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Abstract—Multi-layer ceramic capacitors (MLCC) are one of
the main energy storage components for an electronics power
distribution network (PDN). The most important performance
band of an MLCC capacitor is not at the series resonant
frequency (SRF), but at the higher frequency where it forms a
parallel resonant peak with its mounted inductance and the ondie capacitance or power plane capacitance. The properties of
the all-important resonant peak are determined by the
frequency dependent series inductance and resistance of the
mounted MLCC capacitor. MLCC capacitors traditionally
measured with a fixture, introduce inaccuracy in the series
inductance and resistance from improper fixture de-embedding.
A new technique called Parallel Resonance Frequency (PRF)
measurement is proposed to accurately extract the series
inductance and resistance by utilizing a controlled plane cavity
LC resonance measured with well-defined fixtures. Measured
impedances are characterized by using a Lossy-Transmission
Line (LTL) model to estimate parameters including frequency
dependent series inductance and resistance. Finally, case studies
using both commercially available 2-T and 3-T capacitors have
successfully demonstrated the accuracy of the methodology.

I.

terminal (2-T) capacitor models, inconsistency is identified in
the series inductance and series resistance across all vendors.
For the same type of physical structure, series inductance and
series resistance should not have high variance. In Figures 1
and 2, vendor capacitor models show significant variance in
series inductance and resistance.

INTRODUCTION

Impedance measurement of mounted MLCC capacitors as
the device under test (DUT) utilizes the well-known twoprobe VNA-based impedance measurement technique[1][2].
Z11(Self impedance) can be obtained by measuring with only
a single port, but that approach can suffer from contact
parasitic
resistance,
disallowing
low
impedance
measurements. The two-probe method derives a Z11 from a
measured two-port Z matrix that addresses the contact
resistance and provides better frequency domain dynamic
range. A traditional method for measuring a capacitor is to deembed the fixture to obtain a measured model of the mounted
DUT. However, from observance of various vendors’
measurement derived MLCC three-terminal (3-T) and two-

Figure 1. Even with the same type of capacitor, inaccuracy in inductance and
resistance from various vendor 2-T models is observed.




II.

Figure 2. Even with the same capacitance value and same physical structure,
inconsistency in inductance and resistance from various vendor 3-T models
is observed.

The importance of accurate modeling of the peak
resonance in a power distribution network (PDN) system
cannot be overstated. Every contributing element to the peak
resonance should have minimal error. Frequency dependent
series resistance and inductance greatly influence the peak
resonance. In Figure 3 below, a single branch RLC circuit
overestimates the peak parallel resonance for lack of
frequency dependent resistance and inductance. Broadband
models of a mounted MLCC capacitor show significant
improvements in the peak resonance. Broadband models
capture the physical properties of the MLCC capacitor
providing more dampening than a first order equivalent RLC
model. A good capacitor model is broadband and captures the
frequency dependent series inductance and resistance
representing all loss mechanisms and inductive current paths
in a MLCC structure.

Concept of induced Parallel Resonance Frequency
(PRF)
PRF from 2-T and 3-T capacitors mounted on a
fixture
Lossy Transmission Line (LTL) model [3][4] of a
MLCC capacitor
INDUCED PARALLEL RESONANT FREQUENCY CONCEPT

With the proposed methodology, in order to properly deembed the fixture from the mounted 2-T or 3-T capacitor as
DUT, a well-defined fixture that induces a resonance at the
desired frequency is required. The fixture inductance and
DUT mounted inductance will resonate with the fixture
capacitance to form a parallel resonance that can be easily
detected during measurement.
The concept is demonstrated in Figures 4 and 5 below
where a simple lumped circuit model illustrates an induced
parallel resonance as displayed in a self-impedance plot.
Different nodes are used as the port of observation for
impedance to emulate landing probes at different locations,
illustrating port position induced errors.

Figure 4. First order equivalent circuit model to represent a mounted
capacitor on a fixture. Probe positions represents locations for 2-port
impedance observation location. Inductance of system consists of the
Fixture and DUT ESL. Capacitance of system consists of the DUT and a
small capacitance that induces the parallel resonance.

Figure 3. Importance of frequency depdendent series inductance and
resistance is observed in this figure. Single branch RLC over estimates the
peak resonance compared to broadband models.

This paper proposes a new methodology in measurement
and modeling that uses the induced parallel resonance peak to
accurately capture frequency dependent R and L instead of the
traditional derivation from slope of the impedance. This paper
covers the following topics:

Figure 5. Impedance in this plot illustrates that no matter where the ports
position are for impedance measurement, the peak parallel resonance is fixed
at the same frequency.

The fixed parallel resonance frequency (PRF) at marker
m6 of Figure 5 shows the robustness of the proposed
methodology. Several inductive slopes and series resonant
frequencies (SRFs) are associated with the several
measurement ports. However, the parallel resonance
frequency is a property of the system loop inductance and is
not sensitive to port position. The new methodology utilizes
the highly accurate PRF as the focal point for extracting
inductance and series resistance rather than the inductive
slope. Traditional measurement and de-embedding methods
are prone to error from inductance and resistance associated
with the position of the probes. With the proposed method,
the measured PRF is a function of the total loop inductance
and capacitance in the system and is immune to variation of
the probe measurement positions.
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Lloop is the system total loop inductance and Cloop is the
system capacitance which is the DUT and cavity capacitance
in series. To induce a good PRF peak, the resonating plane
capacitance must be much smaller than the DUT capacitance
and dominate the series capacitance calculation.
The height of the PRF is determined by the Q-factor which
is a function of the resistive dampening. Higher Q will allow
for easier characterization of the peak resonance.
III.

leading to a change in resonant frequency. The difference
between the shorted fixture PRF and the mounted DUT PRF
is used to determine the DUT inductance. The size of the loop
has changed when current is forced to leave the capacitor
mounting pads and pass through the capacitor. In that sense,
the capacitor inductance is inseparable from the mounting pad
inductance.
This section describes the process flow of measurement
and modeling to generate an accurate broadband 3-T capacitor
model. Figure 6 below illustrates the flow from measurement
to deriving a Lossy Transmission Line (LTL) capacitor model.

PRF FOR FIXTURE AND MOUNTED DUT CAPACITORS

The fixture includes capacitor mounting pads connected to
board power planes that have substantial area to form a cavity
capacitance. Two different cavity sizes were used: 25x25
mm2 and 50x50 mm2. The return plane was on the outermost
layer of the board and the power plane was on the next layer.
45 µm of FR4 dielectric separated the two planes. A parallel
resonant frequency peak is formed when the plane capacitance
resonates with the loop inductance of the fixture.
A shorted fixture means that the DUT mounting pads have
been shorted so that current is allowed to complete the path
from one power plane to the other through the vias associated
with the DUT. Magnetic fields between the planes give rise
to the spreading inductance of the power planes, or
alternatively the via inductance that connects the planes. At
the PRF, a voltage builds up between the planes giving rise to
electric field energy. Then a moment in time later, capacitor
displacement current completes the loop and magnetic energy
is stored in the inductance. This is the system in resonance.
The PRF is associated with an eigenvalue for the system.
The same resonant frequency is measured anywhere you look
in the system. The impedance magnitude and slope may
change depending on the measurement position but the
resonant frequency is a property of the system and does not
change with observation position. Two ports of a VNA are a
good way to stimulate and measure the response of this cavity
system.
When the system includes a capacitor DUT rather than the
shorted DUT pads, there is an increase in loop inductance

Figure 6. Process flow of measurement and modeling to obtain a Lossy
Transmission Line capacitor model.

In order to properly characterize the fixture and estimate
the DUT inductance, three measurements are needed.
1. Open Fixture
2. Shorted Fixture
3. DUT Mounted Fixture
The fixture measurements are shown in Figure 7 and the
equivalent circuit for the fixture are shown in Figure 8.
A. Open Fixture Measurement
This is performed by measuring the bare fixture without
the mounted DUT. Fixture capacitance is extracted from this
measurement. The two-port PDN measurement technique [1]
does not suffer any inaccuracy in capacitance measurement.
The capacitance notated as Cref in Figure 7 is the plane cavity
capacitance. The impedance at 99.56 MHz is 3.05 Ohms. The
equivalent capacitance is calculated as
1
1
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This capacitance is plotted in the dashed line and induces the
parallel resonance for the Shorted and DUT Mounted Fixture.
Note that the first cavity resonance involving the time of flight
across the cavity is at 3 GHz and is not predicted by the
lumped capacitance.
B. Shorted Fixture Measurement
This is performed by measuring the fixture with a welldesigned short in place of the DUT footprint. The shorted
fixture used in this effort is a separate but co-located version
of the DUT fixture with the DUT pads shorted by a strip of
metal in the PCB layout. The important data extracted from
this measurement is the PRF due to the plane capacitance. In
Figure 7, the PRF is the peak parallel resonance created by Cref
and fixture inductance Lfixture. From the 1.04 GHz PRF, the

previously derived value of Cref, and the resonant frequency
equation, the fixture inductance of 44.5 pH is calculated.
1
1
and L
 45.4 pH (3)
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The low frequency resistance is fitted to be 0.865 mOhm
below 1 MHz. The dashed line simulated with these R and L
parameters is a good fit to the measured data.

C. DUT Mounted Fixture Measurement
The final step is performed by measuring a fixture that has
the capacitor DUT mounted. The important peak PRF
characteristics formed by the induced resonance are extracted
from this measurement as well as the DUT’s capacitance and
ESR. In Figure 9, the SRF is the series resonance of the DUT
capacitance with the loop inductance from the combination of
the DUT and fixture (Ldut + Lfixture). The important PRF is
created by the plane cavity capacitance and the combination
of Ldut + Lfixture inductance.

Figure 7. The plane capacitance resonates with the fixture loop inductance.
By measuring the Open/Short fixture, the fixture L & C of the PRF are
captured.

The PRF is also simulated using lumped R, L and C
parameters for the components of Figure 8. There is
substantial skin effect loss at 1 GHz so Rskin is adjusted to
14.63 mΩ to account for the Q-factor and skin effect losses
which are in addition to the low frequency resistance. In
Figure 7, the simulated dashed line and the measured solid line
at the PRF match very well and validate the use of a simple
lumped circuit with several fitting parameters for our fixture
model. Note that Rskin accounts for the skin loss at 1 GHz but
would need to be adjusted according to sqrt(f) for DUT
impedance peaks at lower frequencies.
L fixture

R fixture

R skin
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Volt Meter
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Figure 8. Fixture equivalent circuit model fit to measured data on Figure 7.

The fixture has now been well measured and
characterized. The PRF peak is well predicted by lumped
LRC components modeling the LC plane parallel resonance.
The LRC components are not sufficient to predict plane cavity
resonances that are created by electromagnetic propagation
within the cavity dimensions. Those are outside the scope of
these measurements.

Figure 9. By measuring the Mounted Fixture, all components of the PRF
are captured.

After completing all the necessary measurements, the key
parameters that influence the several portions of the curve are
extracted to develop a DUT model. The lossy transmission
line parameters developed in the next section are simulated in
conjunction with the model topology and fixture to produce
the dashed curve which closely matches measured data in
Figure 9.
IV. LOSSY TRANSMISSION LINE (LTL) MODELING FOR
MLCC CAPACITORS
An MLCC capacitor consists of stacked conductive plates
in parallel with contacts at the terminal surfaces. At lower
frequencies (below the SRF) current penetrates fully into all
of the conductive metal layers and is distributed deep into the
MLCC. Capacitance limits the current through the capacitor
and determines the impedance so all plates are fully engaged.
At higher frequencies (above the SRF) the current
distribution is mainly on the lower metal plates, closest to the
return current in the mounting structure. Inductance limits the
current through the capacitor. Just a few of the plates have
sufficiently low capacitive reactance to carry all of the current.
As frequency varies, the equivalent series inductance and
series resistance varies as a function of the current
distribution. At higher frequencies (above the PRF) the
current travels in a smaller loop, closer to the return current
making less magnetic field, thus having lower inductance. At
PRF, series resistance increases as the current distribution is
only on the lower plates and travels through less metal.
Reduced inductance and increased resistance are both

favorable outcomes for PRF peaks and PDN application.
Modeling this frequency dependent inductance and resistance
is important.
The Lossy Transmission Line capacitor model is an
equivalent circuit model that captures the frequency
dependent current distribution inside an MLCC
structure[3][4][5]. The physical structure of an MLCC
capacitor and the LTL topology are shown in Figure 10.
Csect
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adjusted to achieve good matching at SRF. The first three
parameters are the same as the traditional three-element RLC
parameters often used to represent an MLCC capacitor
Lbottom is the key to the LTL model. It represents the
inductance at the lowest part of the capacitor. Lbottom is
approached but never actually measured because there is
always some small inductance associated with the active
plates, even at very high frequency. Lbottom is adjusted until
there is good matching at PRF.
These four parameters are essentially curve fitting
parameters. Simple equations relate the four parameters to
each of the component values in the circuit topology of
Figure 10 and are documented in the literature[5].
Figure 11 shows the inductance and resistance of a 3-T
MLCC capacitor as a function of frequency. The plots are
from the real and imaginary parts of the impedance of a
capacitor model driven by a 1 A current source. The
inductance peaks up over 100 pH at about 4 MHz but falls off
to less than 30 pH at 1GHz. The resistance is a little over 1
mΩ at SRF but has risen 10x to 10 mΩ at 100 MHz, close to
the resonant peak frequency in many PDN applications. This
is extremely important and advantageous for the magnitude,
frequency and Q-factor of dominant PDN peak impedances.

Figure 10. Physical structure of MLCC capacitor and lossy Transmission
Line (LTL) capacitor equivalent circuit model.

At low frequencies, current penetrates deep into the
structure flowing through all the metal plates, while at high
frequencies, current flows mostly on the bottom metal plates.
The inductance associated with the area of the ceramic filler
plate below the lowest metal plates and the solder mounting
structure is called Lbottom and is important for the PRF. Current
goes no farther up the ladder structure than it has to. When
the capacitive reactance of the lower plates becomes less than
the inductive reactance suffered by current going up the stack,
we reach an inflection point where current is reduced and does
not penetrate far up the stack.
This is the mechanism whereby the current at high
frequency stays low in the MLCC structure. The effective R,
L and C are a function of frequency. After SRF, capacitance
does not matter but the PDN performance (parallel resonant
peaks) are vitally dependent upon the effective inductance and
resistance (loss damping) of the capacitor.
There are four input parameters to the LTL model that
completely capture the frequency dependent properties of the
capacitor:





Cap
ESR
ESL1 (at SRF)
Lbottom (highly related to PRF)

By adjusting these four parameters, the frequency
dependent capacitor model is tuned to match the measured
data. Cap is adjusted first to achieve good matching of the
simulated and measurement curve below SRF. ESR is the
resistance or depth of the curve at SRF. ESL1 represents the
inductance at SRF. It is the sum of the fixture inductance and
the inductance associated with all of the plates which are
engaged in carrying current at SRF. ESR and ESL1 are

Figure 11. Frequency dependent inductance and ESR of MLCC capacitor.
Lower inductance and higher resistance above SRF are advantageous for
PDN resonances.

Figure 12 gives further confirmation for why ESL and
ESR are frequency dependent. The curves are the voltage
across the resistors in the ladder topology of Figure 10. At
low frequency the voltage across, and therefore the current
through, each resistor is identical. At the 3 MHz SRF the
current in the plates near the bottom of the capacitor are at a
minimum and the current at the top plates is nearly a
maximum. This is due the quarter wavelength nature of the
MLCC capacitor at SRF[5]. Resistor current inverts by 10
MHz and by 100 MHz, the current in the bottom plates is
more than 1000x the current in the top plates. The physically
based LTL model gives much insight into the frequency
dependent nature of MLCC capacitors.

This brings the PRF of the fixture down to 481 MHz and the
PRF for the DUT down to 391 MHz, closer to normal PDN
impedance peaks. The closeness of the fixture and DUT
inductive slopes and the closeness of the PRFs indicate that
the inductance of the 3-T caps are comparable to that of the
fixture. This is a strong indication that the dominant
inductance in PDN systems using such devices is no longer
in the mounted capacitor and will move to another part of the
system.

Figure 12. Resistor current in LTL ladder network. At high frequency, the
lower plates carry almost all of the current leading to frequency dependent
ESL and ESR.

V. LTL
MODEL
CORRELATION

WITH

PRF

MEASUREMENT

A 2 terminal 0201 size 1 µF capacitor and a 3 terminal
(approximately) 0402 size 22 µF capacitor have been
measured using the PRF method. The measurements have
been fit with LTL model parameters and simulated.
Although the LTL model has only two terminals, the
ladder circuit topology is used to represent the equivalent
RLC of a 3-T MLCC capacitor. The 3-T capacitor
frequency dependent series resistance and inductance are
captured in the LTL model.
The 2-T 1 µF model to hardware correlation is shown in
Figure 13. The fixture power planes were 25x25 mm2. The
fixture measurements (solid) together with the simulated
fixture lumped element model (dashed) is shown. Also
shown is the measured and simulated 2-T capacitor. The
PRF of the fixture was 1 GHz and the PRF of the DUT on
the fixture was 534 MHz.

Figure 14. 3-T DUT Mounted Fixture measurement and model are well
matched. Modeling includes fixture and 3-T LTL model

Table 1 gives the LTL model parameters for the 2-T and
3-T capacitors extracted from measurement. The properties
and effectiveness of MLCC capacitors can easily be
compared by tabularizing LTL parameters. It is remarkable
that these four simple parameters together with the LTL
model circuit topology match measured data so closely.

Table 1. LTL model parameters of a 2-T and 3-T capacitor.

Figure 13. 2-T DUT Mounted Fixture measurement and model are well
matched. Modeling includes fixture and 2-T LTL model.

The 3-T 22µF model to hardware correlation is shown in
Figure 14. The fixture power planes were 50x50 mm2giving
4x the cavity capacitance compared to the 2-T measurement.

The generated LTL model can now be compared with the
original vendor models. The LTL models extracted from
measurement for several vendors are identical in the inductive
portion of the impedance profile. This is because the
inductance is a function of geometry. All capacitors of similar
body size have similar geometry even though the published
vendor models are quite different.
Figures 15 and 16 show the comparison of the LTL
capacitor model developed by the proposed methodology with
various vendor capacitor models. There may be some
difference between the several vendors in the capacitive and
ESR portions of the impedance profile. But they are the same
in the inductive portions because the geometries are the same.

Figure 15. Inconsistency in inductance and resistance from various vendor
2-T models is observed (dashed lines). The models extracted with PRF
methodology are consistent and accurate (solid lines).

Figure 17. Correlation of EM model (Dashed) to measurement (Solid).
Three extrusion per pad to create a port. Minimized port inductance.
Simulation model matches measurement closely.

VII. CONCLUSIONS

Figure 16. Inconsistency in inductance and resistance from various vendor
3-T models is observed (dashed lines). The models extracted with PRF
methodology are consistent and accurate (solid lines).

VI.

SOFTWARE EM MODEL EXTRACTION OF FIXTURE

Obtaining a simulation correlation with measurement
utilizing the proposed PRF method and LTL capacitor model,
provides confidence in PDN simulation flow and validates the
capacitor model. The same LTL model derived from PRF
measurement is cascaded with the EM extracted fixture model
for verification against measurements.
Before model extraction, precise PCB stack-up dimensions
and accurate dielectric material properties are needed. Refer
to [6] for the two-line measurement technique used to derive
frequency dependent loss tangent and conductor loss. Figure
17 shows that a good correlation between measurement and
modeling have been achieved.

For a robust PDN design, managing the peak parallel
resonance induced by the package and PCB inductance and
the on-die capacitance is the most important aspect of the PDN
design. In simulation, the contributing elements to the
resonant peak must be modeled accurately. Typical vendor
capacitor models can have inaccuracy in series inductance and
series resistance due to improper de-embedding or error in
measurements due to probe position. Capacitors with the
same physical structures should have small variance in series
inductance and resistance because they are determined by
physical geometry.
The new proposed methodology addresses the model
inaccuracy by focusing the measurement on a well-designed,
induced parallel-resonance peak rather than the slope of the
impedance. The parallel resonant frequency depends upon the
fixture capacitance and loop inductance including the DUT.
The PRF is an eigenvalue of the system and does not depend
upon port positions. It does not have errors rising from port
parasitic, position or de-embedding errors.
MLCC capacitors have frequency dependent equivalent
series inductance and resistance and are important for a PDN
peak impedance simulation. A Lossy Transmission Line
model that involves four parameters (cap, ESR, ESL1 and
Lbottom) is developed to represent the MLCC capacitor. The
model topology together with the four parameters correctly
captures the physical properties of the broadband frequency
dependent resistance and inductance. Simulated LTL models
match measured data closer than traditional capacitor vendor
S parameter models.
To further validate the proposed methodology, a full wave
solver was used to extract the fixture model. With well
characterized PCB dimensions and material properties, the
EM extracted fixture model cascaded with the LTL capacitor
model correlate well with measurement data.
The new PRF methodology for measuring and developing
a 2-T or 3-T capacitor LTL models has proven to be accurate
for PDN system simulation.
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