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This paper reviews the interpretation of impedance and capacitance spectra for different capacitor technologies and discusses how
basic electrical characteristics can be inferred from them. The basis of the interpretation is the equivalent circuit for capacitors. It is
demonstrated how the model parameters, such as capacitance and equivalent series resistance, can be extracted from the measured
spectra. The aspects of measurement accuracy are exemplarily discussed on the measured spectra.
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1. Introduction and Theoretical Background

Impedance and capacitance spectra (or scattering parameters)
are common representations of frequency- dependent elec-
trical properties of capacitors. The interpretation of such
spectra provides a wide range of electrochemical, physical
and technically relevant information. Those need to be sep-
arated from the ever-present measurement artifacts as well as
parasitic effects.

Since it is sometimes not possible to provide all data in the
datasheet, the electrical engineer may have to utilize the
measured spectra to choose the suitable component for the
circuit design. Wiirth Elektronik eiSos implemented the
public online tool Redexpert, where spectra and other mea-
surements are provided.

This paper recapitulates the properties of such spectra and
discusses how basic electrical characteristics can be inferred
from them.

1.1. Egquivalent circuit of capacitors

With the circuit, shown in Fig. 1, it is possible to model
frequency-dependent impedance spectra of all capacitor types
ranging from multilayer ceramic capacitors (MLCC) to
Supercapacitors (SCs).'™

The formula symbol Cg is pure capacitance, which does
not exist on its own as an electrical component. Any real
capacitor has losses, which “slows down” the charge storing
process. This phenomenon is modeled by the pure Ohmic
equivalent series resistance Rgsgr (ESR). The resistance of the
current collector electrodes and the leads also contribute to
the ESR.

The pure lossless capacitance is defined by a differential
equation:

_ 40
-, (1)

with dQ as the change of charge at the capacitor interface and
dV as the change of voltage at the capacitor.

Any alternating current in a metal conductor induces a
magnetic field that opposes the current. In our model, this
property is described by the equivalent series inductance Lgg.
(ESL). Sometimes it is also referred to as parasitic induc-
tance. Cg, Rgsg as well as Lgg are the most important
parameters, necessary to describe the majority of all spectra.
In the most basic approach, they are constants and do not
change with frequency, which is sufficiently accurate for
electrical engineering.

The loss of charges over time, i.e., the leakage current, is
described in good approximation by the pure Ohmic resis-
tance Ry - Usually, Ry ., is magnitudes larger than Rggg and
can often be neglected, i.e., Ry . — 00. As we will see, its
effect may only be visible in the spectra at very low fre-
quencies below 1 Hz or so. A correct description of leakage
current is, however, a physically complex issue, which may
depend on further parameters such as pre-polarization time
and temperature. For technical measurement reasons, it is
therefore a common practice not to state R; ., but the value of
leakage current, along with its measurement conditions in the
datasheet.

This equivalent circuit in Fig. 1 also yields the possibility
to model practically any

Cs

e voltage,
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Fig. 1. Standard equivalent circuit as used for capacitors.

e environmental (e.g., temperature) or
¢ nonlinear frequency

dependency. In this case, all model parameters are simply
replaced by suitable mathematical functions, or entire circuit
sections are replaced by distributed networks.*>™

2. The Impedance and Capacitance Spectra

In the following paragraph, we define frequently used
terms and measured quantities, such as capacitance and
impedance.'

The above circuit can be expressed as frequency-
dependent complex impedance Z, capa01tance C, scattering
parameter (S-Paramter) S, permittivity € or any other mea-
surable complex electrical quantity. Passive components are
often characterized in terms of capacitance and impedance.
We will therefore lay the focus on these two quantities.

Impedance 7= Re(Z Z) +i-Im(Z), is a complex quantity,
with Re(Z) and Im(Z) as real and imaginary part, respec-
tively. Symbol i denotes the imaginary unit, defined as
i2 = —1. It is often expressed in terms of its magnitude |Z|
and phase angle ¢,

= 2] . 2)

In a complex plane, as given in Fig. 2, ¢ describes the
angle between Re(Z) (abscissa) and the complex vector Z.
Physically, |Z| represents the ratio of the voltage amplitude to

Im

A
w X Lgg;

Y

Re

1 y ~ Im(2)
_w X CS |Z| i

Fig. 2. Vector representation of impedance in the complex plane.
Ry .a is neglected for the sake of simplicity.
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the current amplitude, while ¢ gives the phase difference
between voltage and current at a given frequency. The phase
angle ¢ is related to the loss angle with

Re(Z) T
arctan <|Im(2)|> =0= 5 ®, (3)

In electrical engineering, it is also common to use mag-
nitude |Z| and its equivalent series resistance Rpsg = Re(Z).
With the model in Fig. 1, the equivalent series resistance is
the real part of the impedance. To graphically show the re-
lation between the model and complex quantity Z, all model
parameters (apart from Ry, ) are also given in Fig. 2.
(Mathematical description is given in the Appendix.)

The impedance may also be transferred into complex ca-
pacitance with

1

C=———
i-2-w-f-Z

=Re(C) +i-Im(C). (4)

All these quantities, such as Re(Z), Im(Z), |Z| or 6, can be
measured with impedance or network analyzers. Any elec-
tronic part (not only capacitors) can be characterized by a pair
of frequency-dependent quantities, such as Re(Z) and Im(Z)
or Re(C) and Im(C). However, it is only due to equivalent
circuits such as those given in Fig. 1, by that measurement
results can be interpreted. The model (also referred to as the
standard model) provides the mathematical means to extract
the electric parameters Cg, Rgsr, Lgsi and Ry cq-

It is not only possible to use the model for the extraction
of parameters but it can also be used to calculate the theo-
retical spectra.

By changing Cg, Rgsr, Lgsp, Rieax, it is possible to de-
scribe or calculate the basic frequency behavior for all
capacitors. This is exemplarily demonstrated by impedance
and capacitance spectra of a 4.7 uF and a 50F capacitor,
given in Figs. 3 and 4, respectively. The associated phase and
loss angles are shown in Figs. A.3—A.6 in the Appendix. The
parameters for the two examples are as follows:

e Supercapacitor  (WCAP-STSC) with  Cy=50F,
RESR =15 mQ, LESL = 5nH and RLeak =10 MQ,

e Film capacitor (WCAP-FTBE) with Cg=4.7uF,
Resg = 5mQ, Lgg;, = 5nH and Ry = 10 MQ.

The parameters were chosen such as to fit actual Wiirth
Elektronik eiSos products found under the match code for
film capacitors WCAP-FTBE (4.7 uF) and SCs WCAP-
STSC (50F). In these plots, Cg, Rgsr, Lrsi. and Ry, were
assumed to be constants and independent of frequency
(Table 1). This assumption is in most cases in good agree-
ment with actual measurements. However, especially for the
Rpsr a frequency dependence in real measurements is no-
ticeable, as will be discussed in the following sections.

As mentioned above, we may also think of it the other
way around. With this single model, it is possible to derive
the product parameters from a measured curve.
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Fig. 3. (Color online) Impedance spectra |Z| for WCAP-FTBE
(Top) and WCAP-STSC (Bottom) as calculated from the standard
model. The dashed-dotted orange and green lines in both graphs
signify the pure capacitive and inductive parts.
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Fig. 4. (Color online) Capacitance spectra Re(C) as calculated from
the standard model. The graph for WCAP-STSC (orange) corre-
sponds to the left-hand ordinate and the graph for the WCAP-FTBE
(blue) corresponds to the right-hand ordinate. For the imaginary part
of the capacitance, please refer Fig. A.1 in the Appendix. The hor-
izontal dashed lines designate the pure capacitive contributions.
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Table 1. Electrical parameters used for calculation
of spectra.

Electrical prop. WCAP-FTBE WCAP-STSC

s 47 uF 50F
Rgsg [mQ)] 5 15
Lgsy [nH] 5 5
RieMQ) 10 10

Before we look at the measured graphs, it is worth the
while to have a look at the theoretical graphs. They have the
advantage that they can be generated for any frequency range,
which allows the representation of all features, such as
characteristic frequencies, in one graph.’

Generally, the positions of the most prominent features of
the spectra are described by four characteristic frequencies:

e Characteristic frequency of the Rggg — C unit:

1
_2'7T'RESR‘CS

fre (5)

e Characteristic frequency of the L — C unit:
fro= 1
Le— 2'7T'\/LESL‘CS

e Characteristic frequency of the Ry ., — C unit:

1
fLeak - .- RLeak . CS

e Characteristic frequency of the Rgsg — L unit:

Resg
=_ "ESR 8
fRL 2 T LESL ( )

Two main situations can be distinguished in Figs. 3 and 4:

e Lorentz-Oscillation: fyc > fic as in the case for Cg =
4.7 uF (blue graph) and

e Debye-Relaxation: fzc < fic as in the case for Cg = 50F
(orange graph).”-'?

fre, the characteristic frequency of the RC unit, is the
frequency at which the capacitor can be charged and dis-
charged. The inverse of the frequency is basically the
charging time under ideal constant voltage charging. For the
capacitor with Cg = 50F, the ideal charging time is about
2-m-15mQ - 50F ~ 5s. Below the frequency of (5s~!) the
capacitor can utilize its nearly full capacitance (> 99.3%).
Above this frequency, the capacitor is not fully charged
anymore (in reference to the maximum voltage of the AC
signal).

At fpc the capacitance spectrum (Fig. 4) of the super-
capacitor shows a shoulder. Below this frequency, the ca-
pacitance value can be inferred from the graph. Above fic the
impedance spectrum, given in Fig. 3 (Bottom), shows a
plateau at Rgsg.
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fic, the characteristic frequency of the L-C unit, is the
frequency at which the coupling of parasitic inductance and
capacitance leads to a resonant behavior (if fgc > fi ). Below
this frequency, the capacitor acts as a capacitor, i.e., can be
charged. Above this frequency, the capacitor acts as an in-
ductor. The self-resonance results in a sharp minimum in the
impedance spectrum (WCAP-FTBE), as given in Fig. 3
(Top). At the minimum of the impedance spectrum, the Rggg
value can be read off. Capacitors should not be operated at f; -
or above this frequency.

The capacitance spectrum (WCAP-FTBE) in Fig. 4 shows
a pole, which is a special type of singularity. It is actually a
real physical behavior and not only a measurement artifact.

The measurement system, which consists of the capacitor
and the parasitic inductance, behaves like an oscillator, i.e.,
resonator.”

At the increasing positive branch, the probing signal
constructively contributes to the oscillations of the resonator.
That is to say, the charge increase dQ at the interface is
disproportionately high, although the magnitude of applied
voltage signal dV remains the same. Since Cg = %, a strong
increase of the capacitance is measured. At the maximum, the
system is in phase (resonance) with the probing signal.

A further increase of the probing frequency leads to an
abrupt change in sign of the capacitance (singularity) at f; c.

At the negative branch, the probing signal destructively
overlaps with the oscillations of the resonator. The current
is actually flowing “in opposite direction” to the probing
voltage.

Thus, the applied voltage signal dV leads effectively to a
relative decrease of charge at the capacitor interface —dQ,
which results in a negative capacitance.

fLeak 18 the characteristic frequency of the Ry ., — C unit.
Below this frequency, the capacitor acts like a resistor with
resistance Ry, That is to say, at very low frequencies, the
leakage discharge is larger than the AC charging current.
Usually, this effect is barely visible in the spectra. It requires
either measurements to frequencies below 1 Hz or a rather
low Ry cax-

JfrL, the characteristic frequency of the Rgsg — L unit, is
the frequency above which the capacitor acts like an inductor
with inductance Lgg; (Fig. 3, bottom). In cases where
Jfre < fic, it signifies the onset of the increase in impedance
at high frequencies. Above this frequency, it is exceedingly
difficult to extract Rggg values from the measured impedance
spectra.

2.1. Measured impedance spectra and capacitance
spectra

The following sections will discuss spectra on different ca-
pacitor types, exemplarily chosen from the Wiirth Elektronik
eiSos portfolio. The standard model, depicted in Fig. 1, uses a
frequency-independent Ohmic resistance Rpsg. However,
physical processes as well as measurement artifacts may lead

J. Adv. Dielect. 13, 2341010 (2023)

to deviations from the idealized Ohmic behavior, as will be
seen in the following section.®!!

2.2. Supercapacitors, WCAP-STSC

The spectra presented below were measured with the im-
pedance analyzer Alpha-AK, POT/GAL from Novocontrol in
a four-terminal Kelvin configuration. The four-terminal
Kelvin configuration has the advantage of enabling a high
phase angle resolution of about 0.001°, since the voltage
measurement probes are independent of the current supply
leads.

The measured impedance spectrum of a SC with 50F in
Fig. 5 shows the same features as the corresponding theo-
retical spectrum in Fig. 3.

In this case (fac < fic), fre is below 1Hz and is thus
several orders of magnitudes smaller than f; . As a result, the
spectrum shows a flat bottom region from which Rggg can be
inferred. The increase of Rpgg towards lower frequencies is
more clearly visible in the spectrum of Re(Z) = Rpsg in
Fig. 6.

- 50 F, WCAP-STSC

10"
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Impedance [Q]
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Fig. 5. Measured impedance spectrum |Z | of 50F Supercapacitor,
WCAP-STSC.

- 50 F, WCAP-STSC
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Fig. 6. Measured spectrum of the real part of the impedance
(Re(Z) = Rgsg) of 50F Supercapacitor, WCAP-STSC.

2341010-4



R. Kalbitz

This frequency dependence is not a measurement artifact,
however, attributed to real physical phenomena:

o Distributed network of porous electrodes and
e The ionic charge transport in the electrolyte of the
EDLC.4’()’7’12_14

A physical interpretation of the spectra is as follows. The
slower the SC is charged, the more pores can be infiltrated by
charges, which leads to the increase of capacitance. Due to
the viscous solvent, the ions require more time to insert the
smaller pores, which in turn leads to an increase of Rpsg
toward low frequencies.

The values of Re(Z) = Rpgg below fyc and above fic
become unreliable, since the spectra become dominated by
the capacitive and parasitic inductive behavior.

The shoulder at f; ., is not visible, since it is practically
difficult to measure toward such low frequencies. (Also for
other capacitor technologies, it is not common practice to
measure at such low frequencies. The shoulder at fj ., is
usually not depicted in impedance spectra.)

The capacitance spectrum in Fig. 7 shows the typical
shoulder situated at the characteristic frequency of the Rgsg —
C unit fzc. The height of the shoulder is at about 51F
(0.01 Hz) with a slight increase toward lower frequencies.
This increase is especially pronounced in electrolytic capa-
citors such as Supercaps. It is, as already mentioned above,
mainly caused by the charge storing at porous interfaces as
well as pseudo-capacitive processes. Mathematically, it can
be well described by a set of distributed R-C networks.?

The characteristic frequency is, as shown above, governed
by the term Rgsgr Cs. Due to the relatively high capacities, the
characteristic frequency shifts to frequencies around or even
below 1 Hz. The indicated frequency fzc in Fig. 7 is about
0.21 Hz. The inverse of fyc can be interpreted as lower limit
for the constant voltage charging time, which in this case is

1 1

-~
fee 021Hz P

- 50 F, WCAP-STSC

55 = e

«=C

0 i i’
1021072 10°' 10° 10" 102 10° 10* 10° 10° 107

f [Hz]

Fig. 7. Measured capacitance spectrum of 50F Supercapacitor,
WCAP-STSC.
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The following characteristic values can be extracted from
the measured spectra above:

o C5(0.01Hz) = 51F,
° RESR(fRC =0.2 HZ) =0.012 Q,
[ ] RESR(fLC = 160 HZ) = 0007 Q

2.3. Aluminum electrolytic capacitors, WCAP-AIGS

The following spectra were measured with the impedance
analyzer Alpha-AK, POT/GAL from Novocontrol in a four-
terminal Kelvin configuration.

In principle, the charge storing mechanism of the alumi-
num electrolytic capacitor (E-Cap) is comparable to the one
of the SC. The energy is stored by electrolytic charges at a
porous interface. However, the E-Cap utilizes a thin porous
aluminum oxide layer as a dielectric. The porosity of this
layer again leads to large effective surfaces and relatively
large capacitance. It is due to the large capacitance that for
this type of capacitor fyc is often (not always!) still lower than
fic, as indicated in the measured impedance spectrum of a
270 uF capacitor in Fig. 8. Compared to the SC, fic has
shifted towards higher frequencies. The capacitive contribu-
tion is more pronounced and thus appears also further shifted
to higher frequencies. The contribution of the parasitic in-
ductance is about the same. Hence, the flat bottom region is
much smaller than for the SC.

In general, all features of the spectra in Figs. 9 and 10
appear shifted to higher frequencies. The interpretation of the
capacitance spectrum in Fig. 9, with its characteristic shoul-
der, is similar to the one for the SC.

The equivalent series resistance Re(Z) = Rgsr, given in
Fig. 10 also shows the increase toward low frequencies.
However, below 1 kHz or so, the spectrum shows an increase
toward lower frequencies. This increase is, however, probably
not due to any real physical effect, it is a measurement arti-
fact. It is a common effect that always happens, if the loss
angle is very close to zero. In this region, the equipment is not

- 270uF, WCAP-AIG8

Impedance [Q]
3,

100
107"

Pt 1S Rese
10-2—2 -1 (1] 1 2 3 4 5 6 7
1072 10" 10° 10" 102 10® 10* 105 10° 10

f [Hz]

Fig. 8. Measured impedance spectrum |Z| of 270 uF aluminum
electrolytic capacitor.

2341010-5



R. Kalbitz
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Fig. 9. Measured capacitance spectrum of 270 yF aluminum elec-
trolytic capacitor.
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Fig. 10. Measured spectrum of the real part of the impedance
(Re(Z) = Rgsg) of 270 uF aluminum electrolytic capacitor.

able to clearly separate the real and imaginary part from
each other, which results in an overestimated output of the
real part.

Hence, the correct interpretation of the spectra at low loss
angles, which corresponds to low or high frequencies with
respect to fic, is usually difficult, since the loss angle reso-
lution of most LCR meters is not smaller than 0.1 degree or
so. However, that also means that generally, the values around
or at fic are most trustworthy.

In the end, a correct interpretation of any impedance
spectra is only possible with the experimental details of the
measurement.

The following characteristic values can be extracted from
the measured spectra above. The dissipation factor DF =
R)E(J = 27fCgRggR 1 stated to improve the comparability with
datasheets and other documentations. The results for fre-
quencies < fic are given for the sake of completeness. They
may contain a large error, as explained in the Appendix and
elsewhere.' 15717

o Cs(120Hz) = 265 uF
° RESR(IZOHZ) =0.14Q

J. Adv. Dielect. 13, 2341010 (2023)

] RESR(fLC = 685 kHZ) = 004 Q
o DF(120Hz) = 8% — 27fCoRpgp = 2.8%
° DF(fLC =68.5 kHZ) = ZWfCSRESR = 08%

(Capacitive Reactance: X, = 2791‘0 )

2.4. Film capacitors, WCAP-FTBE

The spectra below were measured with Agilent E5061B
Network Analyzer in a shunt-through configuration. '

The measured impedance spectrum of a 470 nF Film ca-
pacitor, in Fig. 11, shows in principle the same features as the
calculated spectra, given in Fig. 3 (Top). Due to the low
capacitance fpc > fic, as indicated by the dashed lines,
which results in a graph with a sharp minimum at
fic = 1.94MHz. The resistance value at the minimum is
roughly the Rgggr at fic, which in this case is about 0.04 Q.

The measured spectrum of the equivalent series resistance
Re(Z) = Rggg, given in Fig. 12, shows a U-like shape with a
minimum around f;c. The increase at high and low fre-
quencies is very likely not the actual physically correct ESR
behavior of the capacitor, but a measurement artifact from
the low capacitance (high impedance) and the parasitic
inductance.

The separation of a small real part from a large imaginary
part is technically difficult. In the end, the accuracy and the
resolution of the measurable loss angle, i.e., phase angle,
determine the accuracy of the measured impedance. Accuracy
plots for the equipment used (Figs. A.6—A.8) and an error
calculation for this measurement are given in the Appendix.
In these demanding conditions, analyzers often overestimate
Re(Z).] 1,15,16

The network analyzer has no separate current and voltage
connections, which usually leads to a lower phase accuracy
than for four-terminal Kelvin configurations. Hence, it is a
common phenomenon that ESR values, if measured in such a
configuration, are overestimated. For the sake of prudence, it
is best to consider those values as conservative estimates.

- 470 nF, WCAP-FTBE

10*

10°
102

10"

10° Fane [ Fie——4fre
10~ | \/ i
E :RESR

1072

Impedance [Q]

10° 10* 10° 10° 107 108
f [Hz]

Fig. 11. Measured impedance spectrum |Z | of 470 nF film capacitor.
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Fig. 12. Measured spectrum of the real part of the impedance
(Re(Z) = Rgsr) of a 470 nF film capacitor. Compare to Fig. 11.

Hence, it is practically difficult to say to what extent the
measured Re(Z) in Fig. 12 is correct. Certainly, around fi ¢
the results of approximately 0.04 Q are most trustworthy and
can be considered as conservative estimates. This position is
marked by a sharp minimum in Fig. 11.

The measured capacitance spectrum in Fig. 13 shows the
overall features of the calculated spectrum, given in Fig. 4. It
has a plateau region at low frequencies and a singularity,
positioned at f; . The measured capacitance, as read from the
plateau region, is about 495 nF. The measured capacitance
with its hyperbolic behavior is physically correct and not
some sort of measurement artifact (see Sec. 2).

The parasitic inductance may change as a function of the
length of circuit path or temperature. As a consequence, also
the position of f; - may change accordingly. It is therefore in
practice important to operate the application not in the
vicinity of fic.

The following characteristic values can be extracted
from the measured spectra above. The dissipation factor

J. Adv. Dielect. 13, 2341010 (2023)

- 470 nF, WCAP-FTBE

1. %10~
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-2.x107
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-6.x1077
-8.x1077
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10°  10* 10° 108 10" 108
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Fig. 13. Measured capacitance spectrum of a 470 nF film capacitor.

DF = R)"% = 27fCsRgsr is calculated to improve compara-
bility with datasheets and other documentation. The results
for frequencies < fi ¢ are given for the sake of completeness.
They may contain a large error as explained in the Appendix
and elsewhere.!+!57!7

Cs(1kHz) = 495 nF,

Resg (1kHz) =220,

Rpsg (fic = 1.94MHz) = 0.04Q,
DF(1kHz) = 27fCsResg = 0.68%,

DF(f,c = 1.94MHz) = 27fCsRpsg = 24%.

2.5. Multilayer ceramic chip capacitor, WCAP-CSGP

The following spectra were measured with Agilent E5061B
Network Analyzer in a shunt-through configuration.

The impedance spectrum, given in Fig. 14, is qualitatively
the same as for the film capacitor in Sec. 2.4. Due to the lower
rated capacitance of 22 nF the impedance spectrum is shifted
to higher frequencies with fj - = 45.8 MHz. As in the pre-
vious section fpc > fic, Which leads to a sharp minimum
at fic.

The ESR, as inferred from the minimum at f; ¢, is about
0.06 Q, which for the same reasons as discussed in Sec. 2.4,

22 nF, WCAP-CSGP

104

103

102

Impedance [Q]

10’ P
'FRL fLC-FRC
10° It
-1 - d
10 ¥ & Resr
1075 ) 5 3 s 9
10 10 10 10 10 10 10

f [Hz]

Fig. 14. Measured impedance spectrum |Z| of 22 nF MLCC.
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- 22 nF, WCAP-CSGP

5.x1078
4.x1078
3.x1078
2.x1078
1.x1078 ;

0 'FRLf
-1.x1078 ;
-2.x10°8
-3.x107®
—4.x10_2 : :
'5'“10103 104 10 10% 10”7 10%® 10°

f [Hz]

Capacitance [F]

Fig. 15. Measured capacitance spectrum of 22 nF MLCC.

could be considered as a conservative estimate. The actual
ESR might be even lower.

The capacitance spectrum in Fig. 15 shows, as discussed
above, the typical resonant behavior. From its constant pla-
teau region, we may read a capacitance of about 23 nF.

Fig. 16 shows the ESR spectrum with a shallow U-like
shape. As discussed in the previous section, the increase
toward low and high frequencies is probably the result of
incorrect separation of real and imaginary part of the im-
pedance by the measurement equipment, i.e., small loss
angle o.

The increase toward lower frequencies could be partially
explained by the increase in dielectric loss due to ionic po-
larization of larger domain structures or charge hopping-in-
duced conductivity. However, the actual value of about
Re(Z) =3000Q at 1kHz clearly suggests, that the increase
is largely attributed to an insufficient resolution of the loss
angle. As mentioned before, it is technically difficult to
separate the real part from a relatively large imaginary part,
i.e., small loss angle (see Appendix A, Fig. A.7).

The increase toward higher frequencies could be due to
the skin effect. The geometrical factor of the electrodes of an
MLCC makes a scientifically sound analysis of this effect

- 22 nF, WCAP-CSGP

1000 T

= 10 Pt

- fae ﬂcj/

N — I

O | H 3

 0.100 et = Recr
0.001

103 104 10° 108 107 108 10°
f [Hz]

Fig. 16. Measured spectrum of the real part of the impedance
(Re(Z) = Rgsg) of 22 nF MLCC.
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difficult. Usually, studies of skin effect are conducted on
cylindrical geometries. Those results cannot be quantitatively
used for measurements of MLCCs.'#72°

Due to the resolution limits of the loss angle, the Re(Z) =
Risr spectra have often a minimum around f; - and strongly
increasing slopes toward low and high frequencies. This
measurement effect will superimpose any potential skin effect
(see Fig. A.9).'®

To cut a long story short, ESR spectra of LCR resonators
are most trustworthy in the region around f; . Beyond that,
they require, not always but often, further technical knowl-
edge for interpretation.

The following characteristic values can be extracted from
the measured spectra above. The dissipation factor DF =
%—S_R = 2mfCsRgsr 1s given to improve comparability with
datasheets and other documentations. The results for fre-
quencies < fic are given for the sake of completeness. They
may contain a large error, as explained in the Appendix and
elsewhere.!-15717

e Cs(1kHz) = 23nF,
L4 RESR(fLC =46 MHZ) =0.06 Q,
® DF(fLC = 46 MHZ) = 27fCsREsr = 38%.

3. Conclusion

The standard model, given in Fig. 1, is a suitable means to
interpret the technically important features of all commer-
cially relevant capacitors. In most cases, it is even sufficient to
use an even simpler model, which neglects Rj.,. It was
furthermore demonstrated how the model parameters, such as
Cs and Rggg, can be extracted from the measured spectra.

The deviations from that model as well as aspects of the
measurement accuracy have been exemplarily discussed on
the measured spectra. Especially, the separation of real and
imaginary part at small loss angles is defective. In the self-
resonant case, the Rggr spectra can only be correctly mea-
sured around f; c. Due to this reason, the physical phenom-
ena, such as skin effect, are very likely superimposed by a
large error and cannot be studied in the measured Rgsg
spectra.
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Appendix A. Graphs and Figures

Interpretation of Im(C) (Fig. A.1) for R-C unit: Im(C)
describes the dissipation of energy in a capacitive system,
associated with the movement of charges. This dielectric re-
laxation, i.e., absorption band, is caused by the reorientation
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— fre>fic, 4.7uF, WCAP-FTBE
— fre<fic, 50F, WCAP-STSC
=0 j 6.x107°
40
4.x 1076
30 iy
S S
E 20 E
2.x107°
i\

10 102 10° 102 10* 10 10% 10qjo
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Fig. A.l. Capacitance spectrum Im(C) as calculated from the

standard model. Corresponds to spectrum Re(C) in Fig. 4. Gray

lines indicate Re(C).

35x107°
25x107®
15x107

5.x1077

0
-1.x1078 ESL=1nH, C=1uF, ESR=1@mOhm \/

10° 10% 107 10%
f[Hz]

Capacitance [F]

Fig. A.2. Example of calculation for a Lorentz relaxation
(frc > fic), Parameters are such as to see all details.

of permanent molecular dipoles, induced by the applied al-
ternating electric field. .

Im(C) is mathematically related to the Re(C) by the
Kramers—Kronig relation. In case of a Debye relaxation, Im

— WGCAP-FTBE, frg>fic, 4.7uF

NS

15

o

FLeak fLC

Phase Shift, ¢ [Radiant]

I
) 19

107 102 10° 10?2 10° 10° 10° 10°
f [Hz]

Fig. A.3. Phase shift angle ¢(f) for WCAP-FTBE as calculated

from the standard model. Corresponds to impedance spectra in

Fig. 3 (top). Polarization contributions at higher frequencies, such as
electronic polarizations, are neglected, i.e., C(f — o0) = 0.

J. Adv. Dielect. 13, 2341010 (2023)

— WCAP-FTBE, fre>fic, 4.7uF

b
= 2
c
(0]
T I
(o]
& 4
© 0 : !
o NV N\
2 fleak fic
< _I /
04
2]
o
4 _=x
2

107 102 10° 102 10* 10° 10% 10"
f [Hz]

Fig. A.4. Loss angle 6(f) for WCAP-FTBE as calculated from the

standard model. Corresponds to impedance spectra in Fig. 3 (top).

Polarization contributions at higher frequencies, such as electronic

polarizations, are neglected, i.e., C(f — oo) = 0.

— WCAP-STSC, frc<fic, 50F

e

bl

Phase Shift, ¢ [Radiant]

SAE]

107'107"°10%10°107*1072 10° 10? 10* 10° 10° 10'°
f [Hz]

Fig. A.5. Phase shift angle ¢(f) for WCAP-STSC as calculated

from the standard model. Corresponds to impedance spectra in

Fig. 3 (bottom). Polarization contributions at higher frequencies,
such as electronic polarizations, are neglected, i.e., C(f — o0) = 0.

— WCAP-STSC, frg<fic, 50F

bis :
= 2
e :
o] :
T I :
T 4 '
'S :
e} '
g 0 L/
g’ Freak
< _I
n 4
0
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- _=x

2

107'407"°10810°10"*1072 10° 102 10* 10% 108 10"
f [Hz]

Fig. A.6. Loss angle d(f) for WCAP-STSC as calculated from the
standard model. Corresponds to impedance spectra in Fig. 3 (bot-
tom). Polarization contributions at higher frequencies, such as
electronic polarizations, are neglected, i.e., C(f — c0) = 0.
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Impedance Measurement-10 % Accuracy Range (SPD)
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) can be conveniently used to read off fzc. The height of

the peak of Im(C) at fyc is for the Debye relaxation Cg/2.

100K

DUT Impedance (ohm)

=

An example of calculation for a Lorentz oscillation

(fac > fic) is given in Fig. A.2. The parameters for the plot
are such as to show all details of the curve progression. The
graph does not necessarily correspond to a specific capacitor
product.

Appendix B. Formulas and Notes

1K 10k 100k ™ 0M  100M

Frequency (Hz)
250615140

16

Mathematical description of the equivalent circuit in Sec. 1.1

(temporal frequency: f, angular frequency: ® =2 -7 - f)

RLeak(imCS) !

Fig. A.7. Accuracy pllc.)t for ES061B ENA Vector Network Analyzel:g Z(®) = Rgsg + i - oLgg + AR AEE (B.1)
from Keysight. Conditions for 10% measurement accuracy range. Leak T (lw S)
Z(o) = Re(Z) +i-Im(Z), (B.2)
Dynamic accuracy (Phase) ) )
100 o 0?RpspRTCs + Rpsr + Riea
Re(Z) = T . (B3)
O R e by +
2 2 2
o O(02RieuLes,Cs — RieaCs + LesL)
Im(Z) = R CTo , (B4)
10 H 5 O Ry ek Cs +
Q
he) . .
_ 7 (i) 2Ry eax Lest. Cs + i0(ResrRieak Cs + LisL)
A 1 3 Z(0) = + Resr + Rieak
NG i LT = IOR e Cs + 1
N (B.S)
In electrical engineering, Re(Z) and Im(Z) are referred to
01 as equivalent series resistance and equivalent series reactance,
5 -15 25 35 -45 -55 -65 -75 -85 -95 -105 -115 ively. The dissipation f DF is calculated b
\FpiepaaeR (iB] respectively. The dissipation factor 1s calculated by
Fig. A.8. Phase accuracy for ES061B ENA Vector Network Ana- F— Re(Z) (B.6)
lyzer from Keysight.'®!” N Im(Z) ’ .
10" - linch
m I (lcm)
1oz A M NHD I il l o i | Ll ] 10"
- H St H (Imm)—
2 ST ¥ ’ H 2 2
< 3 N LT pe_ | PG N HiL 141 S
3 10 N 7 d N N § E/ |°-2 E
2 c
- - 2
= b N K
2 o4l > MU | T R IES 03 2
. i Umil) &
o -~
2 i q A S e
- =gl § Hils NI - 5
o H
: Hi H () ®
1 1
sl D i SO
10 10? 10® 10* 10° 10® 107 10® 10° 10'°
60 ke IMc (Imeter)
) - (5) soft i
((lz):‘::f:;l:lm f= frequency (cycles) (6) ::u;:‘lr::.mcr iron ':.‘;;:‘:'I:c
(3) brass (7) permalioy 78 intensity
(4) manganin

Fig. A.9. Surface resistivity and depth of penetration for different materials at room temperature.'
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®2Resr R C5 + Resr + Riea

DF = . (B.7)
®(02R} i LgsL C5 — Ry Cs + Lgst)
With the relation Z = ﬁ, capacitance is calculated under
the simplification that
. Lgg;. 1 . Resr
Ry.. C = - , B.8
e — 00C(0) ==+ e (B-8)
with k = (0Lgs. — 5¢)? + Risg-
If additionally Lgg; — O, it follows:
. C CiR
C((D) S (D STYESR (Bg)

= —i- .
1 4 (0RgsrCs)? 1 + (0Rgsg Cs)?

The characteristic frequency of the Rggg — C unit: Solu-
tion of equation Im[C(fxc)] = C, 7 is as follows:

1

= B.10
Jre 27 Rpsg - Cs ( )
Characteristic frequency of the L — C unit:
Solution of Im(Z(®;¢)) = 0 yields
1
=2 = B.11
OLc 7TfLC m ( )

Characteristic
(RLeak - OO):

A pole of Eq. (B.5) is a zero of i®R; ., Cs + 1. The so-
lution Of i(zﬂfLeak)RLeakCS + 1= O ylelds

frequency of the Ry —C unit

1

=\ B.12
fLeak 2.7 RLeak K CS ( )

For the sake of simplicity, we keep the formula sign for
the absolute value:

1

e — el B.13
27 Ryeax - Cs ( )

fLeak =

Characteristic
(RLeak - OO):

Solution of 0 = Rgsg — 27frr Lrst. for frr. yields

frequency of the Rggr —L unit

_ R
JrL = 27 Log

Effect of limited loss angle resolution:

Table B.1. Values for exemplary error calculation.

Parameter Value Value Value
£, in kHz 450 10 1
Im(Z) in Q, Cs = 4.7nF 0.75 3386 33863
Re(Z) at f, in Q 0.039 031 2.23
5, in° (Fig. A.8) 0.30 0.30 0.30
tan & 0.052  0.009 0.007
Jin° 2967  0.525 0.377
A in % 10.1 572 79.5

J. Adv. Dielect. 13, 2341010 (2023)

Since the analyzer cannot measure loss angles below its
resolution limit, DF will assume its minimum and remain
constant for high and low frequencies (with respect to fi¢).
Consequently, in those high- and low-frequency regimes, the
ESR will become proportional to the reactance, with DF as
proportionality factor. Therefore, measured ESR spectra will
often show a bathtub-like shape, where the position of the
minimum of the ESR spectra coincides with the minimum of
the impedance spectra.

To access the accuracy of the measured ESR, it is always
necessary to consider the phase angle resolution. If the
measured loss angle or DF is at the resolution limit of the
analyzer, it is difficult to retrieve the correct ESR spectra.

Example of calculation of loss angle measurement error
with loss angle resolution limit J 5 :

The relative error associated with the tan ¢ is calculated by

A= tan(d + d, ) — tand

- 100%.
tan o %

(B.14)

The results for the measured frequencies f, in Table are
calculated on the basis of spectra, given in Fig. 12. They
exemplify the error A associated with the measurement of the
above film capacitors (WCAP-FTBE).
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