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Abstract—Multilayer ceramic capacitors (MLCCs) are widely
used in power electronics. Because paraelectric and ferroelectric
material are nonmagnetic dielectrics, B-field effects are typically
ignored in datasheets and design consideration. This letter reveals a
significant, previously undocumented phenomenon: B-fields cause
substantial high-frequency impedance variation in MLCCs, with
observed changes exceeding 43% under B-fields up to 491 mT.
Supplementary material includes all the design files for the mea-
surement kit and all the raw data to ensure reproducibility. Raman
spectroscopy and microstructure were employed to characterize
the material composition and physical structure of the MLCCs.

Index Terms—B-field, ferroelectric material, high-frequency
impedance, multilayer ceramic capacitor, paraelectric material.

I. INTRODUCTION

MULTILAYER ceramic capacitors (MLCCs) are essen-
tial and widely used in power electronics, for chip de-

coupling, powering gate drivers, switched-capacitor convert-
ers, and resonant converters [1], [2], [3], [4]. Their market
value (USD 14.4B [5]) significantly exceeds that of other pas-
sive components like inductors (USD 4.5B [6]), underscoring
their importance. Furthermore, the significantly higher energy
density of capacitors compared to inductors is also driving
the increased use of high-capacitance circuitry in low-voltage
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TABLE I
FACTORS AFFECTING MLCC PERFORMANCE

systems like Point-of-Load converters and data center power
supplies.

As shown in Table I, research on MLCCs mainly investigates
their performance under dc bias voltage [1], [4], [7], high current
[1], temperature [9], [10], and mechanical stress [11]. How-
ever, their performance under B-fields is often overlooked. This
oversight is mainly because the dielectric materials in MLCCs,
predominantly ferroelectric (Class II) or paraelectric (Class I)
material [7], are primarily influenced by E-fields and are largely
unaffected by B-field.

However, in modern society, B-fields are becoming increas-
ingly prevalent and hard to avoid. Consequently, understanding
MLCC performance under B-field is becoming critical.

The widespread presence of B-field is largely due to the
increasing reliance on the modern power electronics. As shown
in Table II, electric vehicles (EVs) extensively use permanent
magnet (PM) motors. Magnetic Resonance Imaging (MRI) scan-
ners generate intense B-fields up to 7.0 T. Devices equipped with
MagSafe also incorporate PM with B ranging between 40.4 and
98.3 mT.

Shielding dc B-fields is inherently more challenging than
shielding E-fields or ac B-field. Effective shielding is readily
achieved, at high frequencies using Faraday cages [23] and
low frequencies via highly conductive materials and grounding.
In contrast, attenuating B-fields is considerably challenging.
Therefore, investigating MLCC performance variations under
such conditions is important.
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TABLE II
B-FIELD MAGNITUDE IN VARIOUS APPLICATIONS

This comparison demonstrates two critical disadvantages of
the conventional impedance adapter solution: 1) an elevated
noise floor compared to the shunt-through method; and 2) a
strong vulnerability to external B-fields, which further degrades
its noise performance. This clearly supports using the shunt-
through technique for minimizing noise and mitigating B-field
interference in impedance measurements.

Our work reveals a previously unrecognized dependence of
MLCC high-frequency impedance to external B-fields. Our data
demonstrate impedance variations exceeding 43% under exter-
nal B-fields. This dependence is absent from current datasheets
and prior studies. Therefore, engineers are likely to overlook
it, which can lead to impedance mismatching, EMI filter’s
performance degrading, and resonant frequency shifting.

To ensure experimental reproducibility, we have systemati-
cally discussed the design considerations of our experiments,
and comprehensively discussed the influence of B-field mag-
nitude and direction on the capacitance’s impedance. A kit
was designed to avoid the impact of external mechanical stress
and other confounding variables. The conclusions demonstrate
universality across Class I and Class II MLCC, various package
sizes, different manufacturers, and diverse capacitance values.
We include all design files and all the raw experimental data
to provide reproducibility and strong support for our findings’
validation.

II. DESIGN OF EXPERIMENT

A. Review on Existing Characterization Methods

The review of capacitor characterization helps us understand
and aligns the principles, considerations, and targets for the
design of our characterization measurements under B-field.

The challenge in existing capacitor characterization is typi-
cally lies in how to design setups to apply an external dc voltage
while ensuring the setup method has minimal impact on the
measurement. Refs. [4], [24], [25] use transformers to apply dc
voltage, which limits the total effective measurement bandwidth
due to the transformer’s bandwidth. Ref. [1] uses multilevel
resonant circuit to introduce the dc voltage, but the circuit is
complicated. Furthermore, precision is limited by the measure-
ment instruments such as power meters [26]. To minimize the
influence of auxiliary circuits, recent advances have focused
on alternative characterization approaches. In 2023, Coday and

Fig. 1. Principles, workflows, and key considerations for experimental design.

Pilawa-Podgurski [7] employed calorimetric methods to obtain
accurate power loss and ESR data, effectively bypassing some
of the traditional measurement limitations. Menzi et al. [8]
addressed the challenge of peak-charge measurement difficul-
ties by proposing a simplified ESR-based model that achieves
reasonably accurate results without requiring peak charge mea-
surements. In addition, Zakzewski et al. [27] recognized that
nonlinear effects can cause waveform distortion and proposed a
compensation method to correct for these distortions.

Characterization targets high-frequency properties including
Z, fR, ESR, and ESL. Although the independent variables differ,
the dependent variables, measurement methods, controlled vari-
ables, and evaluation techniques from electrical characterization
are highly relevant with our experimental design.

B. Key Considerations for Experimental Design

Based on experimental design principles [28], the experimen-
tal setup needs to ensure reliable, precise, repeatable, and re-
producible measurements of MLCC characteristics. Therefore,
experimental design steps and key considerations are presented
in Fig. 1.

Based on experimental design principles [28], the experimen-
tal setup needs to ensure reliable, precise, repeatable, and re-
producible measurements of MLCC characteristics. Therefore,
experimental design steps and key considerations are presented
in Fig. 1.

C. Measurement Accuracy

Conventional impedance analyzers face challenges in accu-
rately measuring low (mΩ-level) impedance. For example, the
recommended impedance range for the Bode 100 in Fig. 2(a)
is above 20 mΩ, while for the Keysight E4990A, the limit
is above 25 mΩ. To address this limitation, we employ the
shunt-through method based on a network analyzer, as illustrated
in Fig. 2(b). This method allows for accurate measurements
down to approximately 1 mΩ.
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Fig. 2. Comparison of impedance noise floor for: (a) An impedance adapter
with B-WIC and (b) a shunt-through setup. (c) Compares the results of both
setups, under conditions with (w/B) and without (w/o B) an external B-field.

Fig. 3. Comparison of the conventional impedance adaptor and proposed
shunt-through measurement setups: (a) The conventional setup highlighting fer-
romagnetic components susceptible to B-field interference, (b) the conventional
schematics, (c) the block diagram of the proposed shunt-through configura-
tion, and (d) the proposed custom-designed test fixture with only nonmagnetic
components.

Shunt-through method is based on transmission parame-
ter (S21) characterization, which represents the ratio of the
signal arriving at Port 2 to the signal leaving Port 1. The
relationship between S21 and the impedance of the DUT is as
follows:

ZDUT = Z0S21/ (2 (1− S21)) (1)

where
ZDUT is the complex impedance of the MLCC;
Z0 = 50Ω is the characteristic impedance of the measurement

system (50 Ω).
Based on (1), the sensitivity analysis can be derived as Fig. 4,

showing the shunt-through method’s high sensitivity for resolv-
ing low impedance values.

A comparison of the noise floors in Fig. 2(c) demonstrates
that the shunt-through technique effectively minimizes noise and
ensures measurement accuracy. Fig. 5 further analyzes the mech-
anism of noise floor degradation in the conventional setup and

Fig. 4. Theoretical sensitivity analysis of two impedance measurement ap-
proaches. (a) Calculated S21 for a shunt-through model, demonstrating high
sensitivity to impedance variations. (b) Calculated current, I, response for an
impedance adapter (e.g., the B-WIC model), showing low sensitivity. This
theoretical comparison highlights the superior potential of the shunt-through
configuration using S21 for resolving low impedance values (1 mΩ to 1 Ω).

Fig. 5. Measurement kit and setup. NdFeB PMs provide an external B-field. A
support kit enables adjustable distance between PMs and the MLCC, to control
the B-field strength. The orientation of PMs determines the B-field direction.
The PCB design files are provided in the supplementary material.

Fig. 6. Measurement test bench. The Bode 100 vector network analyzer
measures the impedance of MLCC. The Tesla meter (TD8650) with B-field probe
monitors the B-field magnitude and direction. A Picotest J2113A differential
amplifier, powered by a J2170A power supply, is used to suppress ground-loop
errors.

explains the advantages of our proposed shunt-through method.
The commercial impedance measurement adapter (i.e., B-WIC)
has a complex material composition that is vulnerable to the
external B-field. This vulnerability can invalidate the calibration
and makes the measurement results inaccurate. Instead, our
fixture is free of ferromagnetic materials, its electromagnetic
properties remain constant when the strong magnetic field is
applied.
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Fig. 7. Impedance versus frequency: MLCC, noise floor, and standard 50
Ω under conditions with and without B-field, denoted as w/B and w/o B,
respectively. B-field application shows negligible effect on noise and 50-Ω
impedance, while MLCC impedance remains significantly above the noise floor.

D. Mitigating B-Field Interference on Test Setup

Furthermore, Fig. 2(c) also reveals that the noise floor of a
conventional impedance analyzer increases sharply under an
external B-field. In contrast, the shunt-through method maintains
a low noise floor even in the presence of the B-field.

E. Experimental Design Kit and Setup

A specialized setup featuring a custom test fixture was devel-
oped, as shown in Fig. 3. NdFeB PMs have been used to generate
external B-fields, thereby avoiding the need for complicated
auxiliary circuits. The field strength was precisely controlled
by adjusting the distance between the magnets and the device
under test (DUT) using a support kit, while the field direction was
set by the orientation of the magnets. The overall measurement
bench is in Fig. 6.

III. RESULTS

A. Verification of Measurement Accuracy

To validate the measurement system, it is essential to ensure
that the background noise is sufficiently low. Fig. 7 presents
a comprehensive comparison of the impedance characteristics
of the MLCC, the system’s noise floor, and a 50 Ω reference
resistor. It is evident that the MLCC’s impedance is consistently
several orders of magnitude above than the system noise floor
and proves the accuracy of the system. This large signal-to-noise
ratio (SNR) confirms the capability of our setup to accurately
measure the MLCC’s impedance.

B. Evaluation of B-Field Interference Mitigation

Fig. 8 shows B-field distribution along the standard kit. The
results verify strong localization of the B-field at the DUT,
confirming minimal potential interference with the VNA and
other sensitive parts of the surrounding setup.

C. Exclusion of Magnet Effects to Confirm B-Field Influence

Because the external B-field is introduced using PMs, it is
necessary to confirm that any observed effects on DUT originate
specifically from the B-field, and not from the physical presence
or material properties of the magnets.

Fig. 9 presents the impedance of the MLCC measured with an
unmagnetized NdFeB magnet, compared to measurements taken

Fig. 8. B-field measurements along the standard measurement kit.

Fig. 9. Impedance measurements versus frequency for the MLCC with and
without a magnet, denoted as w/ magnet and w/o magnet, respectively. The
nearly identical impedance curves indicate that the presence of the magnet itself,
independent of its B-field, does not significantly affect the MLCC impedance.

without any magnet. The results clearly show that the impedance
curves for both conditions (“w/ magnet” and “w/o magnet”) are
nearly identical. The negligible impedance difference observed
with and without this magnet confirms that the physical pres-
ence of the material, absent magnetization, does not affect the
measurement results.

D. Characterization of MLCC Under External B-Field

Fig. 10 shows that the external B-field significantly changes
the MLCC’s impedance, Z, equivalent series inductance, Ls, and
equivalent series resistance, Rs. The relative variations are shown
in Fig. 10: Z varies from −43.8% to +32.0%, Ls from −72.5%
to +157.7%, and Rs decreases by up to 41.0%. Fig. 11 shows
a 40.4% decrease in impedance at 800 kHz when the B-field is
increased from 0 mT to 491 mT. Concurrently, Fig. 12 shows
that the first resonant frequency, fR, increased by 13.2%.

These results in Figs. 8–10 consistently demonstrate the sig-
nificant impact of external B-fields on MLCC performance.

E. Effect of B-Field Polarity on MLCC

To assess the directional dependence, measurements were
repeated with reversed B-field polarity (N-S versus S-N), as
shown in Fig. 13. While the results confirm the significant
impact of the B-field compared to the no-field case (w/o B),
there is negligible difference in the MLCC impedance between
the N-S and S-N orientations. This indicates that the observed
effects are largely independent of the B-field polarity along this
axis.
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Fig. 10. Effect of applied B-field strength on the parameters of an
MLCC (C4532X5R1A107MT000E TDK). Key relative variations include:
(a) Impedance, Z: +32% (max, at 451 kHz) and −43.8% (min, at 725 kHz).
(b) Equivalent series inductance, Ls: +157.7% (max, at 515 kHz) and −72.5%
(min, at 650 kHz). (c) Equivalent series resistance, Rs: −41% (min, at 827 kHz).

Fig. 11. Impedance of the MLCC at 800 kHz under various B-field strengths.
The impedance decreases as the B-field increases. Specific values at B = 0 mT
and B = 491 mT are annotated.

F. Effect of B-Field Orientations on MLCC

As depicted in Fig. 14, the PM is placed in the following nine
locations to apply the B-field along key vectors relative to the
MLCC.

1) Along Principal Axes: Orientations parallel to the x, y, and
z axes, which correspond to the B-field applied perpendic-
ularly or parallelly to the MLCC’s internal current flow
(e.g., positions No. 1, 3, 5, 7, 9).

2) At 45° Orientations: Orientations within the principal
planes but at a 45° angle to the axes (e.g., positions No. 2,
4, 6, 8).

The results in Fig. 15 clearly show that the B-field’s influence
on MLCC impedance is a universal phenomenon regardless of
orientation. However, the magnitude is affected by orientation,
which confirms an anisotropic dependence on orientation.

Fig. 12. Measured fR versus B-field. The fR is 515 kHz at B = 0 mT, while
fR is 583 kHz at B = 451 mT. The relative variation of fR is 13.2%.

Fig. 13. MLCC parameter variations with frequency and B-field conditions.
(a) Impedance. (b) Equivalent Series Inductance, Ls. (c) Equivalent Series
Resistance, Rs. Measurements are shown for conditions with and without B-field,
denoted as w/B and w/o B respectively. For measurements with B-field, the field
was applied in both N-S and S-N directions.

Fig. 14. Design and implementation of the high-precision fixture for PM
placement. (a) Schematic of the defined measurement positions, (b) 3-D CAD
model of the positioning fixture, (c) photograph of the final assembled test setup,
and (d) the fabricated 3-D printed positioning fixture. The designed 3-D CAD
model fixtures have been included in the supplemental material.
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Fig. 15. Measured impedance of the MLCC with and without an external B-
field applied at nine positions, measured using the 3-D printed fixture with radius
= 5 mm. (a) Full-spectrum impedance curves for all nine magnet positions. (b)
A zoomed-in view of the resonant frequency. (c) A zoomed-in view of the high-
frequency region around 10 MHz. The results show strong symmetry between
corresponding measurement positions.

Fig. 16. Measured impedance versus frequency, demonstrating the impact of
an external B-field (w/B versus w/o B) on (a) 100 µF MLCCs for both 1812 and
1210 package sizes, and (b) 1210 package MLCCs with different capacitance
values (100 µF versus 10 µF).

G. Investigation of B-Field Across Various MLCCs

Significant B-field-induced impedance variations are ob-
served for 100 µF MLCCs irrespective of package size (1812
versus 1210), as shown in Fig. 16(a). Similarly, significant
B-field induced impedance changes are evident for 1210 package
MLCCs across different nominal capacitance values (100 µF
versus 10 µF), as shown in Fig. 16(b). These results demonstrate
that the phenomenon is robust and not strictly limited by specific
device parameters within the tested configurations.

Fig. 17 presents fR as a function of capacitance for various
MLCCs (differing in capacitance, package size, and manufac-
turer). The consistently positive vertical error bars, denoting
the B-field induced increase in fR, confirm the generality of fR
upshift across a wide range of tested MLCCs.

Fig. 17. Measured fR versus nominal capacitance (C) for various MLCCs.
Vertical error bars indicate the increase in fR upon application of a B-field.
Each capacitor is identified by its nominal capacitance, package size, and manu-
facturer (format: Capacitance_Package_Manufacturer). Refer to supplementary
information for raw data and further details.

Fig. 18. Design steps and key considerations for applications under high B-
field environments.

IV. DISCUSSION

The results in Section III clearly shows that high dc B-field can
cause the MLCCs’ high frequency impedance to vary. Therefore,
in practical design, we need to evaluate how to include this
phenomenon to ensure the performance and high reliability of
the system design.

Detailed procedures and key considerations are listed in
Fig. 18. For component characterization, refer to the setups in
Figs. 5 and 6. For typical interference levels, refer to Table II.
It is crucial to identify if the circuits are sensitive to high-
frequency impedance changes. Applications such as decoupling
capacitors for digital ICs are typically tolerant of an MLCC’s
high-frequency impedance variations without functional impact.
However, circuits with high-bandwidth or stability requirements
can be sensitive to MLCC high-frequency impedance. Typical
circuits are as follows:

1) LDO regulators with specific ESR range requirement:
For example, LM1117 [29] requires ESR of the output
capacitor is between 0.3 Ω and 22 Ω.

2) Active EMI filters: The authors in [30] and [31] used
MLCC as the feedback component, CF. The high fre-
quency impedance variation can affect the bandwidth or
stability margin.

3) Precision Measurement Systems: Voltage probe architec-
ture incorporating multiple capacitors. When measuring
voltages in MagSafe-equipped devices, probe bandwidth
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may vary with B-field exposure, potentially affecting mea-
surement accuracy.

This manuscript mainly focuses on the dc B-field effect.
Please check the supplementary material for AC B-field analysis.

The primary focus of this manuscript is the effect of dc B-
field. While a comprehensive investigation into the underlying
root cause is beyond our current scope, we recognize it as a
crucial topic for future research. To stimulate and support such
investigations, we provide supplementary materials that include
a detailed analysis of the ac B-field effect, as well as discussions
on the Lorentz force and magnetic modulation effect.

V. CONCLUSION

The letter reveals a significant phenomenon: External B-field
causes substantial variations in the high-frequency impedance
parameters of MLCC. We have developed a dedicated experi-
mental setup, including a custom kit, rigorous calibration, and
a validated protocol to ensure the reliability, accuracy, and
repeatability. Our key findings are summarized as follows:

1) Significant parameter variation: We observed significant
B-field induced variations: Z ranging from −43.8% to
+32%, Ls ranging from −72.5% to +157.7%, Rs de-
creasing by up to 41%, and fR increasing by 13.2% at
B = 491 mT.

2) Broad applicability: The observed phenomenon is preva-
lent across a wide range of MLCCs including both
class I (paraelectric) and class II (ferroelectric) capaci-
tors, irrespective of capacitance value, package size, or
manufacturer.
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