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“"'Soakage” and Capacitor
Modeling

In Spice, capacitors are modeled as ideal parts with no losses or
inductance. When more detail is needed, we generally add a series
resistance and perhaps some lead

inductance. Follow this link to find out In This Issue

more: http://www.intusoft.com/ 4 “Soakage” and
ni55.htm#usingspice. But, is that Capacitor Modeling
enough? Ifyoulook atmanufacturers data

sheets, you'll find a specification for 2 Mylar Dielectric
Dissipation Factor (DF). Tan delta is Circuit

about the same thing (DF = real(z)/Im(z) 5 Sample and
vs. tan(real(z)/Im(z)). Additionally, you'll . :gi‘ihcl_lzﬁz'rt
see a specification for Equivalent Series 9 VRMFilter

Resistance (ESR). It's common practice
to use the ESR value at high resonant 19 sweeps, Eyes and

frequency for the resistor in a series R-C Families

or R-L-C models. If you look at data

sheets in more detail, you'll find that the 11 Mod Operator
ESRrises atfrequencies both above and 12 Family ICL
below resonance. In fact, the DF Script

parameter remains constant when the 13 Eye Diagram

frequency isn’t near resonance. That
leads to a curious expression for capacitance below resonance:

tan(d) =tan(re(z)/im(z)) approx= re(z)/im(z)
DF = re(z)/ im(z)

Z = DF/(w*C) + 1/(Cs) = j*DF/(Cs) + 1/CS
Z=1/(Cs)*(jDF+1)
Where w=2*pi*f << Wresonance

Inresearching this, we came across an article written by Bob Pease
on “Capacitor Soakage” http://www.national.com/rap/Applica-
tion/0,1570,28,00.html. Inthis paper, Pease outlines the historical
problem with capacitors remembering their previous charge by
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recovering some of the original charge after a briefdischarge.
This was originally recognized as a low frequency problem,
plaguing circuits using certain capacitor dielectric materials
for integrators. Later, the widespread need for sample and
hold circuits for digital interfaces caused the problem to be
revisited for higherfrequencies. In his paper, Pease showed
how most capacitors scaled with time such thatthe soakage
error increased as the time scale increased. Could this be
modeled using a constant DF?

Work done by John Prymak at Kemet confirms this behavior.
Intusoft first published Prymak’s model in 1995. See http:/
/www.intusoft.com/nl44.htm#modeling. These models
have been updated and applied to the Kemet line of capaci-
tors using the software download at: http://
www.kemet.com/KEMET/web/homepage/
kechome.nsf/vabypagename/spicesoft, which gives
plots of ESR and impedance magnitude vs. frequency.

Now returning to our original problem of modeling capacitors.
Given the frequency domain response, can we make a
lumped equivalent circuit that accounts for the frequency
domain data. Ifit uses the topology shown by Bob Pease,
willitagree with the published data? Here’s the circuit offered
by Pease for a Mylar dielectric:
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= Figure 1. Mylar Dielectric Circuit
After playing around with this circuit, we came to the following
conclusions:

1. All of the parasitic capacitors can have the same
value.

2. The time constants for each circuit must increase
geometrically for constant DF.

3. The closer together the time constants, the more
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precise the approximation; however more R-C sec-
tions must be used.

4. A similar circuit can be constructed for DF at
frequencies above resonance.

Our objective here is to model ceramic capacitors that are
shown to have constant DF over a wide frequency range;
hence the geometrically increasing time constants.

The model was applied to a sample and hold circuit using a
high k ceramic capacitor. Poor performance resulted. Sure
enough, the voltage drooped excessively and remarkably,
the accuracy was proportional to the DF, shown in Figure 2.
Remember, DF is mostly given at 60Hz, so we can predict
how well our high-speed circuits work based on low fre-
quency 60Hz measurements!
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Figure 2. Plot of Magnitude (magz) and Real (rez) versus Frequency for Mylar
Dielectric Circuit.

Our model used 6 R-C and 4 L-C sections. This appears to be overkill
forthe description of a second order effect. Probably the biggestimpact
of the model will be in power filters that work below the capacitor
resonance orfilters thatmay be used in the telephone frequency range.
Thatwould narrow our frequency range to the 10Hzto 10MegHzrange.
That's 6 decades, which would suggest using 6 sections and stepping
the time constant geometrically by 0.1 for each section. However,
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resonance for some ceramic capacitorsisin the 100 MegHz
range, so we need an extra R-C section for these devices.
We’'ll leave one L-C section for power filters that are used
above resonance and 6 R-C sections forthe lower frequency
model. Our model inputs will be:

C (capacitance)

Rmax (real part at resonance)
DF (DF atlow frequency)
ESL (lead inductance)

TTemp (capacitortemperature)

aroN =

We’'llassume DF above resonance is the same as DF below
resonance.

The model is shown in Figure 3 for these inputs:

KGEO=10, Rmax=.033, Cnom=.1u, LE=2n
DF=.015, Ttemp=27 Deg. C.
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Plot1
rez, magz in volts
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Figure 4. Plot of Magnitude (magz) and Real(rez) versus Frequency.

Now, with our new model, let's explore some common
circuits to see the impact of a more accurate model. The
circuits we’ll try are:

1. A sample and hold with showing accuracy vs. DF.

2. APassive 60Hz Notch filter showing notch depthvs.
DF.

3. A 1-2 MegHz switching Voltage Regulator Module.

Sample and Hold Circuit

The sample and hold circuit shown in Figure 5 was used to
measure soakage errorvs. DF. Whenthe sample and holdis
used as part of a data acquisition system, it manifests itself
as crosstalk. The capacitor voltage changes during the hold
period, moving toward the previously sampled value. When
the previously sampled voltage is less than the current
sample, itlooks like a droop or a sagging voltage; however,
the results of applying a triangular inputwaveformin Figures
6 and 7 reveal its true nature. Moreover, changing the
capacitor value has little effecton the error. The errortends to
be proportional to DF and is very large for X7R ceramic
capacitors.
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Plot1
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Figure 5. Sample and Hold Circuit.
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Figure 6. The output moves lower toward the previous sample.
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Plot1
vin, vout, vout#1 in volts
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Figure 7. The output moves higher toward the previous sample.

Notch Filter

The notch filter shown in Figure 8 is a parallel filter that
produces zeros of transmission when the signal taking the
two circuit paths are equal and 180 degrees out of phase. If
ideal components are used, the resistorand capacitorratios
shown will produce infinite attenuation. To analyze this
circuit using pencil and paper, calculate the y21 and y22 for
each section and add them together to calculate the overall
transfer function — vout/vin = -y21/y22 See http://
www.intusoft.com/nl62.htm#2portcharacter to use
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+ R}
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R=51503.2 ”
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volts

Figure 8. A 60 Hz notch filter.
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Plot1
vdbout, vdbout#1, vdbout#2 in db(volts)

simulation to do the same thing. Variations of this circuit
are commonly used to eliminate the 60Hz hum in audio
equipment. Ceramic capacitors are relatively inexpensive
and small sothatthey become afirst choice based on size
and economy. Figure 9 shows how the notch frequency
and attenuation vary with DF. At the very least, you will
have toaccountfor DF in selecting componentvaluesifyou
choose to use ceramic capacitors.
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Figure 9. High DF capacitors change notch characteristics.

Voltage Regulator Module

-80.0 ‘ DF=.0015 ‘

Finally we looked atthe unloadedfilter section of a Voltage
Regulator Module (VRM). This is typical of a circuit used
tosupply powerto a microprocessor. The parallel ceramic
capacitors are located very close to the microprocessor,
with some onthe chipitself. The reason for this is the ability
of the chip to change its load in just a few nanoseconds
from low to high power. With a 1nH interconnect, this
requires 100 volts to control 100 amps in 1 nanosecond.
This is beyond the capability of power supply technology
so that it's necessary to absorb these changes in load
using capacitors mounted close to the chip.

Figure 10 compares models with and without soakage.
The switching frequency would typically be in the low mHz
region.
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Voltage Regulator Module, VRM Filter
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Aluminum
L2 R3 Electrolytic L5
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V1

Cnom = 690u

Scope

Gain = db(vout)

phase = phaseextend(ph(vout))
plot Gain

plot phase

setscaletype log lin

with soakage

Remote Ceramic
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Figure 10. Comparison of Voltage Regulator Module filter with and
without soakage.
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Plot1
phase, phase2 in degs

Notice the scripts on the Figure 10 schematic. ICAP/4
(version 8.x.10 to be released in First Quarter 2002)
executes these scripts by right clicking and selecting
Send Script. As you can see in Figure 11, the magnitude
at the switching frequency and its harmonics is about the
same for both representations. The gain and phase in the
frequency region where the control system operates,
however, varies considerably. If the controller senses
voltage remotely, at the ceramic capacitor load, then the
soakage models are needed.
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Figure 11. Comparison of conventional model (gain2,
phase2) and Soakage model (gain, phase).

Sweeps, Eyes and Families

There are several ways to conduct parameter sweepingin
ICAP/4. We can sweep families using the DC operating
point (DCOP) capability originating in Spice2, the Alter
dialog from SpiceNet, or by using the SWEEP template.

Still, that’s not enough. If you were to build a curve tracer
in a transient analysis, then you would step the outer
parameter as afunction oftime. Thatwould create one long
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plot while you want the x-axis to retrace every time the
outer parameter steps. This is the same problem that must
be solved to produce an “eye” diagram. In each case we
need an x-axis vector that resets to its starting point at
regulartimeintervals. When Scopeb sees the x-axis vector
returning to its starting point, it assumes that you are
plotting a family and it blanks the re-trace line.

There are several ways to solve this problem. One way is
to make a new vector with the same length as the default
vector and then walk through the default vector copying it
into the new vector. Whenever we reach a retrace point,
subtract a sumtime scalar from all subsequent points,
where sumtime = sumtime + timestep.

A better approach is to use the mod (%) operator. This
operator applies to integers so we need to make a new
vector thatis an integer with sufficient precision to satisfy
our accuracy needs. Then we convert it using the mod
operator. In this case we don’t have to walk through each
point, the ICL does it for us, which is much faster. The
speed gain occurs because the ICL parser does the vector
arithmetic for you withina C language for-nextloop. Here’s
the function we’ll use:

timex= (1e-9*xm*((1e9/xm*x) % (1e9/n)))

where

n = number of sweep steps

x = the vector to convert

xm = the maximum value of the x vector

Thetime vectoris scaled so thatits last pointbecomes 1e9
to satisfy the integer requirements. After performing the
mod operation, the original scaling is restored. This getsus
anaccuracy of 1 part perbillion, which should be sufficient!

Remember that the ICL turns the “default” and “current”

vector names into aliases for the x-axis and the currently
selected vector.
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Putting it together, this is the full script:

nameplot plotwas

askvalues numsteps “The number of steps”

thelength =length(default)

xmax = default[thelength-1]

timex = (1e-9 * xmax * ( ( 1e€9 / xmax * default ) %
(1€9/numsteps)))

newplot family

plot current plotwas.timex

*destroy plotwas ; optional

If you destroy the original plot, your graph looks cleaner;
however, leaving itaround lets you link the two plots and use

parametric cursors to walk through the family plots data.

Next we need to protect against user errors, give pleasant
errormessages, give the scriptaname andplaceitinthe !User

folder.

* family subdivides a plot into a family
*function dmod2(x,n,xm) (1e-9 *xm* ((1e9/xm * x)
% (1€9/n)))
if isdef(current)
nameplot plotwas
constants.numsteps = 0
askvalues numsteps “The number of steps”
if numsteps > 0
thelength =length(default)
xmax = default[thelength-1]
timex =(1e-9 * xmax * (( 1€9/xmax * default ) %
(1€9/numsteps)))
newplot family
plot current plotwas.timex
destroy plotwas
else
print“Unacceptableinput”
end
else
print “You must plot something”
end
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Family
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Figure 12. Superfamily ICL script collects all data into a single

vector with a sawtooth x-axis.

Figure 12 shows how this works to make an “eye” diagram.
This eye diagramis used to evaluate afilterusedin spread
spectrum communication. A pseudo random noise signal
was the input. The filter is used to limit the frequency
spectrum. The filter dispersion causes the temporal
spreading of the “eye.” Dispersion is due to the phase
delay. d(phase)/d(frequency) is not constant. You can
inscribe a rectangle inside the eye to define acceptable
logical thresholds along with setup and hold times.

Another kind of sweep occurs when a large number of
transient data runs are plotted using the Alter dialog or the
plot-all buttonin Scope5’s Sweep dialog. Forthese cases,
viewingan overall envelope is more desirable than plotting
each waveform separately. To do this, we made an ICL
script called superfamily that collects everything in a plot
into a single vector with a sawtooth x-axis.

*&s Superfamily
nameplot plotwas
nnv = nextvector(null)
len =length(default)
sumvec =0
timevec=0
while nnv <> null
if nnv <> default
if n(nv <> sumvec
iflength(nnv)=len
(Con't.)
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append sumvecnnv
append timevec default
end
end

end

nnv = nextvector(nnv)

end

newplot family

plotsumvectimevec

destroy plotwas

Figures 13aand 13b illustrate the use of a superfamily plot
taken from a simple B-element expression.

3%(m) O vmra @ vimb v(m)#te 8 v(m)#f
F(m)#g v(m)#h v(m)#l v(m)#j v(m)#k v(m)#l v(m)#m
(m)#n 8 v(m)#o v(m)#p v(m)#r v(m)#s
4.50 / \\

Plot1

‘(m)#b, v(m)#c, v(m)#d, v(m)#e, v(m)#f, v(m)#g, v(m)#h, v(m)#i, v(m)#, v(m)#k, v(m)#, v(m)#m, v(m)#n, v(m)#o, v(m)#p, v

500M

10.0M 30.0M 50.0M 70.0M 90.0M
time in secs

Figure 13a. The result of doing a “plot-all” from Scope5’s
Sweep dialog.
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You can see that plot-all gives access to each case; however,
the presentation is cluttered. After running the superfamily
script, an uncluttered presentation results, as shown in Figure
13b. To summarize, all of the sweep methods available in
ICAP/4 are listed below.

@ sumvec
4.50
; \
3.50 /‘\ \
=\
—3'3 /
=\
—\\\
500M
10.0M 30.0M 50:OM 70.0M 90.0M

timevec

Figure 13b. The superfamily script collapse the plot-all results
into a single plot vector.

Sweep Methods in ICAP/4

Analysis Method Plot Method
DCOP and Spice3 .DC e Normal, built in to Spice2 and Spice3
AC parameters Sweep e |ICL Function vs. Sweep parameters
Template

o Plot-all and superfamily consolidation

Alter Dialog o Parameters Automatic (plot each) plus
o Superfamily ICL script for consolidation

OP parameters Sweep e ICL Function vs. Sweep parameters
Template

TRAN Sweep e |ICL Function vs. Sweep parameters
Template

¢ Plot-all and superfamily consolidation

Alter Dialog e Plots results of variation in instance

e Parameters Automatic (plot each) plus
Superfamily ICL script for consolidation

Family o ICL script, eye diagrams, etc.
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