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Abstract—In this paper, a substrate-dependent lumped-element
model for ceramic multilayer capacitors is presented. The height
and dielectric constant of a substrate have a significant impact on
the frequency response of a chip capacitor, and these effects cannot
be treated independently from the capacitor model. Rather, the
equivalent-circuit parameters in the model must be made to vary
in accordance with changes in the substrate. The model presented
in this paper is suitable for microstrip-mounted components, and
has been applied up to 10 GHz for values from 0.5 pF to 0.47F,
and for FR-4 substrates ranging in height from 5 to 62 mil. The
modeling and extraction procedure is demonstrated for 0805- and
1206-style capacitors.

Index Terms—Ceramic capacitors, high-frequency model, mi-
crowave circuits, physical structure.

I. INTRODUCTION

T HE development of accurate broad-band equivalent-cir-
cuit models for ceramic multilayer capacitors (CMCs)

presents two primary challenges. The first is representing
the relatively complex and often electrically large capacitor
structure using a lumped-element topology. For capacitors ex-
hibiting only a single (series) resonance in the frequency range
of interest, this problem has been addressed with good success
using variations of a seriesRLC configuration [1]–[5]. The
second and more formidable challenge is developing a model
that correctly predicts the effects of variations in the height
and dielectric constant of the substrate on which the CMC
is mounted. At microwave frequencies, these board-related
parasitics have a pronounced effect on the CMC performance.
As will be shown in this paper, it is not unusual for the primary
series resonance of a capacitor to increase greater than 5
in frequency when comparing the performance on different
substrate heights. Currently available capacitor models in
commercial software packages offer little in terms of sub-
strate-dependent modeling; at best, a microstrip gap capacitor
is used to represent bond-pad interaction, but this effect is
relatively insignificant in comparison to the types of effects
demonstrated herein.

It is the goal of this paper to examine the high-frequency
performance of CMCs and put forth a lumped equivalent-cir-
cuit model that accounts for the extrinsic effects in a microstrip
configuration. This model has a strong physical basis to en-
sure scalability for different capacitor values. Furthermore, the
model is developed by extraction from-parameters measured
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Fig. 1. Cross section of a CMC in a typical microstrip mount and an
equivalent lumped-element model used for multilayer ceramic capacitors at
low frequencies.

using multiple microstrip test fixtures, to improve the prediction
of substrate dependencies. To the best of the authors’ knowl-
edge, this paper represents the first detailed investigation into
board-dependent aspects of CMC modeling. The accuracy of
the model at high frequencies (up to 10 GHz) is important in
applications that require circuit performance to be characterized
at harmonics of the fundamental signal.

The capacitor structure under study, mounted in a microstrip
configuration, is shown in Fig. 1. The capacitance is determined
by the dielectric thickness between the electrodes, dielectric
constant, number of electrodes, and length and width of the elec-
trodes. In this paper, 1206- and 0805-style components are dis-
cussed, which have footprints of 3.21.6 square mm and 2.0
1.25 square mm, respectively. Depending on the capacitor size
and manufacturer, the number of electrodes can vary from two
to around 30.

In the following sections, the classicalRLCequivalent-circuit
model is described in Section II, followed by a description of the
new substrate-dependent model in Section III. Expressions for
circuit parameters that are used to represent higher order res-
onances are discussed in Section IV. After demonstrating the
accuracy of the new model in Section V, an efficient technique
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Fig. 2. S of a 1206-style 6.8-pF surface-mount capacitor measured on three
different substrate thicknesses (FR-4).

for modeling large numbers of capacitors is described in Sec-
tion VI.

Capacitor -parameter measurements were performed using
a Wiltron 360-B vector network analyzer (VNA) from 0.4 to
10 GHz, and a thru-reflect-line (TRL) calibration. Test fixtures
that included the calibration standards and fixtures for mounting
the components were designed for measurements using GGB
650- m-pitch microwave probes.

II. L OW-FREQUENCYCIRCUIT MODEL

A multilayer capacitor is often modeled as a seriesRLCcir-
cuit at low microwave frequencies [1]. Referring to Fig. 1, The
effect series resistance (ESR) represents the resistance of elec-
trodes and the inner electrode terminations. This resistance usu-
ally ranges from 0.01 to 1 . The parasitic inductance of the
inner electrodes, known as the effective series inductance, is rep-
resented byESL and the nominal capacitance is denoted by.
An additional resistor in parallel to can be used to ac-
count for dielectric loss.

An important limitation of the model shown in Fig. 1 is that
it does not include the effects of the microstrip ground plane.
Theoretically, this model is accurate when the ground plane is
located at infinity. In a practical microwave design, however, the
performance of the capacitor is significantly altered by the pres-
ence of the ground. In order to demonstrate the effect, theof
a 6.8-pF 1206 capacitor on three FR-4 substrates (14-, 31-, and
62-mil thick) is given in Fig. 2. The series resonant frequency
changes by a factor of 7/1.5 when comparing the performances
on 14- and 62-mil substrates.

III. SUBSTRATE-DEPENDENTMODEL

The topology used for the substrate-dependent model is an
extension of that given in Fig. 1. Along with the addition of two
equivalent-circuit parameters, closed-form expressions used to
evaluate certain model parameters explicitly account for varia-
tions in the microstrip substrate height and dielectric constant.

The new model, shown in Fig. 3, is comprised of a seriesRLC
circuit in combination with capacitors to ground and a ca-

Fig. 3. Substrate-dependent model for ceramic multilayer chip capacitors.

pacitance that represents the interaction between the capacitor
bond pads . The parallel resistor in Fig. 1 is dis-
carded as it provides a direct current path from input to output,
which is a potential problem when simulations are carried out
using computer-aided engineering (CAE) tools such as SPICE.
In order to solve the problem of having a direct current path,
the capacitor in Fig. 3 is modeled as a capacitor with a finite
quality factor (CAPQ).1 Assuming the conductor loss is mod-
eled using ESR, the dielectric loss can be accounted for by the

of the capacitor. Fig. 3 includes twoRLCbranches for mod-
eling higher order resonances (on the top portion of the circuit),
as discussed in Section IV.

The parameters for the new model are determined by treating
the CMC, as shown in Fig. 4. In this figure, the model is com-
prised of lumped parameters (ESR,, and ) and two sections
of pseudomicrostrip line. The signal strip of this microstrip line
represents an approximate composite of the internal electrodes
of the CMC and is assumed to be located near the vertical center
of the capacitor, and to have a width equal to that of the ca-
pacitor. The substrate that supports the strip is formed of two
layers: the regular microstrip substrate and a layer representing
the dielectric of the CMC itself. The inductance and capacitance
of this pseudomicrostrip are related to the parametersESL and

, as described below. The nominal capacitanceis set to
the assigned value for the particular CMC. The ESR is found
using a resonant line technique [7], [8] and modeled using a
two-term polynomial equation. is typically determined from
circuit optimization, although an approximate value can be cal-
culated from the physical dimensions of the CMC.

The parameter (Figs. 3 and 4) is considered to be a combi-
nation of two capacitors in series. The first is an intrinsic capac-
itance representing the capacitance from the pseudostrip
to the top of microstrip substrate, and is indicated over the layer

in Fig. 4. A preliminary value for can be obtained by
treating the psuedostrip and the top of the substrate as a par-
allel-plate capacitor. However, since an approximate represen-

1CAPQ is available in circuit simulators such as Series IV, MDS, and ADS.
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Fig. 4. Equivalent physical representation of the circuit topology. The solid
lines in the lower figure represent pseudomicrostrip lines, assumed to be located
near the middle of the CMC.

tation of the internal electrode geometry is being applied, the
final value for must be determined using circuit optimiza-
tion. The second capacitor is an extrinsic capacitance
representing the capacitance from the substrate to ground, and
is shown over the layer in Fig. 4. The capacitance
is calculated from the knowledge of the effective dielectric con-
stant , the height of the substrate , and the assumed
width of the pseudostrip (which is equal to the capacitor width

) using ideal transmission-line theory. The effective dielec-
tric constant is computed from the substrate dielectric constant
using standard equations for a strip of width [12]. The
equations for [12] and are given in (1) and (2), re-
spectively, as follows:

(1)

(2)

where is the physical length of the CMC.
A dependence on substrate height is also incorporated into

the equation used to evaluate the inductance of the pseudostrip
(ESL). In this case, the approach has been adopted from work
presented in [9]–[11], which describes the variation of the in-
ductance of a thin strip as a function of the distance from a
ground plane. The basic form of this expression is given in (3)
and (4). Here, represents the intrinsic strip inductance (with
the ground at infinity), is a correction factor that depends on
the strip width and distance to ground, and is the width of
the capacitor. The equation predicts a decrease inESL as

decreases, leading to the increase in resonant frequency demon-
strated in Fig. 2

ESL (3)

(4)

The coefficients and are determined using circuit
optimization during the model extraction process.

The inductance of the capacitor also varies with frequency
due to skin-depth effects, as reported in [9] and [11], and be-
cause of changes in the current distribution along the CMC bond
pads. This frequency dependence is accounted for by including
an additional term into the intrinsic strip inductance

ESL ESL ESL (5)

here, is the frequency (in gigahertz). The coefficientsESL
andESL are determined using circuit optimization.

In summary, the substrate-dependent model that accounts for
the first series resonance contains six free variables (, ,

, , ESL , andESL ) and seven fixed parameters
( , , , , , ESR, and ), as described
in Table I.

For the work described in this paper, short sections of open-
circuited microstrip line were included in the model at the loca-
tions representing the solder points between the CMC and bond
pads (at both ends of the circuit), as shown in Fig. 3. These lines
model the effect of the bond pad that extends a short distance
beneath the CMC, and their length and width are bond-pad spe-
cific. The lines introduce a small amount of additional shunt ca-
pacitance that has only a slight effect on the frequency response
of the model.

IV. HIGHER ORDER RESONANCES

Accurate modeling of surface mount capacitors at high fre-
quencies requires higher order resonances to be taken into ac-
count. Theoretically, pairs of series/parallel resonances can be
modeled by adding resonant branches in parallel to theRLC
branch. It has been found in this paper that the frequencies at
which these higher order resonances occur are essentially inde-
pendent of the substrate used, in strong contrast to the primary
series resonance. This fact greatly reduces the computational re-
sources that are required for model extraction. In what follows,
the discussion is limited to two higher order resonant pairs, al-
though the method could be extended as needed. This method
of calculating starting values for additional elements assumes a
prior knowledge of the fundamental and higher order resonant
frequencies, which are experimentally determined.

The substrate dependent model (Fig. 3) is used as the starting
point to derive analytical expressions for the equivalent-circuit
parameters in the additional branches, which are shown inside
the box of Fig. 3. In order to reduce the complexity of the re-
sulting expressions, the ESR parameter is excluded, introducing
an error of the order of 10% or less in the resulting parameter
values. This step is justified in that the expressions presented
below are used only as initial values to improve the rate of con-
vergence during circuit optimization.
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TABLE I
(a) PHYSICAL INTERPRETATION ANDEQUATIONS WHERE FIXED VARIABLES ARE USED. (b) PHYSICAL INTERPRETATION OF THEFREE VARIABLES

IN THE MODEL THAT ARE DETERMINED USING CIRCUIT OPTIMIZATION

(a) (b)

The relationship between the fundamental series resonant
frequency and an approximate strip inductanceESL
is given in (6). The substrate-dependent parameters in this
equation are and ; is calculated using (2) and typical
values range from 0.09 pF (for a 62-mil-thick FR-4 substrate)
to 0.19 pF (for a 14-mil-thick FR-4 substrate). The fundamental
resonant frequency , the first higher order resonant pair

, and the second higher order resonant pair are
experimentally determined by measuring the two-port-pa-
rameters of the capacitor. and are substrate-dependent
parameters, the values corresponding to a 31-mil-thick FR-4
substrates are used in (9) and (10), as this choice offers the best
overall definition of all resonant frequencies among the 14-,
31-, and 62-mil-thick FR-4 boards.

Each individualLC network inside the box in Fig. 3 has a
series resonant frequency at and , which is related to ,

, and , , as shown in (7) and (8) as follows:

ESL (6)

(7)

(8)

In order to calculate , the input impedance , as seen
from for the combination of the fundamental branch, and the
LC network ( , ) is calculated. A pair of equations relating

and is obtained using (7) and by equating to at
the first parallel resonant frequency . Solving these simul-
taneously yields the following result for :

ESL
(9)

Fig. 5. S magnitude of model (solid line) and measurements (dotted line)
of a 15-pF 0805–style capacitor mounted on 31-mil-thick FR-4 board showing
series and higher order resonances.! is the fundamental series resonance.
(! ; ! ) are the first and second parallel resonances and(! ; ! ) are the
second and third series resonances.

The capacitor is evaluated after deriving the expression
for , which will consist of threeLC networks: anLC net-
work for the fundamental series resonance and twoLCnetworks
for two higher order resonant pairs. Setting to at , and
using (8), a unique value of is obtained as follows:

(10)

The relationships for and are given in (11) and (12), re-
spectively,

ESL
(11)

ESL
(12)
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TABLE II
COMPARISON OFELEMENTS IN THE ADDITIONAL BRANCHES(C1, L1,R1, C2, L2,R2), USING (6) AND –(12)AND THE FINAL OPTIMIZED VALUE

FOR A 15-pF 0805-STYLE CMC

These expressions provide good starting values for the elements
in the added resonant branches, thereby reducing the time re-
quired for the optimizer to converge to the final value.

Thus, a complete high-frequency behavior of a CMC can
be described using a relatively simple model that accounts for
higher order resonances. Fig. 5 shows a comparison ofmag-
nitude of a 15-pF 0805-style capacitor mounted on 31-mil-thick
FR-4 board. A comparison of calculated values using (6) and
–(12) and the final optimized values for elements in additional
branches ( , , and , ) is shown in Table II.

V. RESULTS

In order to demonstrate the effectiveness of the new com-
puter-aided design (CAD) model, measured and predicted
(magnitude and phase) for a 15-pF 0805-style CMC are shown
in Figs. 6 and 7. Without any loss of generality, it is intuitively
clear that the other-parameters ( , , and ) will show a
good agreement with the measured data. The results pertain to a
capacitor mounted in a series two-port microstrip configuration
on three different FR-4 board heights. The effective dielectric
constant and the loss tangent for FR-4 are approximately equal
to 3.3 and 0.022, respectively. By changing only the height of
the microstrip substrate, the model is able to accurately capture
the significant changes in the frequency response. The measured
data shown in these figures were those used in the model extrac-
tion/optimization process.

The model was also tested on a substrate with and
mil, in order to verify that accurate results are obtained

using substrates other than those from which the models were
developed. Fig. 8 shows a plot between measured and predicted
results for a 150-pF 1206-style CMC.

VI. GLOBAL MODEL

Model development for an entire family of capacitors, which
may contain 60 or more individual capacitor sizes, can be ac-
complished efficiently using interpolation. It has been found
that the free variables in the CMC model vary in a reasonably

Fig. 6. S magnitude of global models (solid line) and measurements (dotted
line) of a 22-pF 0805-style capacitor mounted on 31- and 62-mil-thick FR-4
boards.

Fig. 7. S phase [in degrees] of measurements (dotted lines) and model (solid
lines) for a 0805-style 15-pF CMC on 31- and 62-mil-thick FR-4 boards.

uniform manner versus capacitance value, as demonstrated in
Fig. 9 forESL . The solid curve in this figure was generated by
interpolating between the results for 15 individual CMC models.
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Fig. 8. S magnitude of measurements (dotted line) and model (solid line)
for a 1206-style 15-pF capacitor mounted oner = 2:97- andh = 50-mi-thick
FR-4 board.

Fig. 9. Comparison between actual data points (from the model), curve fit
equation, and interpolated values forESL a variable.

It is readily observed that parameter values for intermediate ca-
pacitor sizes can be predicted with a high degree of accuracy.
The uniform variation of the parameters is a consequence of the
model being closely tied to the physical properties of the CMC.

In order to facilitate CAD optimization, global CMC models
have been developed in which the equivalent-circuit parameters
are expressed as polynomial equations in terms of the nominal
capacitance value . An th-order polynomial curve fit to
the interpolated values, as shown in Fig. 9, demonstrates that
a single equation can be used for each parameter over the entire
range of capacitor values in this particular family.

To illustrate the accuracy of the global modeling technique,
one of the 15 individual CMC models was deliberately excluded
during the interpolation process. Using parasitics defined by
the polynomial equations, this model was regenerated and com-
pared to the actual values. Table III gives a comparison between
actual values and those obtained by interpolation.

TABLE III
COMPARISONBETWEENCURVE FIT VALUES USING THE GLOBAL MODELING

TECHNIQUE AND ACTUAL MODEL VALUES FOR A 22-pF 0805-STYLE CMC

VII. SUMMARY

In this paper a substrate-dependent CAD model for CMCs has
been proposed. The relative simplicity of the topology is conve-
nient for extraction purposes, and critical parameters (namely,

andESL) are evaluated using closed-form equations with
explicit dependence on the microstrip substrate properties. Fur-
thermore, since the model is based on an approximate phys-
ical representation of the CMC, parameter values have proven
to vary in a reasonable manner with capacitor value. This uni-
form variation in the element values enables the global modeling
technique to predict the intermediate values with a high degree
of accuracy.
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