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Resolution Improvement in a High-Power Magnetic
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Abstract—High-resolution gradient power amplifiers are re-
quired to generate high-fidelity gradient fields in magnetic reso-
nance imaging (MRI) systems. Various aspects of gradient power
amplifiers have been the subject of research in the past years,
however, systematic analysis and design methods for its resolution
improvement have not been sufficiently addressed. This article
addresses this research gap with comprehensive analysis and design
methods for resolution improvement. First, a method for systematic
resolution characterization of the MRI gradient power amplifier
with gradient coil is proposed. Second, noise modeling with respect
to the critical aspects in the system resolution degradation is devel-
oped and discussed. Third, the resolution improvement methods
of bandwidth optimization, pseudorandom code modulation, and
utilizing silicon carbide (SiC) switching power devices are proposed
and analyzed, achieving a resolution at the one part in 106 level.
Finally, the resolution improvement methods are experimentally
validated in a 1000 V/400 A SiC gradient power amplifier. The
experimental results show a 3.6 times reduction in the peak spu-
rious signals and resolution improvement at all current levels and
pulse lengths, compared to a conventional insulated gate bipolar
transistor GPA. These results prove the validity of the proposed
methods for resolution improvement in a high-power MRI gradient
power amplifier, enabling future high-power and high-resolution
amplifier designs.
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I. INTRODUCTION

U LTRAHIGH resolution in magnetic resonance imaging
(MRI) gradient power amplifiers (GPAs) is an essential

requirement to achieve high-quality images; at the same time, it
is a big challenge to achieve. The particular challenge of these
switched-mode GPAs is to generate precise output currents with
ultralow noise in arbitrary waveforms with a typical frequency
range of tens of kilohertz and output power at million-volt-
ampere level. The loads are gradient coils with inductance values
of several hundred μH to one mH. In MRI systems, the GPA
consists of three high-power amplifiers, which respectively drive
the x, y, and z orientation gradient coil [1].

In MRI systems, the imaging signals are radio frequency
signals, which need to be acquired with high signal-to-noise-
ratio (SNR) via radio frequency coils. Scanning of the image
is achieved by varying the gradient field. Noise in the gradient
field will affect the sampling time accuracy, and the noise in
the gradient field will affect the time resolution steps taken in
the data sampling, and therefore directly impact the imaging
quality [1]. Therefore, high-resolution gradient field is required
to ensure high imaging quality. A typical sampling trajectory in a
two-dimensional (2-D) image is illustrated in Fig. 1, where each
dot represents a sampling point. This trajectory is realized via
the gradient pulses generated by the x-axis and y-axis GPAs,
respectively. The first line in the trajectory is obtained by a
positive x-axis gradient pulse allowing to sample the data with
a step (ΔKx), until the right maximum x-position is reached.
Then, a positive y-axis gradient pulse is applied to move the
sampling position one line up (ΔKy). Subsequently, negative
x-axis gradient pulses are applied with the same time duration
as the positive x-axis gradient pulses in the first line, until the
sampling position is back to the left minimum position in the
second line. By repeating the same process and reversing the
polarity of the x-axis gradient at the edge of each line, the
scanning trajectory will cover the full 2-D area [1].

The horizontal spacing and vertical spacing in the trajectory
are defined by the step size ΔKx and ΔKy, respectively [1].
These step sizes are determined by integration of the gradient

https://orcid.org/0000-0002-7090-4262
https://orcid.org/0000-0002-1632-745X
https://orcid.org/0000-0002-5239-4019
https://orcid.org/0000-0002-5501-8000
https://orcid.org/0000-0003-2120-4259
https://orcid.org/0000-0003-3509-1216
https://orcid.org/0000-0002-9080-7240
https://orcid.org/0000-0001-9305-5542
mailto:keqiu_zeng@163.com
mailto:j.popovic@utwente.nl
mailto:g.rietveld@utwente.nl
mailto:maosaijun@126.com
mailto:yuhui5095@163.com
mailto:wlg123572_2@sina.com
mailto:liu_kun76@sohu.com
mailto:zzd1992ah@163.com
https://doi.org/10.1109/TPEL.2022.3162385


ZENG et al.: RESOLUTION IMPROVEMENT IN A HIGH-POWER MAGNETIC RESONANCE 10595

Fig. 1. Typical sampling trajectory for a 2-D MRI image [1].

strength generated by the GPA output current

ΔKx = γ

∫ τADC

0

Gxdt (1)

ΔKy = γ

∫ τPE

0

Gydt (2)

where Gx and Gy represents the x-axis gradient strength and
y-axis gradient strength, respectively, τADC denotes analog-to-
digital converter (ADC) sampling period and τPE denotes the
y-axis gradient pulse duration [1]. To achieve high resolution
in the MRI imaging, a very high resolution of the GPA output
current pulse is required, and the typical requirement is at the
level of one part in 106.

In recent state-of-the-art literature, multiple converter topolo-
gies and soft-switching technologies have been studied to
achieve the advantage of lower ripple current, lower electric
stress, and increased flexibility at various power level GPAs
[2]–[18]. It appears that the cascaded H-bridge is the most
often used converter topology for the GPA application. Fur-
thermore, several recent papers discuss the utilization of the
newly emerging silicon carbide (SiC) switching power devices in
GPAs [6]–[12]. High voltage SiC modules enable high switching
frequency operation with lower power loss, enabling simpler
architectures. Suppressing and reducing noise is critical to high-
resolution applications such as for MRI, and therefore ripple
cancellation filters have been studied and used to eliminate
the switching frequency ripple in the output current [19]–[21].
Furthermore, noise and distortion minimization methods for a
gallium nitride class-D amplifier used in nanoscale-precision
positioning applications are presented in [22] and [23], which
provide sufficient noise suppression and distortion reduction by
using Kalman filters and delta–sigma modulation technology.
In addition, an analysis for common mode noise is performed
and the mechanism of the internal common mode resonance
is analyzed for a GPA with cascaded H-bridges [24]. Moreover,
dead-time compensation is another way to reduce the distortions
of the amplifier [25]–[27]. Finally, low-jitter and low-noise
gate drivers are studied and designed for reducing noise of the
converter [28], [29], as well as research efforts to eliminate the
jitter of digital isolators [30].

However, there is a lack of systematic and statistical
investigation into the resolution characterization with respect
to MRI GPA applications, which results in subpar resolution
performance, more design iterations, and longer design cycle
and validation time. In addition, the modeling and quantitative

analysis of the critical factors influencing the GPA resolution
has not been sufficiently addressed. Furthermore, flexible
and efficient methods for improving GPA resolution are
lacking. Since low noise hardware designs are complicated and
expensive, high-performance filters will bring the challenges to
the controller design, and advanced signal processing methods
such as Kalman filter and delta–sigma modulation will introduce
additional delays. Therefore, further research into more suitable
methods for meeting the high-resolution requirements of GPAs
is necessary, which is the focus of this article.

In this article, systematic analysis and design methods for
the characterization and improvement of the resolution of MRI
GPAs are presented. Furthermore, noise modeling and math-
ematical analysis methods with respect to the critical aspects
causing degradation of the system resolution are developed and
discussed in detail. Finally, approaches are proposed for the
flexible and efficient resolution improvement, together with a
demonstration of their validity in a high-power SiC GPA.

This article is organized as follows: Section II introduces a
comprehensive method for resolution characterization in MRI
GPA applications. Section III provides the modeling and math-
ematical analysis methods for the critical aspects causing GPA
resolution degradation. Section IV proposes an effective solution
for resolution improvement by minimizing various kinds of
noise and disturbances in an MRI GPA. Section V validates
the proposed methods with experimental results obtained in an
SiC hardware demonstrator. Finally, Section VI summarizes the
main findings of this article.

II. RESOLUTION CHARACTERIZATION IN MRI GRADIENT

POWER AMPLIFIER

Noise and disturbance are the most common root-cause of
the resolution degradation in MRI gradient systems. Therefore,
it is critical to characterize and understand this impact mathe-
matically. In this section, the statistical characteristics of noise
is introduced first. Based on this, the resolution characterization
in an MRI GPA system is presented in detail.

A. Statistical Characteristics of Noise

As the first step toward resolution analysis in MRI GPA, it is
important to clarify the noise definition regarding power spectral
density (PSD). For a continuous stationary random signal, the
signal power can be calculated by measuring the energy of the
signal within a time interval τ and dividing by τ . Thus, the
average power Pavg of a signal f(t) is equal to

P avg = lim
τ→∞

1

τ

∫ τ

0

f2 (t)dt

= lim
τ→∞

1

τ

∫ +∞

−∞
|F τ (f) |2df =

∫ +∞

−∞
SX (f)df

(3)

where Fτ (f) is the Fourier transform of f(t) signal in time
interval of τ , andSX(f) is the normalized PSD [31], [32], which
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Fig. 2. Model of the MRI noise chain.HX(f) indicates the model of the noise
shaping by the GPAs. HS(f) indicates the model of the MRI scan parameters.

can be expressed by the following:

SX (f)= lim
τ→∞

|Fτ (f) |2
τ

. (4)

The noise sn(t) generated by the noise chain has stochastic
properties. The mean value of the noise signalE[sn(t)] therefore
is expected to be zero, and the variance D[sn(t)] can be used to
characterize the noise signal [31], [32]. Since the variance of the
noise does not change over time, the mean value of the average
power Pavg is the variance of the random process that generated
sn(t) , which can be obtained as follows:

D [sn (t)] = E
[
s2n (t)

]− (E [sn (t)])2 = E (P avg) . (5)

The RMS value of the noise signal is equal to the square root
of the average noise power. Therefore, the mean value of the
RMS of the noise signal is equal to the standard deviation σ
[31], [32]

σ =
√
E (P avg) = E [sRMS (t)] =

√∫ +∞

−∞
SX (f)df .

(6)
This equation leads to the conclusion that an estimation of the

variance of the noise signal in the time domain can equivalently
be derived from its PSD. Having the PSD of a noise signal
enables the derivation of stochastic characteristics of a signal
derived from that noise by linear filtering, in particular the
standard deviation or variance of the signal.

B. Resolution Characterization in MRI and Gradient Power
Amplifiers

In an MRI system, variations of the spin phase at the field
of view (FOV) are caused by random magnetic field variations
[1]. Thus, the characteristic parameter of the imaging artifact
is the standard deviation of the phase variation. This in turn
is equal to a weighted integration over time of the variation,
where the weighing function depends on the electronic devices
used and the MRI scan parameters. The MRI noise chain, which
characterizes these noise signals, is illustrated in Fig. 2. In this
noise chain model, white noise is transferred to band-limited
noise SXN(f) by the model of the electronic subsystems such
as the GPAs, followed by subsequent shaping by the model of
the system scan parameters, which depends on the MRI pulse
waveform. This output band-limited noise can be represented in
the form of a standard deviation, and thus is directly linked to
the resolution performance.

In MRI, the purpose of imaging is to determine the spin
density ρ(z) of a sample from an MRI signal sMRI(t) [1], [37].

The 1-D MRI imaging equation [1] can be written as follows:

sMRI (t) =

∫
ρ (z)eiφG(z,t)dz. (7)

The MRI image can be obtained by inverse Fourier transform
of (7). The gradient magnetic field is the critical factor to
determine the phase φG(z, t) in (7), which can be expressed
as follows:

φG (z, t) = −z2πγ

∫ t

0

G (τ )dτ (8)

where γ denotes the gyromagnetic ratio [1], [37]. Equations
(7) and (8) can be applied to gradient magnetic fields with
any arbitrary orientation, and can be generalized by replacing
φG(z, t) by the phase due to all gradient field variations.

As a consequence, the GPA output noise current can be
translated to the gradient magnetic field noise by multiplying
with the gradient coil efficiency (k), which is defined as the ratio
of gradient field generated to current drawn (with unit μT/m/A
[38]–[40]), and the distance (d) to the center of an MRI system,
which is half of the FOV. Therefore, (8) can be expressed as a
function of the GPA output current IG as follows:

φG (t) = −2πγ

∫ t

0

G (τ )dτ

= −2πγ

∫ t

0

dkIG (t− τ )hint (τ )dτ . (9)

It can be seen that the minimum resolution step size defined
in (1) and (2) is presented in MRI 1-D imaging (7) with the
phase (8) and (9). The resolution characteristic of the gradient
magnetic field can be defined as the standard deviation of the
phase φG(t), and the gradient field is generated by the GPA
output current. Therefore, the system resolution indicator can
be defined as follows:

σ (φG (t)) = 2πγkdσ

(∫ t

0

IG (t− τ )hint (τ )dτ

)

= 2πγkdσ

(∫ t

0

sxn (t− τ )hint (τ )dτ

)
(10)

where hint(τ) represents the noise gain of the system scan
parameters which depends on the MRI pulse waveform, and
sxn(t) is the band-limited noise in the gradient output current.
In conventional MRI systems, the FOV is about 45 cm and the
gradient coil efficiency is about 45 μT/m/A. Three degrees
variation in phase is acceptable, which corresponds to a 15
μAs resolution requirement in GPA output current; this sets the
limitation for the repeatability of gradient current pulses. To
reach 15 μAs in a typical 400 A and 10 ms trapezoidal pulse,
a resolution requirement of 1.5 mA in the amplitude of current
pulse is required, which is at the level of 1 part in 106.

C. Resolution Modeling in Gradient Power Amplifier

As shown in Fig. 2, the output noise can be represented in
time domain by the convolution with the system scan parameters
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hint(t) as follows:

sout (t) =

∫ ∞

0

sxn (t− τ )hint (τ )dτ . (11)

Similarly, in the frequency domain, if a signal with spectrum
density Sin(f) is applied to a linear time-invariant system H(f),
then the output spectrum density SXout(f) is given by the fol-
lowing [31], [32] :

SXout (f) = Sin (f) |H (f)|2. (12)

In GPAs, the gradient waveform is typically a trapezoidal
waveform with short rising and falling edges, which can be
approximated as a square waveform with the duration Techo

hint (t) =

{
1,0 ≤ t ≤ T echo

0,Otherwise
. (13)

Therefore, the system scan parameters hint(t) in the GPA can
be written in Fourier transformation as follows:

H int (f) = Gint (f) = T echoSinc (πfT echo) e
−jπfTecho .

(14)
Combining (6), (12), and (14), the required system resolution

in (10) can be derived as follows:

σ (φG (t)) = 2πγkdσ

(∫ Techo

0

IG (t− τ )hint (τ )dτ

)

= 2πγkd

√∫ +∞

−∞
SXN (f) |Gint (f)|2df (15)

with 2πγkd a constant in an MRI system. This model trans-
lates the MRI system resolution characteristic, which depends
on the spin phase variation, to the resolution characteristic of
GPA output current pulse expressed in the form of a standard
deviation, which is equal to the GPA output current noise value.
Therefore, the GPA resolution characteristic indicator can be
defined as follows:

σ (IG) = σ

(∫ Techo

0

IG (t− τ )hint (τ )dτ

)
. (16)

Smaller values of the resolution characteristic indicatorσ(IG)
means less deviation in φG(t), and thus smaller deviation of the
steps in the sampling shown in Fig. 1. Thus, GPA resolution im-
provement can be identified by reducing the value of σ(IG). The
MRI resolution and the GPA resolution can thus be improved
by suppressing the noise in GPA output current.

III. RESOLUTION ANALYSIS METHOD FOR MRI GRADIENT

POWER AMPLIFIER

A. System Modeling for Resolution Analysis

As shown in the previous section, GPA resolution can be
improved by noise suppression. The noise sources, which have
a critical impact on the GPA resolution performance, can be
divided into two different types. The first type is quantization
noise, which includes ADC quantization noise and pulsewidth
modulation (PWM) quantization noise. The second type of noise
is generated by the analog devices, primarily the jitter of the gate

Fig. 3. GPA system with relevant noise sources: quantization noise sources
(blue) and the disturbances of analog devices (green).

Fig. 4. Simplified circuit diagram of the GPA power stage. UDC is the total
dc voltage applied to the H-bridges. A zero-order hold approximation is used to
represent the H-bridges output by uUDC.

driver and the switching power devices, and the disturbance
in the dc power supply. Fig. 3 illustrates a GPA system with
these noise sources. The circuit model of the GPA load, which
is a gradient coil, can be sufficiently accurately described as
an inductor L and a series resistor R in the frequency range of
interest [38]–[41].

In order to analyze the impact in resolution from each type of
noise source, a mathematical system model can be derived by
the continuous-time state equations. By selecting the current ic
through the filter capacitor, the output current iout and the output
voltage uout, the continuous-time state equations can be derived
in the Laplace transformation form as follows:

sLIout +RIout = UL (17)

sCfUL − sCfRfIc = Ic (18)

sLfIc + sLfIout = uUDC −UL (19)

where u denotes the duty cycle generated by the controller; the
other parameters can be found in the simplified GPA power stage
model illustrated in Fig. 4.

Using these continuous-time state equations, the transfer
functions of iout to u, uout to u, and ic to u can be derived as
follows:

Giout/u (s) =
Iout

u
=

UDC (sCfRf+1)

s3LfCfL+s2A+ sB +R
(20)

A = LfCfR+LfCfRf+LCfRf (21)

B = Lf+L+CfRfR (22)
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Fig. 5. Noise and disturbance model of the GPA system using the continuous-
time state equations. This model includes the GPA converter, control system,
gradient output filter and gradient coil. Gint represents the model of system scan
parameters. DADC−iout , DADC−ic , DADC−UL

and DPWM denote the ADC and
PWM quantization noise and disturbance.

GuL/u (s) =
UL

u
=(sL+R)Giout/u (s) (23)

Gic/u (s) =
Ic

u
=

sCf (sL+R)

1+sCfRf
Giout/u (s) . (24)

These models can be used to simulate the hardware behavior.
As a consequence, the mathematical model for the further noise
chain analysis can be illustrated as in Fig. 5.

The model of system scan parameters Gint in Fig. 5 is an
integration function, which can be approximated by (14) and
can also be presented in Laplace transformation as follows:

Gint =
1

s

(
1− e−sTint

)
. (25)

Here Tint denotes the gradient pulse duration, which is in the
level of milliseconds, meaning that the bandwidth of Gint is less
than 1 kHz.

B. Resolution Analysis for the Impact of Quantization

ADC and full-digital PWM are the two key contributors of
quantization noise in a GPA. The RMS value of the noise, which
is equal to the standard deviation of the noise power, can be
derived with the weight (q) of the minimum quantization step
[36] as follows:

σQuantization =
q√
12

. (26)

In the ADC, q is equal to the weight of one least significant
bit and can also be represented by the SNR and full span (FS)
of input signal. Thus, the ADC quantization noise becomes the
following:

σADCNoise =
FS√

8 10(
SNR
20 )

. (27)

As a consequence, the one-side power spectral density of the
ADC quantization noise can be derived as follows:

SADCX (f) =
σ2
ADCNoise

fADC/2
. (28)

In the full-digital PWM generator, the PWM is generated by
comparing the digital reference signal with a digital triangular
wave. The quantization noise can be considered as the deviation

of the exact pulse width from the digitalized pulse width. The
weight q is equal to the weight of a minimum step Tmin in
a PWM period TPWM, that is, Tmin/TPWM. In the cascaded
H-bridge topology, the voltage in each H-bridge is reduced by
the number of H-bridges (m), which leads to a reduction of the
noise. Therefore, the PWM quantization noise and its one-side
power spectral density can be expressed as follows:

σPWM =
Tmin√

12 m TPWM

(29)

SdPWM (f) =
σ2
PWM

fPWM/2
. (30)

The noise is calculated over the Nyquist bandwidth fADC/2
or fPWM/2, which are above 10 kHz. In the GPA, the bandwidth
of interest is much less. Therefore, a correct noise gain model
must be in place. From Fig. 5, the noise gain models of the
quantization noise chains can be derived as follows:

GDADCiout (s) =
iout (s)

DADC−iout
(s)

= −Giout/u

(
Kint

1

s
+KiL

)/
Den (s)

(31)

GDADCUL (s) =
iout (s)

DADC−UL
(s)

=
−Giout/uKuL

Den (s)
(32)

GDADCic (s) =
iout (s)

DADC−ic (s)
=

−Giout/uKic

Den (s)
(33)

GDPWM
(s) =

iout (s)

DPWM (s)
=

Giout/u

Den (s)
(34)

Den (s) = 1 +

(
Kint

1

S
+KiL

)
Giout/u

+KuL
GuL/u +KicGic/u. (35)

Consequently, by utilizing these models and (15), (16),
the GPA resolution indicators impacted by one of the three
ADCs and the PWM quantization noise can be expressed by
σADC−X(IG) and σPWM(IG), respectively, as follows:

σADC−X (IG)

=

√∫ 1
2 fADC

0

SADCX (f) |GDADCX (f)Gint (f)|2df

=
FS

2
√
fADC10(SNR/20)√∫ 1

2 fADC

0

|GDADCX (f)Gint (f)|2df (36)

σPWM (IG)

=

√∫ 1
2 fPWM

0

SdPWM (f) |GDPWM
(f)Gint (f)|2df
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=

√
fPWMTmin√

6m

√∫ 1
2 fPWM

0

|GDPWM
(f)Gint (f)|2df

(37)

where GDADCX denotes one of three ADC noise gain models in
(31)–(33) and GDPWM is the PWM noise gain model of (34).

In a full-digital PWM, Tmin is the minimum PWM counter
time step which is determined by the PWM counter clock
frequency and the number of externed asynchronous PWM bits
[33]–[35]. Thus, (37) can also be represented with the PWM
effective number of bits (ENOB) as follows:

σPWM (IG) =
1√

6fPWM2ENOB√∫ 1
2 fPWM

0

|GDPWM
(f)Gint (f)|2df (38)

ENOB = log
mTPWM/Tmin

2 . (39)

C. Resolution Analysis for the Impact of Analog Device
Disturbance

The jitter of the gate driver and switching power semiconduc-
tors together with disturbances of the DC power supply are the
two major influencing factors to the resolution degradation in a
GPA.

The jitter of the gate driver and switching power semicon-
ductor is generated by deviation from the ideal timing in the
switch-on or switch-off actions. The standard deviation can be
assumed to be the maximum deviation Δgatemax. Furthermore,
these switching actions are uncorrelated with time and with other
power devices. Thus, the variation of turn-ON duration caused
by these jitters can be given by

√
2Δgatemax, and the standard

deviation of the duty cycle in m cascaded H-bridge converters
can be derived as follows:

σu =

√
2Δgatemax√
mTPWM

. (40)

Since the jitter from gate drivers and switching power semi-
conductors can be directly observed in the GPA output current,
the noise gain model is the same as for the ADC sampling output
current, that is, GDADCiout(f) in (31). Therefore, the resolution
indicator for the impact of the jitter from gate drivers and
switching power devices can be calculated by the following:

σGD (IG) =
σu√
fPWM

2√∫ 1
2 fPWM

0

|GDADCiout (f)Gint (f)|2df .
(41)

The dc power supply disturbance is another leading factor
influencing the resolution. It can be observed in the GPA model
that the output voltage of the inverter can be represented by
a constant voltage uUDC during PWM intervals. Therefore,
disturbances of the dc power supply voltage have a significant
impact on the GPA resolution performance.

Fig. 6. Current waveform of a typical gradient pulse. Tr denotes the period of
the rising-edge or the falling-edge. Tp denotes the plateau period.

Fig. 7. Magnitude of GDCbus(s) ∗Gint for an integration time of 10 ms
(orange) and 0.2 ms (blue). A state space model with integrator is used for
the simulation.

In a typical gradient current waveform, as illustrated in Fig. 6,
there are two different types of durations: the plateau period Tp

and the period of rising-edge or falling-edge Tr. The controller
and power supply in the gradient system have different behavior
in these two time periods. During the rising-edge or falling-edge,
the duty cycle generated by the controller is constant and at its
maximum value, and the power supply generates the maximum
deviation due to voltage droops or recharges. In the plateau
period, the duty cycle has a small value and the power supply
keeps a constant voltage with small ripple. In high-performance
MRI systems, the period of the rising-edge or falling-edge is
typically 0.2 ms.

The noise gain model of the dc power supply disturbance
GDCbus(s) is the same as the noise gain model of the digital
PWM. However, the rising-edge period or falling-edge period
Tr is different from the plateau time Tp. Therefore, the gains of
Gint are different. Fig. 7 illustrates the two noise gain models of
dc power supply disturbances with different pulse length.

In the GPA model, the output of the cascaded H-bridges can
be presented by multiplying the duty cycle u , generated by
the controller, with the actual dc power supply voltage Vdc.act.
However, if the nominal dc voltage Vdc.nom is used, then the
effective duty cycle ueff can be obtained by the following:

ueffV dc.nom = uV dc.act. (42)

The effective duty cycle ueff is the effective control value
affecting the amplifier system. The disturbance on the overall
dc voltage can be defined by its standard deviation σdc.act, which
is identical to its RMS value. Therefore, the noise on the effective
control duty cycle ueff caused by the dc voltage disturbance
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Fig. 8. Noise chain for variations in the dc power supply.

σdc.act is equal to the following:

σueff
=

σdc.actu

V dc.nom
. (43)

The noise chain for variations in the dc power supply voltage
is given in Fig. 8. The resulting maximum noise on the integral
can be determined as follows:

σDCbusM =
u

V dc.nom
|GDCbusGint|max︸ ︷︷ ︸
NGDC

σdc.act. (44)

In order to use (44) for the resolution estimation, the control
duty cycle u needs to be calculated. Assuming a gradient coil
with an effective resistance of 62 mΩ, an output voltage of 25 V
will be required to maintain 400 A gradient output current during
the plateau period, which requires a duty cycle u of 0.016 in the
case of a 1500 V power supply voltage. The duty cycle u in the
rising-edge or falling-edge period is nearly constant and equal
to one. Beside this, the maximum magnitude of GDCbus(s) ∗
Gint can be obtained in Fig. 7, which is −39.61 and −38.28
dB for the rising-edge or falling-edge period and the plateau
period, respectively. By using these values, the gain NGDC in
(44) can be calculated, resulting in 6.97 and 0.13 μAs/V for
the rising-edge or falling-edge period and the plateau period,
respectively. Therefore, the maximum noise on the integral of
the two different periods can be determined as follows:

σDCbusR = 6.97σdc.act (45)

σDCbusP = 0.13σdc.act (46)

where σDCbusR denotes the standard deviation in the period of the
rising-edge or falling-edge, and σDCbusP denotes the standard
deviation in the plateau period. The value of σDCbusR is about
fifty times higher than σDCbusP. Therefore, the GPA resolution
indicator for the impact of the disturbance from the dc power
supply can be evaluated by the following:

σDC (IG)=
√
2σ2

DCbusR+σ2
DCbusP ≈

√
2σDCbusR.

(47)
It is obvious that the rising-edge and falling-edge are much

more critical than the plateau period with respect to the GPA
resolution. That means that variations in the length of the plateau
period will not have a significant impact on the resolution.

Fig. 9. Magnitude of the noise gain models:GDADCiout (f) (blue),GDADCic(f)
(red), and GDADCUL (f) (green). .

Fig. 10. Magnitude of the noise gain model GDPWM (f).

IV. RESOLUTION IMPROVEMENT METHODS FOR MRI
GRADIENT POWER AMPLIFIER

A. Bandwidth Optimization Method

In order to improve GPA and thus MRI resolution, both the
quantization noise and the disturbances of the analog devices
need to be suppressed. It can be observed in the resolution
analysis equations that the noise gain models, defined in (31) to
(35), play a critical role in resolution improvement. Moreover,
the integration time Tint in the integration function Gint(f) is of
the order of a millisecond in MRI applications. That means its
corner frequency is below 1 kHz, which thus is the region of
interest (ROI) for GPA resolution.

The magnitude of the noise gain models in 10 kHz bandwidth
is illustrated as examples for further analysis in Figs. 9 and
10. The noise gains GDADCUL(f) , GDADCic(f), and GDPWM(f)
all have a bandpass characteristic with a linear ramp in the
ROI. Therefore, system bandwidth optimization can efficiently
attenuate the quantization noise. In order to minimize the im-
pact of digital PWM quantization noise, the relationship of the
GPA resolution indicator σPWM(IG) defined in (37), system
bandwidth and PWM ENOB needs to be studied, which are
shown in Fig. 11. The impact of the PWM quantization effect
can be ignored when the system bandwidth is higher than 5
kHz and ENOB is 14 bits which can be easily achieved in field
programmable gate array (FPGA). The noise gain ofGDADCiout(f)
has a low pass characteristic, so the bandwidth optimization
approach is ineffective in suppressing the noise of the ADC
sampling the output current. Thus, an ADC with higher SNR
and suitable sampling frequency is required. Fig. 12 illustrates
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Fig. 11. (a) GPA resolution indicator σPWM(IG) as a function of bandwidth
at 30 kHz PWM switching frequency. (b) σPWM(IG) as a function of ENOB for
different values of the system bandwidth fsys and PWM switching frequency
fPWM.

Fig. 12. GPA resolution indicator σADC−iout(IG) as a function of ADC SNR
for different sampling rates fADC. The full ADC span is ±700 A and the pulse
length is 10 ms.

the GPA resolution indicator σADC−iout(IG) defined in (36) as a
function of ADC SNR. It is clear that the impact of the ADC
quantization noise on the resolution can be ignored by selecting
an ADC with SNR higher than 95 dB. Fig. 13 shows the GPA
resolution indicator σADC−UL(IG) and σADC−ic(IG) defined in
(36) as a function of bandwidth. Obviously, a 3 kHz bandwidth
can effectively eliminate the quantization noise impact of these
two ADCs. Thus, their impact can be ignored in the GPA
resolution analysis.

The bandwidth optimization method can also effectively im-
prove the GPA resolution under dc power supply disturbances. In
the rising-edge or falling-edge, the dc voltage will be drooped or
increased due to charging or discharging of the inductive load. A

Fig. 13. GPA resolution indicator σADC−UL(IG) and σADC−ic(IG) as a
function of bandwidth. SNR and sampling frequency of both ADCs are set
to 80 dB and 1 MHz, respectively, in the simulation.

TABLE I
GPA RESOLUTION FOR DIFFERENT SYSTEM BANDWIDTHS UNDER DC POWER

SUPPLY DISTURBANCE

Note: Tr = 0.2 ms, Tp = 10 ms, σdc.act = 5 V RMS and Vdc.nom=1500 V.

TABLE II
SUMMARY OVERVIEW OF GPA RESOLUTION FOR DIFFERENT TYPE OF NOISE

AND DISTURBANCE

Note: fPWM = 30 kHz , PWM ENOB = 16 bits , fADC = 1.0 MSPS, ADC SNR = 95
dB, Δgatemax = 20 ns, σdc.act = 5 V RMS, Vdc.nom = 1500 V, pulse length is 10 ms.

variation of 5 V RMS in the overall dc voltage is normal, which is
about 30 V peak-to-peak voltage droop. Consequently, σDCbus is
equal to 49.3 μAs, which by far exceeds the 15 μAs resolution
requirement. There are two methods to minimize this impact
of dc power supply disturbance. The first method is dc voltage
compensation [2]. The second method is to use the bandwidth
optimization method. Table I illustrates the improvement of
GPA resolution by increasing the system bandwidth. Obviously,
higher system bandwidths can better suppress the impact of dc
power supply disturbance. However, a high system bandwidth
also leads to a high bandwidth in the low-pass noise gain
GDADCiout(f), which degrades the resolution by introducing more
noise especially at low PWM switching frequency. Therefore,
a 10 kHz system bandwidth is a good choice, which is already
sufficient to achieve the 15 μAs aim. Table II summarizes the
GPA resolution for different types of noise and disturbance and
with the 10 kHz system bandwidth. It is evident that dc power
supply disturbance is the major influencing factor.



10602 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

Fig. 14. Quantization error in a digital PWM generator.

Fig. 15. Pseudorandom code modulation in a digital PWM generator.

B. Pseudorandom Code Modulation

By studying the MRI imaging (7)–(9), and (15), it is clear that
the fixed-frequency spurious signals in the GPA output current
will create disturbances in the MRI signal, in addition to the
noise in the ROI. This effect will have a significant impact on the
MRI resolution, in particular at the frequencies where the system
scan parameter hint(t) has less filtering effectiveness. Therefore,
next to reduction of noise, suppressing fixed-frequency spurious
signals is necessary for resolution improvement.

In full-digital PWM generation, the impact of PWM noise
can be further reduced with pseudorandom code modulation. In
a digital PWM generator, the quantization error can be described
as in Fig. 14 [36]. The Fourier transform can be written as
follows:

FPWM (ω)=2π

k=+∞∑
k=−∞

akσ

(
ω − 2kπ

T

)
(48)

ak = πδ

(
2kπ

T

)
− q sin (kπ)

2kπ
− j

T sin (kπ)

2(kπ)2
. (49)

It is obvious in (48) that the quantization process of the digital
PWM will generate a noise spectrum with fixed frequencies, as
the PWM quantization error has a periodic sawtooth waveform.
By utilizing pseudorandom code modulation, the periodic saw-
tooth waveform will be distorted toward a random signal, and its
noise spectrum will become similar to white-noise. Therefore,
the impact of PWM quantization noise will be reduced. The
block diagram of pseudorandom code modulation in a digital
PWM generator is shown in Fig. 15.

C. Resolution Improvement by Utilizing SiC Switching Power
Devices

SiC switching power devices have well-known benefits in
lower power loss, higher switching frequencies and higher power

Fig. 16. Magnitude of noise gain modelGDPWM (f) as a function of frequency
for different system bandwidths. Bandwidth: 4 kHz (green), 8 kHz (blue), 10
kHz (black), 12 kHz (red).

densities [9]. In addition, SiC switching power devices can also
improve GPA resolution.

The bandwidth optimization approach can gain higher noise
attenuation value in the ROI. In this approach, the noise gain
GDPWM(s) is critical to the noise suppression. When the high
system bandwidth is used, the attenuation in the low frequency
will be more significant.

GPAs can achieve higher bandwidths by utilizing SiC switch-
ing power devices, because SiC devices can reduce the dead time
and operate at a high switching frequency. Fig. 16 depicts the
magnitude of the noise gainGDPWM(s) for different system band-
widths in a SiC GPA. It can be clearly observed that the GPA with
higher system bandwidth has better noise attenuation capability
in the ROI. In addition, the noise gain model GDPWM(f) will
amplify the spurious signals with the magnitude of the positive
noise gain. The GPA with higher system bandwidth has the
capability to move the frequency range with positive noise gain
toward higher frequency, thereby reducing the impact on the
system resolution. Moreover, the high switching frequency of
the SiC switching power devices is much farther away from
the required bandwidth compared with the GPA using insulated
gate bipolar transistor (IGBT), which improves the effectiveness
of the GPA output filter at the switching frequency and its
harmonics. Therefore, the GPA resolution will be improved
due to less fixed-frequency spurious signals. An experiment in
Section V will prove this effectiveness.

V. EXPERIMENTAL RESULTS

In order to validate the proposed analysis and design methods
for resolution improvement, a GPA hardware demonstrator with
1000 V output voltage and 400 A output current has been
built with SiC power modules as shown in Fig. 17, using the
topology given in Fig. 3. The key components and experimental
instruments are listed in Table III. A full-digital state space
controller and PWM generator is built using an FPGA. This
GPA is tested with an inductive load of 225 μH and 62 mΩ
equivalent resistance. Fig. 18 shows the experimental waveform
of a pulse sequence in the SiC GPA demonstrator with 400 A
output current.

As mentioned above, a very high resolution in gradient output
current pulse is required for an MRI system, typically at the
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Fig. 17. Picture of key elements in the 1000 V/400 A GPA demonstrator.

TABLE III
KEY GPA COMPONENTS AND TEST EXPERIMENT INSTRUMENTS

Fig. 18. Typical GPA experimental waveform with 400 A output current.

level of one part in 106. Therefore, a high-accurate measurement
system is needed to detect and validate the GPA resolution
improvements. A diagram of the digital measurement system
is illustrated in Fig. 19, and its key components are listed in
Table IV. The GPA output current is measured with a high-
resolution zero-flux-based current sensor DS600ID with 0.02
ppm noise level below 1 kHz. The current signals are sampled
at 1 MSPS by a 20-bit high-resolution ADC LTC-2378 with SNR
of 104 dB. Then, the sampled data is digitally transferred by an
FPGA controller to a computer for resolution calculation and
comparison. The circuits and components in the measurement
chain are placed in an electromagnetically shielded chamber to
avoid any external interference during the experiments.

Fig. 19. Diagram of the high-accurate digital measurement system for ver-
ification of the GPA resolution improvements, based on a low-noise accurate
current sensor.

TABLE IV
KEY COMPONENTS OF THE HIGH-ACCURATE MEASUREMENT SYSTEM

Fig. 20. Measured magnitude of ADC noise gain GDADCiout (f) (blue),
GDADCUL (f) (red), and GDADCic(f) (green) in the SiC GPA demonstrator with
10 kHz bandwidth.

Fig. 21. Experimental results of the magnitude of the noise gain model
GDPWM (f) as a function of frequency in the SiC GPA demonstrator with 10
kHz bandwidth.

The proposed methods for GPA resolution analysis and im-
provement are based on the noise gain models, mathematically
presented by (31) to (35). Therefore, it is critical to validate the
effectiveness of these built models in the GPA demonstrator.
The magnitude of these noise gain models is tested in the
GPA demonstrator as a function of frequency. The measurement
results for a GPA implementation with 10 kHz system bandwidth
are shown in Figs. 20 and 21, and can be validated by comparing
these with the simulation results in Figs. 9 and 10. Obviously, the
experimental results match well with the simulation results. The
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Fig. 22. Experimental results of the magnitude of noise gain GDPWM (f) as
a function of frequency for different system bandwidths. Bandwidth: 4 kHz
(green), 8 kHz (blue), 10 kHz (black), 12 kHz (red).

Fig. 23. GPA Resolution indicator σ(IG) as a function of dc power supply
disturbance. The experiment is implemented with 6 kHz bandwidth.

deviations in the frequency of the peak value and the noise at-
tenuation value are caused by the inevitable differences between
the actual hardware and the ideal components in the simulation.
The noise gain model GDPWM(f) plays the most critical role in
the noise suppression, so it is necessary to study its behavior
as a function of different system bandwidths. Fig. 22 illustrates
the experimental results on the SiC GPA for different system
bandwidths. The experimental results show that GDPWM(f) has
more than 10 dB noise attenuation in ROI at 10 kHz bandwidth,
compared to a 4 kHz bandwidth. The agreement of these exper-
imental results with the simulations shown in Fig. 16, validate
the bandwidth optimization methods.

As analyzed in Section IV, dc power supply disturbances lead
to significant reduction in GPA resolution, and the bandwidth
optimization method can effectively reduce this impact. Fig. 23
shows the experimental results of the GPA resolution indicator
σ(IG), defined in (16), as a function of different disturbance
levels in the dc bus voltage. In this experiment, the rated current
of the dc power supply is set to the low limit to create a voltage
droop VDC_droop as the dc voltage disturbance, and the rated dc
bus voltage for each H-bridge is 400 V. It can be seen that a dc
voltage droop of 80 V increases σ(IG) by a factor of 3, leading
to a very significant degradation in resolution. Fig. 24 shows the
improvement in GPA resolution for different dc bus disturbance
levels by the bandwidth optimization method. Obviously, higher
bandwidth leads to less impact from dc power supply distur-
bances, and the resolution can be improved by more than 25 %
by going to a 10 kHz system bandwidth. Fig. 25 shows additional
tests of the GPA resolution indicator σ(IG) for different output

Fig. 24. GPA resolution indicator σ(IG) for different dc power supply dis-
turbance levels (VDC_droop) as a function of system bandwidth. Blue: Iout =
100A and VDC_droop = 0 V ; Green: Iout = 200A and VDC_droop = 8 V ; Red:
Iout = 300 A and VDC_droop = 25 V . The pulse length is 25 ms.

Fig. 25. GPA resolution indicator σ(IG) as a function of system bandwidth.
Output current: 100 A (red), 200 A (black), 300 A (blue), 400 A (green). The
dc bus voltage for each H-bridge is set to 650 V. The pulse length is 10 ms.

currents and a shorter pulse length of 10 ms to reduce the impact
of VDC_droop. Compared with a 4 kHz bandwidth, it is evident
that a 10 kHz bandwidth improves GPA resolution at all current
levels. These experimental results prove the effectiveness of the
proposed bandwidth optimization method for improving GPA
resolution.

A key feature of the proposed resolution improvement meth-
ods next to the bandwidth optimization is the pseudorandom
code PWM generation to provide additional suppression on
disturbances at fixed frequencies. Experiments are performed
with three different output currents, that is 50 A, 100 A, and
400 A, with results as shown in Fig. 26. From this figure, it is
apparent that the pseudorandom code PWM generator indeed
can effectively suppresses the spurious frequency components
in the spectrum, leading to around 15%, 10%, and 13% peak
reduction in peak spurious signal at 50, 100, and 400 A output
currents, respectively. It validates the effectiveness of pseudo-
random code PWM generation.

As analyzed in Section IV, SiC switching power devices have
the ability to improve GPA resolution with respect to IGBT
devices. To illustrate this, the noise performance of a SiC GPA
demonstrator with two cascaded H-bridges is compared to that
of a conventional IGBT GPA with three cascaded H-bridges.
The resolution performance is compared by studying both the
spectrum of the fixed-frequency spurious signals as well as the
GPA resolution indicator σ(IG). The switching frequency in
each power device is around 30 and 15 kHz for the SiC GPA
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Fig. 26. Spectrum of the fixed-frequency spurious signals in GPA output
current with (red dash) and without (blue solid) pseudorandom code modulation
in PWM generation. (a), (b), (c) show the noise spectrum in 50, 100, 400 A
output current, respectively. (d), (e), (f) show zooms of the peak spurious signal
for 50, 100, 400 A output current, respectively.

Fig. 27. Spectrum of fixed-frequency spurious signals at 400 A output current
for the SiC GPA demonstrator (red) and a conventional IGBT GPA (blue).

and the IGBT GPA, respectively. The dc bus voltage for each
H-bridge is 650 and 425 V for the SiC GPA and the IGBT GPA,
respectively, resulting in the same overall dc bus voltage of 1300
V. The bandwidth is around 10 kHz and around 7 kHz for the
SiC GPA and the IGBT GPA, respectively. Fig. 27 clearly shows
that the SiC GPA is able to significantly better suppress the
fixed-frequency spurious signals in the GPA output current, due
to its higher bandwidth and faster switching frequency. In par-
ticular, the suppression in the peak spurious signal is improved
by a factor of 3.6. Table V shows the experimental comparison
of the GPA resolution indicator σ(IG) between the SiC GPA
and the IGBT GPA. It is clear that the GPA resolution can be

TABLE V
RESOLUTION OF THE SIC GPA AND CONVENTIONAL IGBT GPA FOR

DIFFERENT CURRENT LEVELS AND PULSE WIDTHS

improved at all current levels and pulsewidths by utilizing SiC
switching power devices, compared to the conventional IGBT
GPA. Especially, the SiC GPA can significantly improve the
resolution of shorter pulses at higher currents. The improvement
is around 20% and 21% for the 1 and 5 ms pulse sequence,
respectively, at 400 A output current. At high power and long
pulsewidth, the resolution improvement is limited by the power
supply configuration and difference in dc bus voltage, leading
to more voltage droop in the SiC GPA. However, at these
worse operational conditions, the SiC GPA still performs better
than the IGBT GPA with better operational conditions. These
experimental results validate that SiC switching power devices
not only have the well-known benefits of low power loss and
high power densities but also can improve GPA resolution.

VI. CONCLUSION

In this article, a novel and comprehensive resolution analysis
and improvement method for high-power MRI GPAs is pro-
posed, revealing new insights in noise analysis and techniques
for resolution improvement. First, a comprehensive resolution
assessment of MRI GPAs is provided, as well as the impact on
MRI system performance. This resolution characterization and
modeling reveals the statistical relationship between MRI image
quality, GPA resolution, and GPA output noise, indicating the
direction for GPA resolution improvement. Second, this study
establishes the GPA resolution analysis methods with respect
to the most critical influencing factors. This work appears to
be the first study on statistical analysis methods for evaluating
GPA resolution, enabling a prediction of GPA resolution before
going into the GPA design. Finally, this study introduces several
novel GPA resolution improvement approaches, ensuring the
realization of a high-resolution GPA.

Specifically, the proposed resolution analysis and improve-
ment method can improve GPA resolution in the following ways.

1) bandwidth optimization can suppress most of the noise and
disturbance in GPA including the most critical influencing
factor of dc power supply disturbance;
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2) pseudorandom code modulation reduces the fixed-
frequency spurious signals in digital PWM generation;

3) utilizing SiC switching power devices in the GPA can sig-
nificantly reduce spurious signals at switching frequencies
and further enhance bandwidth optimization methods.

The latter reveals that SiC switching power devices not only
have the well-known benefits of lower power loss and higher
power densities but also can improve GPA resolution. In ad-
dition, the proposed resolution improvement methods can con-
siderably reduce the engineering development costs and effort,
since conventional low noise hardware designs require exten-
sive prototyping, iterative tuning process and more expensive
hardware platforms.

The effectiveness of the proposed design method has been
experimentally validated in a 1000 V / 400 A SiC GPA demon-
strator. The experimental results show a 3.6 times reduction in
the peak spurious signal and a resolution improvement at all
current levels and pulse lengths, compared to a conventional
IGBT GPA. These experimental results validate the proposed
comprehensive analysis and design methods.

This study has a number of important implications for future
practice. It gives new insight in designing GPAs for optimal
resolution, and provides the designer of high-accuracy amplifiers
with the tools to review the design as well as tools to experi-
mentally evaluate the implementation of the design. In this way,
this article helps both understanding methods for resolution im-
provement, as well as pinpointing the key points designers have
to address in order to ensure meeting the stringent requirements
in GPA for various MRI applications. Finally, the proposed res-
olution analysis and improvement method can also be extended
to MRI RF amplifiers and amplifiers for other high-power and
high-resolution applications, such as nano-scale-positioning and
subsea communication.
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