
1 INTRODUCTION

The integration of numerical electromagnetic modeling of distributed
and lumped components offers the potential for efficient characterization of
large-scale systems. These hybrid networks may be comprised of distributed
interconnects, semiconductor devices, surface mount components and the
associated packaging. Much of the challenge comes in determining methods
to incorporate elements, such as active devices, in the numerical scheme.
Examples of recent works in this field can be found in [1,2].

In this paper, the electromagnetic modeling of a multi-layer ceramic
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capacitor (CMC) using the Finite Difference Time Domain (FDTD) method
is described. This type of surface mount component can have a reasonably
complex, electrically large architecture relative to a typical microwave
metal-insulator-metal (MIM) capacitor. A triple-electrode, 1206 style CMC
is illustrated in Figure 1; depending on the capacitance value and the
manufacture, 30 or more electrodes may be used in some designs. 

As will be demonstrated herein, accurate results can be obtained by
representing the exact CMC architecture within the FDTD mesh. This
approach, however, presents two significant problems. The first is that the
internal dimensions are generally not known. The second is that the
computational efficiency is not high enough to allow the simulation of
circuits containing a large number of components.

An alternative FDTD modeling approach for a CMC is to represent it
using an equivalent circuit. In this work, a circuit consisting of microstrip
line sections and a lumped R-L-C is used. This equivalent circuit has been
extracted from measured S-parameters of the CMC, and thus the internal
dimensions do not need to be known. Furthermore, the efficiency of the
FDTD simulation is significantly improved since the mesh for the
equivalent circuit representation is considerably less complex than the exact
physical model.

The contributions described within are the demonstration of accurate
numerical modeling of surface mount CMCs in the microwave region (1-
10GHz), and the methods used to compensate for numerical parasitics. The
extension of FDTD to include lumped R-L-C elements parallels the work
presented in [1], and thus, will not be presented here.

2 EQUIVALENT CIRCUIT MODEL

The equivalent circuit model used for the CMC is illustrated in Figure 2.
The microstrip lines on either side are used to represent the series
inductance and capacitance to ground of the internal electrodes of the CMC.
Each line is equal in width to the CMC package and is half the total length
(a 1206 style capacitor is 3.2 mm long by 1.6 mm wide). The substrate
specified for these lines has a height and dielectric constant equal to those of
the test fixture in which the CMC is mounted. An additional lumped
inductance is included in the model to account for current travel along the
bond pads on each end of the capacitor. The value of this inductance also
can be optimized to correct for the approximate representation of the multi-
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electrode structure by the two simple microstrip line sections. The main
branch in the circuit includes a lumped capacitor equal to the nominal
capacitance of the CMC and a series resistor. The shunt capacitor along the
top models the interaction between the bond pads at each end of the
capacitor. This equivalent circuit is valid through the first series resonance
of the CMC. A more complicated substrate-dependent circuit model which
predicts higher resonances has been proposed in [3].

As described in the introduction, the free variables in the equivalent
circuit model are determined using a circuit optimizer to fit the frequency
response to measured S-parameter data. A comparison between the
measured and circuit model results is given in Figure 3. All results presented
here pertain to a 4.7 pF CMC.

3 EXACT FDTD SIMULATION

As a benchmark for the lumped element numerical approach, the first
FDTD modeling used an exact description of the inner structure of the
1206-capacitor. The meshing involves 97x114x86 cells. The time step is
0.14 psec, and 40000 time steps are performed. A comparison between the
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FIGURE 1
Cross-section of a ceramic multi-layer capacitor (CMC) in a typical microstrip mount.



FDTD results and the equivalent circuit model response is shown in Figure
4. The difference in the responses might be due to the fact that the thickness
of the internal electrodes, as well as that of the bond-pads at each end of the
CMC, was not taken into consideration in the FDTD model. Taking the
thickness into consideration resulted in a huge mesh that could not be
handled with the available computer facility. The value of the dielectric
constant of the ceramic material inside the CMC was also approximated. 

4 FDTD LUMPED ELEMENT MODEL

The FDTD lumped element model is a direct representation of the
equivalent circuit model shown in Figure 2. A gap of length 0.3mm was
used between the two microstrip lines in which the R, L, and C were
numerically incorporated. The shunt capacitance in the top branch in Figure
2 was ignored, as its value is two orders of magnitude smaller than the
nominal capacitance and thus has a minimal effect at frequencies below
10GHz.

One issue that must be considered is the effect of numerical parasitics
that accompany FDTD modeling of ideal lumped elements. For example, it
has been found that there is a parasitic capacitance connected in parallel
with the lumped resistor [4]. This capacitance, which has no physical
meaning, is that of the loaded cell and its value depends strongly on the cell
size. Moreover, it has been found that there is a parasitic inductance
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FIGURE 2
Equivalent circuit model used for the ceramic multi-layer capacitor (CMC). 



connected in series with the lumped capacitor, whose value depends also on
the spatial increments. In all the simulations included here, the cell size was
chosen to be small (dx=dy=dz=0.1mm) so that the parasitic effects are
minimized. FDTD simulations of an isolated lumped capacitor showed that
the parasitic inductance is rather negligible for this cell size. 

With the chosen cell size, the total number of cells used in the lumped
element FDTD simulations was comparable to that used when modeling the
exact description of the capacitor. However, only 10000 time steps were
needed (compared to 40000) to achieve convergence of the results.
Significant reductions in the total cell count can be realized with the lumped
FDTD approach if a non-uniform grid is used.

A comparison between the frequency response of the equivalent
circuit model and the aforementioned lumped FDTD model is shown in
Figure 5. In this case, the lumped elements had values which were
identical to those in the equivalent circuit: C=4.7pF, L=0.65nH, and
R=0.2Ω. it is observed that the FDTD results predict a series resonance
which is approximately 500MHz lower than that of the equivalent circuit.
This discrepancy can be explained by the small amount of series
inductance associated with the 3 cells (each 0.1mm wide by 0.1mm long)
representing the R, L, and C. Another possible cause is the step change in
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FIGURE 3
Measured S-parameters for a 4.7 pF CMC compared to predicted values using the equivalent
circuit model in Figure 2.



width between the 1.6 mm-wide microstrip lines and the 0.1 mm-wide
cells. However, simulations performed with the equivalent circuit model
showed this effect to be negligible. 

An effective means of compensating for this excess inductance was to
reduce the value of the lumped series inductor. For the 0.8mm thick FR-4
substrate assumed here, the per unit length inductance of the 0.1mm wide
cells was calculated to be 0.83 nH/mm. Thus, the total inductance of the
three cells is 0.25nH, and the series inductor was reduced from 0.65 to
0.4nH. The results for this model show close agreement to those of the
equivalent circuit (Figure 6). The phase agreement, which is not included
here, is also very good. 

An alternative solution is to split each lumped element into several
parallel cells, effectively reducing the numerical parasitic inductance. In this
case, 16 cells were used such that the lumped element sections were equal in
width to the microstrip lines. For example, the capacitance (4.7 pF) is
distributed over 16 cells each with a capacitance of 4.7/16 pF. The results
show that a good match with the equivalent circuit model (Figure 7). A
possible drawback that has yet to be explored  is the introduction of excess
capacitance to ground. This may be problematic when modeling CMCs on
thin substrates. 
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FIGURE 4
Comparison between the FDTD model of exact CMC sturcture and the equivalent circuit
model. 



CERAMIC MULTI-LAYER CAPACITORS USING LUMPED EQUIVALENT MODELS 351

FIGURE 5
Comparison between the FDTD lumped model and the equivalent circuit model.

FIGURE 6
Comparison between the FDTD lumped model with series inductance compensation and the
equivalent circuit model.



5 CONCLUSIONS

Results on numerical simulation of ceramic, multilayer capacitors
(CMC) using the Finite Difference Time Domain (FDTD) technique have
been presented. An efficient approach was demonstrated in which the CMC
was represented within the FDTD grid by a combination of transmission
lines and lumped elements. Two methods of compensating for  the induced
numerical parasitics were investigated. 
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FIGURE 7
Comparison between the FDTD lumped model with 16 transverse R-L-C cells and the equiva-
lent circuit model.
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