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Abstract 
The capacitance of certain capacitors depends not only on the chosen dielectric material, 
geometry and temperature, but also on the DC and AC bias applied to the part.  Some 
ceramic capacitors with high volumetric density today exhibit a strong dependence on the 
DC and AC bias.  To achieve high capacitance values, the initial dielectric constant of the 
ceramic material is raised to the highest practical values and at the same time the 
thickness of individual dielectric layers is minimized.  The dielectric constant and the 
capacitance change as the operating point moves around the hysteretic curve due to the 
AC and DC bias. Recent advances reduced the layer thickness to the single-digit 
micrometer level and it pushes the problem into material categories, such as X5R and 
X7R, which previously showed much less bias dependence.  This paper will show 
measured characteristics on several different MLCC devices and compare their 
performance in this respect.  It will also be shown how the same nominal part from 
different vendors may behave very differently and also how some X7R capacitors may 
behave the same or even worse than X5R parts.  The impact of measurement conditions, 
for instance preconditioning and/or dwell time, will be considered as well. 
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I. Introduction and background 
It has been long known in the industry that the capacitance of multi-layer ceramic 
capacitors with ferroelectric dielectric materials depends on DC and AC bias.  Years ago 
parts with Class II ceramics (with an allowed +-15% or less capacitance variation in the 
specified temperature range) exhibited a modest 20 to 40% maximum capacitance 
degradation over the full DC working range, and only Class III ceramics (with an allowed 
capacitance variation of +-22% or more in the specified temperature range) came with a 
maximum capacitance loss of 60% or higher.  Figure 1 shows such an illustration from a 
vendor catalog. 
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Figure 1: Typical DC bias dependence from the past for three different MLCC types. Data from 
Figure 8 of [1]. 

 
 
Today, however, actual vendor data often shows a much more dramatic loss of 
capacitance even for Class II parts. 
 
To increase the capacitance of an MLCCs in a given case size (with fixed L, W and H), 
capacitor vendors have two basic options: improve the material to achieve higher r, or 
increase the number of dielectric layers (N) by making the layers thinner (th).   
Ferroelectric materials, such as ceramics, have high r, but as r increases, they come with 
a price of increased sensitivity to temperature and bias.  At the same time, if we increase 
the number of layers by reducing th, a given voltage across the capacitor terminals will 
create a higher field strength (bias) across the dielectric layers. 
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Figure 2: MLCC construction and the approximate calculation of capacitance.  N is the number of dielectric 
layers in the capacitor. V is the voltage applied across the capacitor, E is the field strength across each 

dielectric layer. 



Dielectric materials for MLCCs come in three categories.  Class I materials (for COG and 
NPO parts) are very stable, but can achieve only low r.  Class II materials have been the 
sweet spot for a long time, offering a compromise between moderately high dielectric 
constant and reasonable stability.  Class III materials have very high dielectric constant, 
but also exhibit high instability.  The most typical Class II categories are X5R and X7R.  
Both have a maximum of +-15% allowed change of capacitance with temperature in the 
temperature range of -55 to +85 and +125 degC, respectively, for X5R and X7R. 
 
Ferroelectric materials, similar to ferromagnetic materials, exhibit a hysteretic response to 
excitation.  The classic and detailed theory can be found for instance in [2]; a more 
contemporary summary can be found in [3]. 
 
 

II. Scope of work 
From each vendor, multilayer ceramic capacitors come in many different capacitance 
values, tolerances, rated voltages, case sizes, package styles and temperature 
characteristics.  The number of available different models is so huge that it made no sense 
to attempt a systematic study on the entire offering.  To limit the permutations, a few 
characteristics have been identified and sampled across some of the major vendors.  It is 
still the common understanding that Class I ceramics have very little or no DC and AC 
bias dependence and therefore they were not included in the study.  Similarly, Class III 
(and Class IV, which are now considered obsolete) capacitors, known to have very poor 
stability and large DC and AC bias sensitivity, were also excluded from the study.  From 
Class II ceramics two temperature characteristics, X5R and X7R were selected, primarily 
because earlier these capacitors showed relatively modest bias dependence, and also it 
was a common assumption that X7R capacitors had less bias dependence than their X5R 
counterparts (assuming everything else being the same). 
 
Altogether more than two dozen different capacitor models were tested from six different 
MLCC vendors. For reference purposes, one electrolytic and one polymer tantalum 
capacitor model was also tested, all others were MLCCs.  The six vendors are identified 
by letters A through F.  To further limit the number of parts, MLCC bodies were limited 
to 0402, 0603, 0805, 1206 and 1210 sizes and the rated voltage of parts was limited to the 
4 to 16V range. 
 
To get a feel about vendor dependence of bias sensitivity, some capacitors having the 
same nominal specifications were obtained from multiple vendors.  Some other 
capacitors were compared from the same vendor with X5R versus X7R temperature 
characteristics, with capacitances, case sizes and voltage ratings being the same.  
 
 
III. Instrumentation setup 
The instrumentation is shown in Figure 3 [4].  Scripts were developed to control the 
instrument and to step through pre-defined ranges of DC bias voltages, while the AC bias 
was kept constant as described in [4].  At any given AC bias level the DC bias was 



stepped in increments of 1% of the rated voltage, and the impedance profile was 
measured at 201 frequency points in the 100 Hz to 10 MHz frequency range.  The scripts 
allowed for different ways of stepping through the DC bias voltages: sequential 
monotonic, return to zero and also alternating positive and negative values starting with 
maximum, approaching zero.  Separate parameters of the scripts took data points at user-
defined times after changing bias conditions.  Most parts were measured multiple times 
for at least 100 seconds after each change in the bias setting, resulting in a six-to-ten 
hours of total measurement time at each AC bias level.   
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Figure 3: Instrumentation setup for measuring DC and AC bias sensitivity of MLCCs. 
 
All measurements in this study were carried out at room temperature only.  During the 
measurements data was recorded on the built-in hard disk of the instrument and separate 
scripts were used to read the files and put together the data pieces in various forms, for 
instance showing the capacitance on 3D plots as a function of DC bias voltage and 
frequency. 
 
 

IV. Measurement results 
This section gives a summary of various measurement results. 
 
Unit-to-unit variations 
Unit-to-unit variation is illustrated with the DC bias sensitivity measured on ten samples 
of 1uF 0603 16V X5R parts from Vendor-F (see Table 1).  The data is plotted in Figure 
4.  When we remove the initial capacitance tolerance, the percentage capacitance loss 
shows a tight distribution.  This was found to be typical on all of the measured samples, 



which confirms that variations seen among parts from different vendors is characteristic 
to the particular vendor’s materials and processes rather than random part-to-part 
variations. 
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Figure 4: Distribution of DC bias dependence across ten samples of 1uF X5R 0603-size 16V parts from the 
same vendor. 

 
 
Comparing DC bias sensitivity of X5R and X7R parts 
To test the prevailing assumption that X7R parts may inherently have lower bias 
sensitivity than comparable X5R parts, various groups of parts were measured.  In each 
group there were X5R and X7R parts from different vendors, but all other specifications 
were the same.   
 
One such group is summarized in Table 1.  The group consisted of eight different models 
of 1uF 0603-size 16V MLCC part numbers from five different vendors.  Five models 
were X5R rated, three of them were X7R. Vendor-F had two different X5R part numbers 
with different bias sensitivity.  Today a 1 uF 16V part in 0603 size is not considered high 
density, and therefore with these parts we can test the assumptions that X7R parts might 
have lower DC bias sensitivity. 
 

 X5R X7R 
Vendor-A   
Vendor-B   
Vendor-C   
Vendor-D   

Vendor-F (1)   
Vendor-F (2)   

 
Table 1: Vendor allocation for comparing X5R and X7R 1uF 0603 16V parts. 



The parts were measured with two constant AC bias levels: 10 mVrms and 500 mVrms.  
The DC bias was stepped through sequentially in 0.2V increments from -20V to +20V.  
The data shown here were readings taken 100 seconds after each change in the bias 
conditions.  Figure 5 shows the overall picture, including all eight parts. 
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Figure 5: Overall capacitance versus bias for all 1uF 0603 16V models, measured at 100 Hz 
and 10 mV AC bias. Left: absolute capacitance. Right: percentage capacitance compared to the 

maximum value. 
 
 
Figure 6 compares the percentage capacitance change separately for the X5R and X7R 
parts. 
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Figure 6: Percentage capacitance versus bias for 1uF 0603 16V models, measured at 100 Hz 

and 10 mV AC bias. Left: X5R parts. Right: X7R parts. 
 



Two of the vendors had both X5R and X7R parts in the mix.  Figure 7 compares the X5R 
and X7R parts for each of these vendors. 
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Figure 7: Comparison of percentage capacitance versus bias for 1uF 0603 16V models, 

measured at 100 Hz and 10 mV AC bias.  X5R and X7R parts from Vendor-B (on the left) and 
from Vendor-F (on the right). 

 
 
Note that there was no measurable difference between the X5R and X7R parts from 
Vendor-B.  Note also that the X5R and X7R parts from Vendor-F showed the opposite of 
the expected result: the X7R part being more sensitive then the X5R parts. 
 
The same tests were also repeated with 500mVrms AC bias.  Figures 8, 9 and 10 show 
the results.  First Figure 8 shows the overall comparison for all parts. 
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Figure 8: Overall capacitance versus bias for all 1uF 0603 16V models, measured at 100 Hz and 500 mV 

AC bias. Left: absolute capacitance. Right: percentage capacitance compared to the maximum value. 
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Figure 9: Percentage capacitance versus bias for 1uF 0603 16V models, measured at 100 Hz 

and 500 mV AC bias. Left: X5R parts. Right: X7R parts. 
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Figure 10: Comparison of percentage capacitance versus bias for 1uF 0603 16V models, 

measured at 100 Hz and 500 mV AC bias.  X5R and X7R parts from Vendor-B (on the left) and 
from Vendor-F (on the right). 

 
 

The trends and observations are the same that we had for the 10 mV AC bias case.  The 
only difference is that the absolute capacitance is now higher for all parts.  We will look 
into this later when we do the AC bias sweep. 
 
All of the vendors included in this study have some amount of bias dependence data 
publicly available on their websites.  Vendors A and F have downloadable executable 
files with the relevant data included in the data base.  Vendors B, C and D offer online 
tools. All of these vendors have DC bias dependence information; some also have AC 



bias data.  The following figures compare vendor data with our measured data at 500 
mVrms AC bias at 100 Hz and room temperature.  Not all of the vendors state the 
conditions (temperature, AC bias, frequency) for their DC bias data, but our 500 mVrms 
AC bias data seemed to be more likely matching the vendor conditions than the 10 
mVrms data set.  Figures 11 and 12 compare each part in the X5R and X7R groups, 
respectively.  Note that Vendor-B and Vendor-C have very good agreement between 
measured and vendor-predicted capacitance drop.  Data for Vendor-B and Vendor-F 
show bigger differences, and both predictions underestimate the capacitance loss. 
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Figure 11: Comparison of percentage capacitance versus bias for 1uF 0603 X5R 16V models, 
measured at 100 Hz and 500 mV AC bias.  On all plots green triangle markers indicate vendor 

data; solid blue line shows our measured data. 
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Figure 12: Comparison of percentage capacitance versus bias for 1uF 0603 X7R 16V models, 
measured at 100 Hz and 500 mV AC bias.  On all plots green triangle markers indicate vendor 

data; solid blue line shows our measured data. 
 
 

Note that from Vendor-B not only the measured DC bias data matches closely between 
X5R and X7R parts, but the vendor bias information is also completely the same for the 
two parts.  This again suggests that this vendor may use the same part (or at least the 
same dielectric composition and layer thickness) for these parts with X5R and X7R 
specifications.  Similarly, vendor data from Vendor-F confirmed the measurement results 
that the X7R parts have higher DC bias sensitivity then their X5R parts. 
 
ESR and ESL variation with DC bias 
It is reasonable to assume that ESR and ESL do not change noticeably due to DC bias.  
Measured data supports the assumption for ESL and also for ESR at and above the part’s 
SRF.  Below SRF, however, ESR changes proportionally to the capacitance change.  This 
happens because below SRF the loss is dominated by the parallel dielectric loss.  For the 



same loss tangent lower capacitance means smaller parallel conductance, which is 
transformed into higher resistance in the series equivalent circuit. 
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Figure 13: ESR of a 1uF 0603-size X5R 16V part.  Line plot on the left, 3D plot on the right. 

 
 

Figure 13 plots the measured ESR as a function of DC bias.  Note that at and above SRF 
the ESR does not change with DC bias.  There are increasing peaks somewhat below SRF 
with increasing bias: this is the manifestation of piezoelectric effects. 
 
Beware of details 
In volume manufacturing, having alternate sources for the components is an important 
requirement.  When selecting alternate sources, we need to determine which parts are 
considered interchangeable.  One might think that if the alternate part comes in a body 
with identical footprint but lower height, it would satisfy the requirements.   
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Figure 14: Percentage capacitance versus bias for three 1uF 0603 16V models.  Data is predicted by Vendor-C.  



Figure 14 illustrates a situation, where this may not work.  In the X5R vs. X7R 
comparison above, from Vendor-C we had an X5R part in a 0.8mm tall package.   
To compare apples to apples, we made sure that all other parts in the comparison mix had 
the same 0.8mm nominal package height.  However, Vendor-C for instance also offers 
other variants of 1uF 16V 0603 parts: an X5R part with 0.5mm nominal height and an 
X7R part with 0.8mm nominal height.  Figure 14 shows the DC bias dependence of 
capacitance for these three parts, predicted by the vendor’s data base.  Note that the 
0.5mm tall X5R component, possibly due to having thinner dielectric layers, has 
substantially more capacitance loss for the same bias voltage. 
 
 

AC bias dependence  
The capacitance is also dependent on the AC bias level.  To show this in more detail, 
several parts were measured sequentially with different fixed AC bias levels.   
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Figure 15: AC bias dependence of a 1uF 0603-size 16V X5R sample from Vendor-F. Top left: absolute 

capacitance at 100 Hz.  Top right: percentage capacitance loss.  Bottom: absolute capacitance as a function of 
AC bias, with DC bias as parameter.  On all plots the bias parameter is listed in the order of the traces. 



Figure 15 shows the data for a 4.7uF 0805-size 16V X5R part from Vendor-F.  Note that 
the capacitance does not change much until the AC bias get above 50 mVrms.  The AC 
bias dependence is the biggest with 0 DC bias, and becomes very small as DC bias 
approaches the nominal rated voltage. 
 
Dependence on timing and sweep type 
After applying bias, we can observe an immediate jump in capacitance, followed by a 
slower relaxation.  One might expect that parts exhibiting higher initial jump will also 
exhibit more relaxation, but this is not necessarily the case.  We illustrate this on two 
parts: Part-1 is from Vendor-A, a 47uF 1206-size 6.3V X5R part; Part-2 is from Vendor-
D, a 4.7uF 0805-size 16V X7R part.  Plots in Figure 16 show the capacitance measured 
at room temperature, 100 Hz frequency and 10 mVrms AC bias.  Readings were taken 
from swept-frequency measurements; one sweep took 9.5 seconds.  Part-2 showed slower 
decay and therefore a longer test period of over 150 seconds was applied.  Between each 
step in the DC bias, the parts were brought down to zero bias.   
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Figure 16: Comparison of capacitance change with time, on two different parts, after DC bias is applied.  
Left graphs: Part-1 from Vendor-A, 47uF 1206-size 6.3V X5R. Right graph: Part-2 from Vendor-D, 4.7uF 

0805-size 16V X7R part. Note the logarithmic time scale on the bottom plots. 



Note that the relative relaxation after the first step in the capacitance value appears to be 
exponential.  This is illustrated by the good fit of a straight line over the percentage 
capacitance change as a function of the logarithm of time.  Note also that the strongest 
decay occurs at relatively moderate bias.  The same effect is also shown on the 3D 
capacitance-bias-frequency plots, see Figures 17 and 18.  The slow-relaxation part 
(Figure 18) exhibits a noticeable drop of capacitance even after 100 seconds of dwell 
time as the bias voltage steps to smaller absolute values (look at the left edge of plots). 
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Figure 17: Capacitance surface plot as a function of frequency and DC bias on a quick relaxation part.  Left plot: 
readings taken 10 seconds after changing bias.  Right plot: readings taken 100 seconds after changing bias. 
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Figure 18: Capacitance surface plot as a function of frequency and DC bias on a slow relaxation part.  Left plot: 
readings taken 10 seconds after changing bias.  Right plot: readings taken 100 seconds after changing bias. 



 

V. How all this may impact our designs 
Ceramic capacitors are widely used in today’s electronic circuits.  Many of them find 
applications in power distribution networks.  In high-speed data links they are used as 
DC-blocking capacitors and occasionally as part of RC terminations.  Analog circuits 
also use them for timing and DC blocking applications.  In the next sections we will look 
at two power-distribution applications, where most of the high-density MLCCs are used. 
 
Paralleled Capacitors 
There are two different application categories in PDN, where the DC and AC bias 
dependence of MLCCs may need to be taken into account.  The first application is, when 
we use MLCCs of different capacitance values in parallel (Figure 19).  If the capacitors 
are assumed to be ideal, as shown on the left of the figure, all what we need to do is to 
sum up the different capacitances as they change with DC and AC bias.  When their 
parasitics are also taken into account, the changes of the series and parallel resonances 
need to be considered as well.  The change of capacitances will shift the series and 
parallel resonances to higher values and Q may also change slightly.  If the relative rate 
of capacitance change is the same for all capacitors, what we get is mainly a shift of the 
impedance profile to higher frequencies and higher Q at the resonances. 
 
 

 
 
Figure 19: Equivalent schematic diagram of two parallel-connected capacitors.  Left: without parasitics.  

Right: with parasitics. 
 
 
The worst case occurs, when some of the paralleled capacitances decrease, while some 
others either don’t or actually might increase, perhaps due to the AC bias conditions.   
 
Such a scenario is illustrated with measured data in Figure 20.  Two capacitors were 
parallel connected in the test fixture: a 1uF 0603-size 16V X7R part from Vendor-D and 
a 47uF 1206-size 6.3V X5R part from Vendor-E.  The minimum around 1 MHz is from 
the series resonance frequency of the 47uF part.  The minimum around 7 MHz is the 
series resonance frequency of the 1uF part.  The peak around 4 MHz is the anti-resonance 
between the capacitance of the 1uF part and inductance of the 47uF part.  Note that all 
three resonances move towards higher frequencies, indicating that the capacitances of 
both parts decrease with increasing DC bias. 
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Figure 20: Impedance magnitude of two parallel-connected MLCCs of different kinds. 
 
 
Capacitors in LC filters 
Probably one of the worst situations is when multiple components joined in the same 
network, react to DC and AC biases in opposite directions.  A typical scenario of this 
kind is when we use series inductors or ferrite beads for enhanced filtering, followed by 
shunt capacitors.   

 
 

Figure 21: Equivalent schematics of a PI filter with series ferrite element and parallel MLCC at the output. 
Left: setup with no DC  current bias through L1.  Right: setup with DC current bias through L1. 

 
If this filter circuit has to handle substantial DC current and the inductive element is not 
properly sized, its inductance may drop due to the DC current flowing through the part.  
If at the same time the filtered DC voltage reduces the capacitance of the MLCC part at 



the output of the filter, we end up with reduced inductance and reduced capacitance, 
resulting in a significant shift of the filter’s cutoff frequency. 
 
This effect was tested with the circuit shown in Figure 21.  The circuit under test was a 
simple PI filter, composed of two bypass capacitors and a series ferrite bead.  The C1 
capacitor on the input side of the filter was a 390uF 16V organic semiconductor type bulk 
capacitor.  An organic semiconductor capacitor was chosen to mimic a low value of input 
feed impedance, and because they are known to have little or no DC and AC bias 
dependence.  The C2 capacitor on the output was a 47uF 6.3V X5R 1206-size MLCC 
from Vendor-E.  The L1 series element was a commercially available ferrite bead, rated 
for 2A maximum current.   
 
The filter was measured with the Gain/phase test port of the E5061B LF-RF network 
analyzer by measuring the ratio of voltages at the output and input.  Voltage transfer ratio 
was measured instead of transfer impedance (Z21) because in typical such applications the 
input feed comes from a higher-current rail, effectively imposing noise voltage across the 
input, as opposed to noise current, which would be the condition for transfer impedance 
[5].  The input impedance of both test ports was switched to 1 MOhm, which means we 
measure the unloaded output voltage of the filter.   
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Figure 22: Output/input voltage transfer function of the LC filter shown in Figure 21. Parameter: DC bias 
voltage. 

 
 

Figure 22 shows the measured voltage transfer function with DC bias voltage applied 
across the capacitors, but no DC current through L1.  The DC bias voltage was stepped 
from 0V to 10V (intentionally stressing C2 beyond its rated voltage) in 0.5V increments.  
The left graph of the figure shows the wide-band view of the transfer function from 100 
Hz to 10 MHz.  As expected, at low frequencies we get no filtering.  We notice some 
attenuation building up around 10 kHz.  Before the transfer function gets to the steep 



slope, we get a minor peaking from the inductance of the ferrite and capacitance of C2.  
The steep slope eventually flattens out beyond 1 MHz.  As a function of DC bias voltage, 
we see no change below 10 KHz and above 1 MHz.  The peak frequency and the 
corresponding cutoff frequency of filtering slope, however, do move significantly.  With 
0V bias the peak is at 24 kHz; with 10V bias the peak is shifted to 55 kHz.  The graph on 
the right of Figure 22 shows the same data, zoomed between 10 kHz and 100 kHz.   
 
The following figures summarize the filter performance with a combined bias of DC 
voltage across the capacitors and DC current through the ferrite.   
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Voltage transfer function at 4V bias [dB]
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Figure 23: Transfer function of the filter shown on the right of Figure 19.  The four plots show data with 0, 

2, 4 and 8V DC bias voltages.  On all four plots the parameter is the DC current through the ferrite. 
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Voltage transfer function at 1A bias [dB]
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Figure 24: Transfer function of the filter shown on the right of Figure 19.  The four plots show data with 0, 
0.5, 1 and 1.5A DC bias current through the ferrite bead.  On all four plots the parameter is the DC bias 

voltage across the capacitors. 
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Figure 25: Transfer function of the filter shown on the right of Figure 19.  The two plots show the 

cumulative transfer responses from Figures 21 and 22.  Left plot: bias range limited to 0-4V and 0-1A.  
Right plot: bias range is 0-16V and 0-1.5A. 

 
 

In Figure 25 we show all data traces from the previous plots. The plot on the left has the 
DC bias voltage and current limited to the reasonable ranges of 0-4V and 0-1A, 
respectively.  The 4V and 1A DC bias limits are 63% and 50% of the rated 6.3V and 2A 
limits, respectively. There are two ranges marked on the plot along the two axes: the 
range of transfer-function magnitude variation at 260 kHz is 50 dB; the range of 
frequency variation at the -50 dB level is approximately 3.2:1.  The plot on the right 
shows all traces for the full measured 0-16V bias voltage and 0-1.5A bias current ranges.  
There are two ranges marked on this plot, too: at 260 kHz the transfer-function 
magnitude variation is 68 dB; the range of frequency variation at the -50 dB level is 
approximately 7.2:1. 
 
 

Conclusions 
Over the past years, multi-layer ceramic capacitors have undergone significant 
improvements.  The volumetric density has increased several folds.  This unfortunately 
resulted in a big increase in DC and AC bias sensitivity for many parts.  In particular, 
X5R and X7R parts, which previously showed only modest bias dependence, exhibit 
capacitance drops, which were previously seen mostly from Class III ceramics.  The 
increased bias dependence creates additional challenges for users during the design and 
validation phase, and increases design complexity, since filters with otherwise identical 
filtering requirement now may require different component selection if they need to work 
in different bias environments.  To help the users, all major vendors today supply at least 
DC bias information with their MLCC parts.  Even so, an additional challenge for the 
user is how to fold the bias-dependent vendor data into the simulation environment.   
 



Measured data collected during the study showed that the bias dependence for the same 
nominal part from different vendors can be very different.  Moreover it was shown that 
bias sensitivity of X7R parts is not necessarily better than that of X5R parts, sometimes 
not even from the same vendor.  It was also shown that in addition to an immediate 
change of capacitance with the applied bias, there is also a longer exponential relaxation, 
which can change capacitance further by as much as 25% over the course of a few 
minutes. 
 
Some vendors started to offer improved, low-sensitivity parts; one of those was shown in 
Figure 10 (standard X5R and improved X5R parts from Vendor-F). Vendors now also 
have the option to meet the requirements of the new JEITA standard [6], which sets a 
limit for the capacitance variation as a function of DC bias, and the AC test level is also 
reduced to better match the typical applications. 
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