
APPLICATION NOTE

sured on 14 mil-thick FR4 using series, two-
port, microstrip, test fixtures. None of the ca-
pacitors exhibited secondary, higher order res-
onances below 15 GHz. The series L-C model
is often used to represent capacitor perfor-
mance, but it will become evident in the exam-
ples presented that models with greater physi-
cal representation are required for accurate
performance prediction, even in simple, two-
capacitor arrangements. 

The three multiple-capacitor con-
figurations considered here are the 
series-parallel (Figure 2), shunt-parallel 
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Series- and parallel-combining of surface-
mount capacitors is a standard approach
to realize semi-arbitrary capacitance

when designing a printed circuit board layout.
This pairing of components is often necessary
as surface-mount parts are available in only a
limited number of fixed values, such as 0.5,
1.0, 2.0 pF. This article addresses some poten-
tial pitfalls that may arise in the form of unex-
pected resonance effects, brought about by

the interaction of the paired
parts and the complexity of
their frequency behavior. The
use of accurate computer-aided
engineering (CAE) models to
predict these effects is demon-
strated.

For the purposes of
this analysis, a simpli-
fied series L-C equiva-
lent circuit model
(Figure 1) was used to
extract an effective se-
ries inductance for
each part, based on the
measured first reso-
nance:

The characteristics
of the capacitors used
in the study are listed
in Table 1 , as mea-
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CONSIDERATIONS
IN CAPACITOR-PAIRING
TO OBTAIN NONSTANDARD
PART VALUES

TABLE I
CAPACITORS USED IN THIS STUDY 

(0402 BODY STYLE)

Capacitance 1st Series Leff
(pF) Resonance (GHz) (nH)

0.5 14.5 0.24

0.7 11.2 0.29

1.2 8.7 0.27

1.5 8.0 0.26

3.3 5.1 0.30

6.8 3.2 0.36

Leff C

Fig. 1  Simple LC circuit
model for a capacitor. ▼

▲ Fig. 2  Series-parallel capacitor configuration.



(Figure 3 )  and shunt-series
arrangements (Figure 4). Measured
results for these configurations are
analyzed below. In each case, com-
parisons are made with accurate,
substrate-scaleable capacitor mod-
els.1 The schematics used to gener-
ate the simulated results included a
complete representation of the in-
terconnect discontinuities.

SERIES-PARALLEL RESULTS
A comparison of the S11 magni-

tude and phase for a series-parallel
combination of a 3.3 and 6.8 pF ca-
pacitor is shown in Figures 5 and 6,
respectively. In these graphs, the
measured data is compared against
the simulated results obtained using
accurate, substrate-scaleable equiva-
lent circuit models, and those from
the simple L-C models. It is apparent
that when paired together the series
resonance of neither individual ca-
pacitor — which would manifest as a
low S11 — is observed (5.1 and 3.2
GHz for the 3.3 and 6.8 pF capaci-
tors, respectively, as listed in the
table). Furthermore, if one applies
the simple L-C circuit model for each
capacitor and combines the two in
parallel, an effective capacitance of

10.1 pF is obtained with a net induc-
tance of 0.17 nH. From these values,
a parallel resonance (minimum re-
turn loss or large S11) at 3.84 GHz is
predicted, which is not evident in the
data. On the contrary, a sharp series-
parallel resonant frequency pair ap-
pears near 1.8 GHz, along with a
strong series resonance at 11.8 GHz.

As noted above, the circuit
schematics for the substrate-scaleable
and simple L-C models both account-
ed for all discontinuity effects in the
layout. The low frequency correlation
between the simulated and the mea-
surement data argues the importance
of proper interconnect modeling, as
the resonant effects that would be ex-
pected from even the simple L-C
model analysis are not observed via
simulation. The high frequency be-
havior points out the limitations of
the simple L-C model, however, even
when embedded within proper inter-
connect elements.

SHUNT-PARALLEL RESULTS
Measured data and simulation re-

sults of S21 for a shunt-parallel com-
bination of a 0.5 and 1.5 pF capacitor
are given in Figures 7 and 8. In the
shunt configuration, the fundamental
(series) resonance of the capacitors
results in low impedance to ground

and thus high insertion loss. The
measured data show such effects at
approximately 5.8 and 9.8 GHz, as do
the simulated results using the sub-
strate-scaleable model. 

As an approximate analysis of this
layout, each capacitor can be consid-
ered independently. Assuming the
nominal capacitance value for each
part, and attributing the low and high
resonances individually to the 1.5 and
0.5 pF capacitor, respectively, an effec-
tive inductance of approximately 0.5
nH is extracted. Using the data in the
table, it may be determined that each
ground-via contributes an additional
0.25 nH inductance to the circuit.
Thus, there is some consistency in
treating the capacitors separately, since
the analysis on each resonance yields
approximately the same via inductance. 

From a different perspective, one
might consider first each capacitor in
isolation (with its nominal capacitance
and an overall inductance of 0.5 nH,
after accounting for the via) and then
evaluate the parallel combination of
the two. This calculation leads to a net
capacitance of 2.0 pF and an effective
series inductance of 0.25 nH. The cor-
responding resonant frequency is ap-
proximately 7.1 GHz, an effect that
would lead to high insertion loss and
one not noticeably present in the
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▲ Fig. 3  Shunt-parallel capacitor
configuration.

▲ Fig. 4  Shunt-series capacitor
configuration.
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▲ Fig. 5  S11 magnitude for a 3.3 and 6.8 pF
capacitor in the series-parallel configuration.

S 1
1 

P
H

A
SE

 (
°)

200

100

0

−100

−200
161412108

FREQUENCY (GHz)
6420

MEASURED
LC MODEL
SUBSTRATE-SCALEABLE MODEL

▲ Fig. 6  S11 phase for a 3.3 and 6.8 pF
capacitor in the series-parallel configuration.
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▲ Fig. 7  S21 magnitude for a 0.5 and 1.5 pF
capacitor in the shunt-parallel configuration.
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▲ Fig. 8  S21 phase for a 0.5 and 1.5 pF
capacitor in the shunt-parallel configuration.
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graphs. The simple L-C representation
does, however, falsely predict a single
resonance behavior (near 8.8 GHz).

SHUNT-SERIES RESULTS
Finally, consider the shunt-series

combination of a 0.7 and a 1.2 pF ca-
pacitor. Measured data and simula-
tion results of S21 for this case are
shown in Figures 9 and 10. As be-
fore, a preliminary analysis based on
the simple series L-C model is used
for each capacitor. 

From the data in the table, along
with the 0.25 nH via inductance de-
termined above, the total inductance
of the combined circuit is found to be
0.81 nH. The effective capacitance of
the series combination is 0.44 pF.
This analysis leads to the prediction
of a resonance at 8.4 GHz, whereas
the measured results show it to occur
at 6.5 GHz. It might be argued that
the interconnect-line between the
two capacitors introduces an addi-
tional inductance, tending to lower
the resonant frequency. While this is
true to some extent, the overall in-
ductance would have to be greater

than 1.3 nH in order for the frequen-
cy to drop to 6.5 GHz (assuming the
net capacitance remained at 0.44 pF).
It is unreasonable to assume that the
short interconnect-line, which is less
than 1 mm in length, adds more than
0.5 nH to the circuit.

As was found with the shunt-paral-
lel circuit, simulated results using the
simple L-C model, along with com-
plete interconnect models, incorrectly
predict the frequency response. The
L-C model simulation indicates the
resonance to occur very near to the
frequency arrived at from the prelimi-
nary analysis (8.9 versus 8.4 GHz).
Such a result may provide misplaced
confidence in CAE simulation results.

CONCLUSION
A well-argued analysis, based on

inadequate capacitor models, thus
fails in varying degrees for the three
examples described. In each case the
distributed effects of the intercon-
nect-lines play a role in determining
the frequency response. However, the
most significant factor required in ac-
curately predicting the circuit behav-
ior is the capacitor model. The sub-
strate-scaleable models provide nearly
exact comparisons to the test results.
Simplified L-C models, which might
closely emulate measurement data
from a series two-port test fixture, of-
ten prove to be inaccurate when used
in common circuit configurations.  ■
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▲ Fig. 9  S21 magnitude for a 0.7 and 1.2 pF
capacitor in the shunt-series configuration.
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▲ Fig. 10  S21 phase for a 0.7 and 1.2 PF
capacitor in the shunt-series configuration.


