E 3 The dependence of maximum and average drift
on flip angle (FA) is assessed across a range of FA and pulse
repetition time (TR), using an RF pulse duration of 1.2 ms. Within
this investigated low transmit voltage range, the impact of FA on
drift is found to be negligible.

transient state. Columns 1, 2, and 3 display the CV val-
ues for the first 10, last 10, and entire set of repetitions,
respectively. The last column shows the evolution of aver-
age signal intensity within the ROI depicted by blue and
green circles over 40 repetitions in the unprocessed image.
The prolonged transient phase is evident in the plots.
There is a slight disparity in image intensity between the
uncorrected and RFPA drift-corrected results. This finding
aligns with the simulation outcome depicted in Figure S2.
The average signal intensity in both ROIs during the last
10 repetitions is 3.4% higher when drift correction is dis-
abled compared to the scan utilizing run-time correction.
The results of similar analysis for the second subject are
depicted in Figure S3.

Figure 8 depicts the drift observed in RFPAs over the
scan shown in Figure 7. For clarity, only the drift of four
RFPAs is displayed, two from group 1 and two from group
2. Each point on the plot represents the integral over the
magnitude of one RF pulse. Averaging over 16 RFPAs,
the drift is approximately 10.1% ± 4.1%, which is subse-
quently mitigated to 0.61% ± 0.44% and−0.002% ± 0.014%
through the utilization of predictive and run-time correc-
tion methods, respectively. Notably, one channel exhibits
some deviation from its linear trend in predictive correc-
tion approach.

Figure 9 illustrates the comparison of B+1 obtained
using the satTFL sequence with RFPA drift correction in
both off and on states. First, five sets of B+1 maps are gen-
erated from the combination of five consecutive repetition
of unsaturated scans along with a presaturated scan. Then,
the relative difference between the fifth and fourth B+1
maps and between the fifth and the first B+1 maps is com-
puted for both sets of measurements. It is observed that
with drift correction off and on, the relative difference
between the fifth and fourth B+1 is minimal because RFPAs
are in a steady condition. However, the relative difference
between the fifth and the first B+1 is higher when drift
correction is off. Conversely, when drift correction is acti-
vated, this difference remains minimal again. Within the
given slice, approximately 21.4% and 4.1% of voxels exhibit
a difference larger than 3% in their B+1 value for the cases
of drift correction off and drift correction on, respectively.

4 DISCUSSION

In this study, we conducted an evaluation of RFPA drift
and examined several contributing factors. With the aim
of real-time measurements of forward/reflected signal
through DICOs, the extent of drift can be quantified dur-
ing any scanning. Here, we utilized DICO feedbacks and
introduced two approaches for prospective corrections of
RFPA drift. Utilizing RF current and voltage sensors,11

pick-up coils,27,28 gradient reversal approach to evaluate
RF (GRATER),29 and magnetic field monitoring using
NMR sensors30 are alternative methods proposed in the
literature for RF monitoring and potentially for measur-
ing RFPA drift. When compared to DICOs, pick-up coils
may offer certain advantages, such as providing additional
information that might not be necessary for drift cor-
rection and offering a more direct approach. However,
incorporating pick-up coils requires modifications for each
RF coil, whereas DICOs are already integrated into the
transmission pipeline, making them a more convenient
choice.

A typical initial drift curve for a train of short RFs
appears to align with a two-term power series model
expressed as axb + c. Here, the variables a, b, and c repre-
sent variable coefficients, while x denotes the drifting sam-
ples. However, it is understood from the assessment study
that the drift evolution varies from one protocol to another.
Furthermore, in instances where hardware designs are not
fully matched, as in this work, the drift behavior of RFPAs
can exhibit discrepancies. Hence, in addition to the two
presented methods for drift correction, the utilization of an
empirical model incorporating relevant protocol param-
eters could potentially offer a prediction of drift, even
though this aspect was not explored in this study.
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8 AGHAEIFAR et al.

F I G U R E 4 The evaluation of intra-pulse drift across four scanners from the same vendor at three distinct field strengths and equipped
with radiofrequency (RF) power amplifiers (RFPAs) from the same manufacturer. A rectangular RF pulse of 10 V lasting 1.5 ms was played
out at certain pulse repetition time (TR). Measurement was repeated at TRs ranging from 3 to 21 ms. A 30-s interval was introduced between
each repetition to allow the RFPAs to relax. When moving toward repetitions with smaller RF duty-cycles, the number of RF pulses played
out decreased due to the anticipated settling of RFPAs after fewer RF pulses. Please note that one of the Tx channels in the 7T Plus plot has
been omitted due to malfunction.
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F I G U R E 5 The intra-pulse drift of transmit channel 1 was assessed by executing a 15 ms radiofrequency (RF) pulse across a range of
transmit voltages. The RF pulse was repeated 50 times and the directional coupler (DICO) samples from these runs were averaged. A 10-s
interval between consecutive RF pulses allowed for relaxation of radiofrequency power amplifiers (RFPAs). To process the data, the first and
last 200 samples were excluded to eliminate overshoots and undershoots. Subsequently, the magnitude of the samples were normalized to the
initial sample and the phase of the samples were subtracted from the initial sample. The plot reveals a tendency for intra-pulse drift to rise at
low transmit voltages, which gradually diminishes as the transmit voltage increases, until it begins to decline after reaching 100 V. This loss
in output voltage is known as voltage droop. In contrast to low transmit voltages, the phase drift becomes more pronounced at higher
transmit voltages.

RFPAs are susceptible to voltage droop regardless of
the transmit voltage. This is because of the rise in the tem-
perature of the RF transistors which which often leads to

a decrease in gain.6 However, it is highly plausible that
the circuitry of the RFPA employed in this study includes
capacitor banks intended to discharge and counteract the
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F I G U R E 6 A comparison between no radiofrequency (RF) power amplifier (RFPA) drift correction, predictive RFPA drift correction,
and run-time RFPA drift correction in a phantom study. The initial repetition is excluded from the analysis to mitigate the impact of the
transient state. The first column displays reconstructed images from the 40th repetition. The intensities of three selected voxels are depicted,
revealing higher intensity in the absence of correction. Coefficient of variation (CV) is computed across three intervals: the first 10
repetitions, the last 10 repetitions, and all repetitions combined. The application of RFPA correction results in more consistent CV values.
The last column showcases the evolution of the voxel marked with a blue cross across all repetitions. Notably, both predictive and run-time
corrections yield more stable intensity profiles in comparison to the scan without any correction. The final row presents the same scan with a
centric ordering scheme, illustrating the greater sensitivity of centric ordering to RFPA drift.

droop effect. The effectiveness of these capacitors can be
dictated by the energy they store and the rate at which
they discharge make them optimal for specific operational
range, potentially leading to overcompensation or under-
compensation in other voltage ranges. Both RF transmit
voltage and pulse duration are significant factors. It is
expected the droop effect becoming noticeable at lower
voltages when the RF pulse duration is getting longer. It is
plausible that at lower transmit voltages for a regular short
RF pulse, an overcompensation for RFPA output leads to
an observable increase in drift, as depicted by the upward
trend in Figure 1. The experiments which are not employ-
ing a high RF power—which is the case in the imaging

protocols of this study and wide range of protocols—were
observed to be immune against voltage droop and did
not experience a significant phase drift. Consequently, the
corrections were exclusively computed based on the mag-
nitude of DICOs records in this work.

The inter-scanner assessment of inter-pulse drift indi-
cates a similar trend between 9.4 and 7T Plus scanners,
while 11.7 and 7T Terra exhibit a distinct pattern. At 11.7
and 7T Terra, the drift curve shifts direction, beginning
to decrease after reaching to its peak. This results in pro-
longed drifting and requires more time for RFPAs to settle.
This difference might be attributed to the design vari-
ation, with 2 kW amplifiers used in 11.7 and 7T Terra
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F I G U R E 7 A comparison through coefficient of variation (CV) calculation is performed between no radiofrequency (RF) power
amplifier (RFPA) drift correction, predictive RFPA drift correction, and run-time RFPA drift correction using data from the first subject. The
initial seven repetitions out of 40 repetitions are excluded from the analysis to mitigate the impact of the transient state. However, due to the
extended T1 of gray matter and white matter at 9.4T, CV computed in Columns 1–3 is influenced by a combined contribution from both
bSSFP transient state and RFPA drift. The difference in CV between RFPA drift corrected and uncorrected cases across the three intervals is
minimal. It is evident that the transient state predominates in the first 10 repetitions for all three cases with and without RFPA drift
corrections. The final column presents the progression of the mean intensity within the ROI shown with blue and green circles throughout
all repetitions. The signal intensity slightly increases when the drift correction is turned off, aligning with the simulation outcomes
demonstrated in Supporting Information Figure S2.

scanners compared to the 1 kW amplifiers used in 9.4 and
7T Plus scanners. Separate evaluation of the RFPA drift-
ing behavior at each site is recommended in light of these
observations. The assessment of drift was conducted mul-
tiple times using different RF coils and loads (phantoms
and subjects). Additionally, at one site, the measurement
was repeated while the scanner was ramped down. Over-
all, it was observed that the aforementioned factors do not
contribute to RFPA drift, or their contribution is minimal.
Although all experiments in this study were conducted on
UHF MR scanners, the observation of RFPA drift at lower
fields with quadrature body coils is not unexpected.

This study investigated two k-space filling strategies:
linear and centric. While linear ordering is the more
common approach in Cartesian sampling, the centric
reordering of k-space patterns is commonly preferred for
sequences involving magnetization preparation or when

the transient signal is of interest.31–33 The steeper initial
slope of the drift curve can result in a more noticeable
change in global intensity in the image domain for centri-
cally ordered acquisitions. This effect is evident through
the higher CV observed in Figure 6 for the centrically
ordered scan compared to the linearly ordered scan.

The predictive approach offers a lower implementa-
tion complexity. Unlike the run-time approach, it does not
demand a heavy computational burden for real-time cal-
culations, alteration of the reconstruction pipeline, and
the integration of feedback mechanisms. However, this
method necessitates the repetition of the entire proto-
col once to generate the RFPA drift curve, followed by
offline calculations to determine the necessary corrections.
This approach relies on the premise that the drift curve
remains consistent when the same protocol is repeated, an
assumption that has been verified as valid for the protocols
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AGHAEIFAR et al. 11

F I G U R E 8 The evolution of radiofrequency (RF) power
amplifier (RFPA) drift is depicted for no correction, predictive
correction, and run-time correction. Ideally, all curves should
remain entirely horizontal when there is no drift. Four
representative transmit channels (1, 2, 13, and 16) are displayed for
clarity. Each point on the plot corresponds to the integral of the
magnitude of directional coupler records.

utilized in this study. Figure S4 exhibits a demonstration
of the reproducibility of drift curves involving five mea-
surements with a 10-s interval between each (TR= 3.5 ms,
RF = 1 ms). In typical protocols, exporting raw-data
and computing scale factors with predictive correc-
tion approach provides ample time for RFPA for com-
plete relaxation. Nevertheless, in exceptionally high RF
duty-cycle scenarios, it is recommended to contemplate
extending this time period for a full relaxation and experi-
mentally verify it for individual RFPAs.

When the transmit voltage remains constant, the cor-
rection table derived from one scan can be employed
for the same scan in different sessions. However, it is
important to note that in this study, slight instability
was observed in certain RFPAs, which challenges the
assumption of drift curve reproducibility. RFPAs exhibit-
ing instability are those that deviate from the overall curve
trend depicted in Figure 1. This instability is further evi-
dent in the predictive correction DICO plots displayed
in Figure 8, where one RFPA, plotted in green, demon-
strates this behavior. To address this concern, the run-time

correction approach can be employed as a solution. The
run-time approach eliminates the need for repeated scans
as the correction factors are computed directly from the
ongoing scan. This capability enables the cancellation of
both drift and unexpected RFPA instability. However, it
is important to account for the time lag between calcula-
tions and the application of correction factors. This lag can
extend to several TRs when TR is very short. In the case of
a TR of 3.2 ms, as utilized in this study for bSSFP sequence,
the correction calculated for the nth pulse was applied to
either the (n + 2)th or (n + 3)th pulse due to the time lag.
The extent of lag is influenced by factors such as the RF
length, the number of transmit channels, and the TR. In
cases where the TR exceeded 15 ms and the RF length was
1 ms, it became feasible to reduce the delay to just one TR.

To achieve a fully established steady state, it is advis-
able to utilize a preparation scan of 5T1.34 Because of the
extended T1 values of gray matter and white matter at
9.4T,26 the transition to steady state requires approximately
10 s, during which RFPAs reach a stable output condi-
tion. In order to maintain the sensitivity to RFPA drift,
only the initial seven repetitions were excluded for in vivo
analysis. This determination was made based on the inten-
sity curve of a representative voxel, plotted in the final
column of Figure 7. This means that a total of 1136 RF
pulses were employed as part of the preparation scan, with
an average drift contribution of only 2.0% factoring into
the CV calculation. Nevertheless, the variability in voxel
intensity across the initial repetitions remains a combina-
tion of RFPA drift and the transient state of the bSSFP
sequence. Disentangling the individual contributions from
these two factors proves to be a challenging task. Simula-
tion results indicated that the utilization of a low FA pulse
could expedite the attainment of steady state. As demon-
strated in Figure 3, the reduction in FA should not impact
the maximum drift, provided the study remains within a
low transmit voltage range. However, it has been illus-
trated in Figure S5 that for a constant RFPA drift, the MR
signal exhibits decreased sensitivity to RFPA drift at lower
FA values. To validate the proposed RFPA drift correc-
tion method, a custom-made spherical gel phantom with
a T1 relaxation time of 460 ms was employed. This choice
enabled a notable reduction in the steady-state transition
time.

4.1 Potential benefit of RFPA drift
correction

The sensitivity to RFPA drift varies based on the spe-
cific application. In certain cases, the impact of drift
can be mitigated by running dummy scans, allowing the
RFPA output to stabilize. However, this approach may not
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F I G U R E 9 B+1 reproducibility is evaluated using two-dimensional presaturation TurboFLASH (satTFL) sequence while radiofrequency
(RF) power amplifier (RFPA) drift correction turned off and on. Five sets of B+1 maps are generated from five consecutive measurements.
Notably, the initial scan is more influenced by RFPA output drift compared to the later scans. Consequently, the relative difference between the
B+1 maps calculated from the first and fifth scans is higher than the relative difference between the B+1 maps calculated from the fourth and fifth
scans. With RFPA drift correction activated, the temporal drift at the outset becomes acceptably compensated, resulting in a reduction of the
relative difference between the first and fifth B+1 maps. B+1 map displayed in the second column is normalized to its nominal value, set at 90◦.

always be feasible. Particularly in UHF scenarios where B+1
inhomogeneity requires the use of parallel transmission,
both B+1 mapping calibration scans and tailored RF pulses
can be influenced by RFPA drift. This can raise disparity
between simulations and actual measurements and needs
to be considered. The unaccounted impact of RFPA drift
could potentially compromise the accuracy and safety of
SAR predictions. RFPAs with different magnitude/phase
drifts can cause the SAR distribution to deviate from the
expected distribution. Even if all RFPAs drift consistently
with each other, the magnitude of the SAR will be overes-
timated or underestimated. While the scanner used in this
study uses real-time SAR monitoring to measure power
for all 16 channels, SAR lookahead is considered a redun-
dancy to increase the fault tolerance of the SAR monitor-
ing system, which is compromised by drifting RFPAs. In
addition, underestimation of SAR by the prospective SAR
supervision mechanism can cause nuisance if sequences
are aborted by online SAR supervision if the two deviate
due to RFPA drift.

Considering the long-standing aim of quantitative MRI
to establish a common ground for quantitative tissue char-
acteristics, which is ideally completely independent of any
external instrumental factors and thus provides an objec-
tive reproducible measure, an understanding of the occur-
rence of RFPA drift and its correction is crucial. The results
presented in this article indicate that RFPA drift could

potentially affect the accuracy of any MR quantification
method, which is sensitive to the RF excitation profile and
flip angle, in particular in scenarios with high RF duty
cycles and when using unregulated RF amplifiers. Candi-
dates which could potentially benefit from an RFPA drift
analysis and correction strategy include CEST and mag-
netization transfer experiments,35 fingerprinting,36 spin
tomography in the time domain,37 short-TR steady-state
relaxometry,38–42 or B+1 mapping sequences such as the
investigated satTFL or Bloch–Siegert shift.19

The potential impact on quantitative MRI is corrobo-
rated by the performed B+1 mapping experiments using sat-
TFL, which reveal that RFPA drift affects the reliability of
the obtained B+1 values (cf. Figure 9). Errors in the estima-
tion of B+1 can in turn considerably affect the quantification
of tissue-specific parameters such as relaxation or diffu-
sion metrics if the underlying MR acquisition is sensitive to
B+1 , which is, for example, the case for SSFP sequences. The
simulation results presented in Figure S6 demonstrate for
three SSFP-based T1 mapping techniques—variable flip
angle,43 motion-insensitive rapid configuration relaxom-
etry,40 and triple echo steady state42—how errors in B+1
mapping can translate into a bias of T1 estimation since
those methods necessitate knowledge about B+1 , which is
typically obtained by an external B+1 mapping scan. The
simulation reveals that a deviation of approximately 5%
in B+1 leads to a corresponding deviation of about 10% in
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AGHAEIFAR et al. 13

T1 for all investigated methods. As evident from Figure 9,
RFPA drift can cause B+1 deviations exceeding 5% in large
portions of the brain and as high as 15% in certain areas.
Please note that motion-insensitive rapid configuration
relaxometry and triple echo steady state allow the joint
quantification of T2 alongside T1. In contrast to T1, the T2
estimation is largely independent of B+1 for these meth-
ods.44 Generally, RFPA drift is expected to become the
more apparent the shorter the scan times and should thus
be considered especially in case of accelerated quantitative
imaging with sparsely sampled data.

4.2 Limitations

In the suggested RFPA drift correction approach, the ref-
erence is established using the integral of the magnitude
of the initial RF pulse, with subsequent pulses scaled rel-
ative to this reference. This implies that the correction
focuses solely on inter-pulse variations, striving to main-
tain a consistent RF integral. However, it is important to
note that drift also occurs while the RF is actively trans-
mitting, leading to modifications in the RF shape. For
example, a rectangular RF pulse can be experienced as a
right trapezoid, potentially affecting the excitation profile.
This particular effect has not been explored or considered
in the current work.

5 CONCLUSIONS

The aim of this study was to investigate, comprehend, and
correct for RFPA drift. The findings highlight that in typ-
ical imaging with a short TR and/or a long RF, RFPA
can drift within a notable range. If not addressed, it can
manifest as undesired signals, potentially affecting the
reproducibility of data. The suggested approach involving
predictive and run-time drift correction has shown encour-
aging results in mitigating drift. This involves monitoring
DICO recordings to calculate drift and dynamically adjust-
ing transmit voltages during the scanning. The suggested
drift correction method also has the potential to enhance
the accuracy and reproducibility of qMRI performed on an
MR system equipped with unregulated amplifiers.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. A comparison between no RFPA drift cor-
rection, predictive RFPA drift correction, and run-time
RFPA drift correction in a phantom study with centric
reordered k-space sampling pattern. The initial repetition
is excluded from the analysis to mitigate the impact of the
transient state. The utilization of RFPA correction leads
to more uniform CV values similar to the results shown
in Figure 5.
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Figure S2. The signal evolution simulation is conducted
for a bSSFP sequence by applying a train of prepara-
tion pulses using two different T1 values: 460 ms and
2000 ms. The dashed lines of the same color represent
the simulation results in the presence of drift. The plot-
ted curves reveal several insights. Firstly, for FA of 15◦,
the steady-state signal with a T1 value of 460 ms achieves
a higher level. Moreover, the signal exhibits a gradual
increase and takes more time to reach a steady state. On
the other hand, for T1 = 2000 ms, the discrepancy between
the ideal and drifted simulations is significantly smaller
compared to the case with T1 = 460 ms.
Figure S3. A comparison of CV is presented for the sec-
ond subject who participated in the study. The analysis
includes the scenarios of no RFPA drift correction and the
two proposed approaches for drift correction. Similar to
the results obtained from subject 1, the first seven rep-
etitions are excluded from the analysis to minimize the
contribution of the transient state. However, due to the
extended T1 of GM and WM at 9.4T, the computed CV
reflects a combined impact of the transient state and RFPA
drift. The last column of the figure illustrates the evolution
of voxel intensity, represented by the blue cross in the first
column, across all repetitions.
Figure S4. Demonstrating the reproducibility in RFPA
drifting magnitude. A single slice is measured using the
bSSFP sequence five times (TR=3.5ms, RF=1ms), with a
10-second delay between measurements to enable relax-
ation of the RFPA. The necessary delay for RFPA relax-
ation is determined experimentally. Drifting in six exem-
plary Tx channels is depicted for simplicity. The predictive
correction approach is based on the consistency of the

drifting curve between calibration and correction scans. It
is important to note that potential distortion may occur
due to RFPA malfunctions, which are not reproducible.
Figure S5. The obtained MR signal originates from the
transverse component of magnetization, and its magni-
tude is correlated to the flip angle (FA) through the sine
function. The figure illustrates the discrepancy in the mag-
nitude of the transverse component between the ideal
excitation and the drifted excitation for various FA values,
considering possible drift effects.
Figure S6. T1 bias (y axis) resulting from a B+1 quan-
tification error (x axis) for variable flip angle (VFA),
motion-insensitive rapid configuration relaxometry (MIR-
ACLE), and triple echo steady state (TESS). Simulation
parameters: TR = 5 ms, T1 / T2 = 1425 ms / 29 ms cor-
responding to WM at 9.4T reported in literature, actual
(true) B+1 = 1.0, flip angles: 3◦/15◦ (VFA), 10◦ (MIRA-
CLE/TESS), RF spoiling increment: 50◦ (VFA). B+1 and T1
errors were defined as:ΔB+1 = ((B

+
1,est − B+1,act)∕B+1,act) ⋅ 100,

ΔT1 = ((T1,est − T1,act)∕T1,act) ⋅ 100 with estimated (est)
and actual/true (act) values. The B+1 error is referring to
potential inaccuracies in the employed external B+1 map-
ping method. MIRACLE and TESS exhibit the same B+1
sensitivity since relaxometry is based on the same signal
equations, but different acquisition schemes.
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