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Abstract:
Power distribution networks (PDN) use various kinds of capacitorsto create the required impedance profile
and to suppress noise. The simple model of bypass capacitorsis a series R-L-C network with frequency
independent parameters. The paper gives measured data for radial-lead and D-size bulk capacitors and 1210,
0508, 0402 two-terminal and 0612 eight-terminal ceramic capacitors, showing the extraction procedure and
frequency dependent data of all three parameters. Various physical contributors to the frequency dependencies
are identified. Test fixture geometries are given with their electrical characterization, and capacitors with
horizontal and vertical plate mounting are compared.

|. Introduction

Often times the Power Distribution Network (PDN) is designed and vaidated in the frequency domain.
The most frequently used eementsin PDN are the bypass capacitors. They range from polymer and eectrolytic
aswdl as tantalum and niobium capacitors with thousands of microfarad capacitance, to ceramic capacitorsin
the pF capacitance range. By neglecting the parallel DC leakage current, which is seldom a concern in the
overall PDN impedance profile, the typical modd of abypass capacitor isa series R-L-C network, creating a
series resonance frequency (SRF), where the impedance magnitude of the part equalsits equivalent series
resistance (ESR). Beyond the SRF, the impedance is dominated by inductance, usudly caled as equivalent
seriesinductance (ESL). Infirs goproximation, al three parameters, C, R (or ESR) and L (or ESL) are
independent of frequency. Upon closer inspection, al three parameters dso depend on frequency to various
degrees and for different reasons, creating the need to understand and andyze the C(f), R(f) and L () functions.
More importantly, some of the parameters, notably L(f) and to alesser degree, dso R(f), show afrequency
dependence intermingled with a dependence upon the geometry of user-defined externa connections.

In this paper we give measurement data and extracted C(f), R(f) and L (f) functions of different bypass
capacitors, based on measurement and extraction procedures detailed in [1], and describe severd test fixtures
which can be used for generic component-parameter extraction. We use the equivaent circuit of Figure Lafor
frequency ranges and geometries where the fixture capacitance can be neglected. Thisisthe case for parts with
large capacitance, measured at low and medium frequenciesin asmal-szefixture. The equivaent circuit of
Figure 1.b is used, when the fixture capacitance should not be neglected: parts with lower capacitance,
measured up to higher frequencies, which includes the resonance frequency between the fixture capacitance and
part’sinductance. Including the Cp fixture capacitance, al parameters are treated as variables of frequency
during the measurement and extraction process. The same measurement and extraction processes can be used
to measure component parameters under non-zero DC bias voltage conditions and at different temperatures,
though such datais not presented here.

[l. Limitations of frequency independent models

To illugtrate the frequency dependency of parameters, we first look at the measured impedance profile of a
0508-9ze reverse-geometry 4.7uF two-terminal bypass capacitor as an example. The measured part does not
have the lowest ESR available today, nor has it the highest capacitance in its case Sze, and it did not have the
most aggressive mounting geometry either. The part was mounted on asmall piece of multiplayer printed

circuit board (PCB), and its impedance was measured on the planes using a close-by pair of tet vias. There are
severd different test fixturesin this paper: thisis referred to as Test Fixture A. It had 1"x0.14” plane shapes

and capacitor pads with two vias per pad. The fixture' s photo, cross section and geometry details are shown in
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Figure 2. The measured impedance profileis shown in Figure 3. The impedance was measured over the 100
Hz to 1.8 GHz frequency range with two different instruments, covering the 100 Hz to 10 MHz and 100 kHz to
1800 MHz frequency ranges, respectively, and the chart contains two independently obtained magnitude and
phase curves. For the magnitude traces, different colorsindicate the two frequency ranges: green for the low
frequency measured data and blue for the higher frequency measured data.

The impedance plot shows a series resonance frequency a 2.65 MHz (series resonance of C and L of the
equivaent circuit of Figure 1(a), or Csand L of Figure 1(b) and a parallel resonance frequency (PRF) between
the capacitor’ s inductance and the static plane capacitance at 682 MHz (parallel resonance of Cp and L of the
equivaent circuit of Figure 1(b). At SRF, the impedance reading is 6.48 mO hms, which may be used asthe
fird estimate of ESR . From the 100 Hz impedance point, the capacitance was estimated to be Co= 4.94 uF.
Assuming that at SRF Co resonates with ESL, the L(SRF) estimate is 729 pH. The plane capacitance of the
amdl test fixture was measured at PRF as Cp= 115 pF. Assuming that at PRF ESL resonates with Cp, the
L (PRF) estimate becomes 474 pH. Far away from SRF and PRF, the dopes on the Bode plot appear to be
linear, suggesting frequency independent capacitance and inductance.

However, by extracting the C(f), L(f), and R(f) functions from the measured complex impedance profile,
they reveal considerable frequency dependency. Figure 4 shows the extracted C(f) and L(f) parameters. From
these curves, C(100Hz) = 4.94 uF, C(SRF) = 4.0 uF or a—19% change; L(SRF) = 870 pH; L(PRF)= 470 pH, or
a—46% change. Later we show that C and L can vary sgnificantly more, depending on the part and it’s
mounting. The frequency dependent redl part of impedance (equivaent series resstance) is shown in Figure 5,
separately for the sample together with Test Fixture A and Test Fixture A with shorted capacitor pads. These
curves were aso obtained with two different instrumentations, one covering lower and the other covering higher
frequencies. Figure 6 shows the percentage error of impedance magnitude between the measured (Figure 3) and
estimated/smulated curves with four possible combinations of congtant, frequency independent C, L and R
vaues. No matter how we pick the constant values, the frequency independent model resultsin large error.

[11. Procedureto extract frequency-dependent parameters
It isknown [2] that above the series resonance frequency of the mounted part, the size and shape of the current
loop inside the capacitor changes and therefore as frequency goes up resistance increases and inductance
decreases. For the same reason, capacitance above SRF can be expected to drop aswell. However, being
dominated by the inductive reactance, the dropping capacitive reactance with increasing frequency creates a
negligible contribution of the tota impedance, therefore this effect will not be consdered further. It was found
empirically that the magnitude and dope of change in resistance and inductance above SRF depends on
ESR(SRF) and on the relative dimensions of the capacitor body, pads, vias and closest plang(s). The lower the
ESR(SRF) vaue, and the more aggressive the mounting, aiming for lower overall inductance, the bigger
percentage change it will create in the resstance and inductance functions with frequency. Because the R(f)
and L(f) functions aso depend on the gpplication geometry, it isimportant to measure the part in afixture, with
pad, via and plane geometries being smilar to the actua usage. Thisway the measured complex Zpyt
impedance will reflect both the device under test and the fixture, and we address the sdection of fixture
geometry and the de-embedding of fixture parameters later in this paper. We can de-embed the resistance of
fixture, but not itsinductance: only an *added inductance’ can be defined, which is characterigtic to the
capacitor body.

After the proper cdibration, the two-port VNA measurement yields the red and imaginary part of the
unknown Zpyt impedance through the following formulas [1]:

. Re(S,)* (1- Re(S,)) - Im(S,,)°

Re(ZDUT ) =25 > h
(1- Re(S,1))" +Im(S,,)
Im(ZDUT ) = 25% Im(S,)* (- Re(SZl)z + Re(sn): Im(S,)
(1- Re(S,))" +1m(S,,)

(Note: these formulasin [1] had the second closing brackets in the nominators accidentally missing).
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Extracting capacitance versus frequency: Usng asmal fixture, we can make sure thet its datic plane
capacitance is much smdler than the capacitance of the DUT. The fixture (Test Fixture A) for taking data for
Figure 3 had a Cp = 115 pF capacitance a PRF, dlowing us to measure DUT capacitances as low as 10nF
without introducing more than one percent error due to fixture capacitance. We assume that below the series
resonance frequency, the imaginary part of the measured impedance, In{ Zpyt} comesfrom the DUT
capacitance. In redity, anywhere below the pardld resonance frequency, In{ Zpyt} isthe sum of the
capacitive and inductive reactances. Far below or above the series resonance frequency, the capacitance or
inductance dominates and the other can be neglected. Close to the series resonance frequency, assuming that
L (f) does not jump suddenly, we can gpply a correction to the extracted C(f) function by usng an L(SRF)
esimate, which extends the vdidity of C(f) extraction to and dightly beyond SRF. Extracted L(f) functionsin
this paper indicate that the inductance, in fact, does stay relatively constant around SRF and starts to drop
noticeably only at two or three times higher frequencies.

Figure 7 shows C(f) extracted from the complex data of Figure 3 on an extended scde, with and without
applying correction for L(SRF). With no correction for L(SRF), thereis an increasing error of the extracted
capacitance value, which seemingly increases the capacitance. By applying the correction for L(SRF), the
capacitance-frequency curve follows its lower-frequency trend and the trace extends smoothly up to SRF. The
estimate of the capacitance versus frequency function thus becomes:

C(f)=- L

aOf (I m{ZDUT } - \M—(SQF))

Note that above SRF, the C(f) curve may have an increasing error if L(f) changes consderably, but the
impedance having been dominated by inductance, the capacitance versus frequency function above SRF is of
much lessinterest. Below SRF, the frequency dependence of the capacitance is believed to come from the
cagpacitor’s congruction, as well as from variations of the effective dieectric congtant of the dielectric materid.

Extracting inductance versus frequency: Above the series resonance frequency, but below the pardld
resonance of datic fixture cgpacitance and capacitor inductance, the imaginary part of Zpyt isdominated by
inductance. If we smply invert Im{ Zpyt} to caculate L(f), the curve shows an increasing negative error close
to SRF and increasing positive error close to PRF. Thisis shown by the uncorrected curve of Figure 8, which
uses the data from our first example: a 4.7uF 0508 capacitor mounted on Test Fixture A. Knowing the C
fixture capacitance, and having an estimate on the series capacitance of device under test at SRF, C(SRF), we
can compensate for both resonances, by applying the formula:

1

+
™ Zour} 20fC4(SRF)
2pf (1+2pf Cp IM(Z gy ))
The above formula assumes that the series and parald resonances are sufficiently gpart aong the frequency
axis, which isusudly the case. Note that even if the fixture capacitance is smal enough that we can ignore it for
the caculation of DUT capacitance, it is ill necessary to compensate for it if we want to extend the extraction
of inductance up to the parale resonance frequency.

The corrected curve in Figure 8 isvalid over dmost three decades of frequency, whereas without these two
compensations, the extracted inductance hardly covers one decade of frequency with reasonable accuracy. The
inductance curve represents the entire loop formed by the pads, vias, planes and the capacitor body itsdf. Note
that the curve extends smoothly above and below the two resonance frequencies: the only artifact isaspikeina
very narrow frequency band around the pardld resonance frequency.

We can dso define and obtain the Added Inductance of the capacitor body, beyond the L«.-¢«(f) inductance
of the fixture with shorted pads:

Ladded(f) = L(f) — Len-1x(f)

The trace of Added Inductance in Figure 9 shows that this particular 0508 capacitor body, together with the
given pads and vias, crested an extra inductance beyond that of the same fixture, pads and vias, which varies
from 300 pH at SRF to about 50 pH at PRF, a six-to-one range.

L(f)=
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Extracting resistance versus frequency: As opposed to capacitance and inductance, Rea{ Zpyt} isnot the
sum of parameters changing with frequency in opposte ways. However, it is dill the sum of the series
resstance of the fixture, Ry, and the series and paralldl losses Rs and R, of the capacitor. In the curve of Figure
5, the R, didlectric loss dominates the Sope up to about 100kHz. Above 100kHz, the Rs + Ryx conductive [oss
dominates. Figure 10 shows the deembedding stages: first the shorted fixture is measured, with a shorting strip
soldered across the capacitor pads, and its Ry-1x(f) curveis plotted. The de-embedded resistance (Added
Resstance) of DUT becomes

Radded(f) = Real{Zm(f)} — Ran-«(f)
At SRF, the de-embedded ESR(SRF) Added Resistance of DUT is2.70 mOhms. Note: before de-embedding,
our ESR(SRF) estimate was 6.48 mOhms.

Fixture characterization: To complete the above extraction procedure, one adso has to obtain the frequency
dependent parameters of the test fixture. These parametersinclude the C,(PRF) parald fixture capacitance at
the parallel resonance frequency, and the Re.-1x(f) and Ls-1x(f) resistance and inductance of the test fixture with
the capacitor pads shorted. Extracting Cp appears to be smple; we just measure the capacitance of the bare
fixture. However, with most of the fixture materids, especidly those which use didectric materids smilar to
what are being used in cogt-effective volume-production printed-circuit boards, the capacitanceisalso a
function of frequency, therefore we have to measure the fixture capacitance at the particular frequency where
we want to use it for fixture correction. Thisisillustrated in Figure 11, which shows on an expanded vertica
scale the extracted capacitance from the impedance measured on bare Test Fixture A. Thetrace clearly
indicates a capacitance decreasing with frequency: approximately 126pF at IMHz and 108pF at 1GHz, an
amost —20% change over three decades of frequency. The straight line in the figure is an exponentid
approximation (note: the linear-logarithmic scae of the chart transforms the exponentia function to a straight
line). The gpproximation formulais
2l o
eag
For Test Fixture A, Cp = 130pF, a= 200kHz, b =-0.022 were used. The shorted test fixture parameters were
dready shown in Figure 5 (resstance) and Figure 9 (inductance). A 3D solid model was aso developed
directly from the test board using the board file and stack up. HFSS, a full-wave dectromagnetic solver, was
used to caculate the S-parameters for the shorted structure at the two probe points from 10 MHz to 1 GHz. The
equivaent inductance was then extracted directly from the S-parameter data. The trace of the smulated

inductance of shorted Test Fixture A is shown in Figure 12. Figures 13 and 14 show the Side view and 3D view
of the smulated Structure.,

C:approx (f ) = CO

IV. Data of various bulk and ceramic capacitors

Bulk capacitors. Figure 15 shows the normalized C(f) curves of four bulk capacitors, labeled A through D.
A and B are 1200uF and 1000uF low-ESR radia bulk capacitors, C and D are 330uF and 390uF D-sze polymer
capacitors. The curves are shown up to ther particular SRF. Figure 16 shows the inductance together with the
particular fixture for the same four bulk capacitors. Parts A and B used the near Ste of Test Fixture B (see
Figure 17), parts C and D were measured in Test Fixture C (see Figure 18). Capacitor A looses more than half
of its capacitance close to SRF, and it had the highest inductance. Capacitor B in the same-gze duminum can
exhibits about half of the capacitance drop, and its inductance (together with the fixture) is aso about 50% less.
Capacitors C and D showed much less capacitance loss below 100kHz, but part C (dueto its lower inductance)
has a higher SRF, and up to that higher SRF it dtill looses dmaost 40% of its capacitance. Thiswas partly offset
by the fact that part D had by far the lowest inductance. Parts A, B and C showed very minima change of
inductance over the measured 0.1 to 10MHz frequency range. Part D, however, which comesin ataler verson
of the D-sze package, exhibited more than 2:1 inductance drop. Part C has a face down, low-inductance
congtruction, Smilar to the one described in [3]. Figures 19 and 20 show the inductance of Fixture B and C,
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with near ste and far Site shorted, respectively. Note that the surface-mount pads of Fixture C with two vias per
pad provide a noticesbly lower inductance.

Ceramic capacitors
Sample parts E, F and G were 100uF X5R 1210, 1uF X7R 0508 and 0.1uF X7R 0402 ceramic

capacitors, respectively. Figure 21 shows their relative capacitance change with frequency, normalized to their
nominal capacitance values. Figure 22 shows their inductance versus frequency, together with the test fixture.
The three parts had three different test fixtures (not shown here), matching the required pad dimensionsfor the
parts. The 0402-size 0.1uF part (G) was measured with the same via diameter and pad arrangements with two
vialengths 5 milsand 130 mils, in anear Ste and afar Ste. Curve for the 100uF part was measured only up to
10 MHz.

Testing the unigueness of Added I nductance

Some of the capacitor samples were measured in the near site and far Ste locations of the test fixtures,
and their Added Inductances were extracted to see how independent it is from the inductance of shorted fixture
with different vialengths leading to the nearest plane. Figure 23 shows the Added Inductance of one bulk
capacitor (part A, 1200uF radial) and one ceramic capacitor (part G, 0.1uF 0402). The two test fixtures had
pads on both top and bottom, connected to the planes, which were closer to one side. The vialengthsfor part A
(inthe near Ste and far Ste of Test Fixture B) were 5-mil and 57-miil, for part G 5-mil and 130-mil. Note that
the added inductance of the part is fairly independent of the vialength, and therefore it is a good measure of the
‘goodness’ of capacitor.

Multi-terminal capacitors

Multi-terminal capacitors are becoming popular because of their lower inductance. Three eight-termina
0612-size capacitors from three different vendors were measured and evauated. Throughout Figures 24-27,
labels A, B and C refer to a2.2uF X7R, 1uF X7R, and 4x1uF X 7R part, respectively. Parts A and B were
sngle capacitors with eight terminds, part C was a capacitor array with four independent capacitorsin the
package. The three parts were measured using the same Test Fixture D, defined in Figure 28. The fixture had a
pair of planes of size 1"x0.64”, the capacitor pads and test vias were separated by an x=0.5" y=0.25" distance,
and were connected to apair of planes with 2-mil dielectric separation, 2.8 mils below the surface. The
capacitor pads were connected to the L2-L3 planes with 8-mil blind vias located inside the pads.

Figure 24 compares the impedance magnitudes in the 100kHz- 100MHz frequency range. Figure 25
shows the percentage change of extracted capacitance in the frequency range of 1kHz and IMHz, normaized to
each part’snomina capacitance vaue. The three parts show Smilar rate of capacitance change with frequency:
over three decades, the capacitance drops smoothly by 7-8%. Figure 26 compares the extracted Added
Resistance values of the parts in the 100kHz100MHz frequency range. When compared to the impedance-
meagnitude plots in Figure 24, the following conclusions can be drawn. The saif resonant frequency of part Cis
10MHz, wheress the frequency of minimum added resstance is 3MHz. From 3MHz to 10MHz the added
resistance of the part increases from 3.5 milliohms to 4 millohms. Between 10 and 25MHz, the added
resstance risesto 10 milliohms. Smilarly, for part B, SRF is a 5SMHz, the frequency where the added
resganceisa itsminimum is 25MHz. Thelowest Q and highest added res stance come with part A, where
there is no noticeable difference between its SRF and frequency of minimum added resistance. Part A exhibits
the smoothest shape of added res stance curve, with no sudden increase above SRF. Note aso that above
40MHz the added resistance curves of the three parts are dmost identical.

In Figure 27, the Added Inductances of the parts are compared in the IMHz to 1GHz frequency range.
The inductance curves have to be evauated together with the cross section picturesin Figure 29, showing the
outer and internal geometry of three capacitors of the same makes as samples A, B and C. Thanksto
corrections for C(SRF) and Cp(PRF), the usable frequency range of inductance curves extends down to afew
MHz and up to about 1GHz. Notethat at and below SRF, parts A and B have about 100pH added inductance,
whereas part C has 150pH added inductance. The fixture and mounting was the same for al three parts, and
Figure 29 shows that the tota body height was aso about the same. Parts A and B were single-piece capacitors,
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with continuous horizonta capacitor plates over the eight connecting terminas. However, part C had four
individua capacitorsin the same body, resulting in four narrower strips of capacitor plates arching over the
termind pads, thus resulting in higher inductance. For dl three parts the Added Inductance stays at about the
same vaue up to 2- 3 times the series resonance frequency. Thisis the frequency range where the Added
Resstance dready rises sgnificantly. Beyond this point, where the strong change of Added Resistance stops,
the inductance starts to drop: the higher the Q of the particular part, the steeper is the drop of inductance.

Above about 40MHz, where the three Added Resistance curves overlap, the Added Inductance curves
track with approximately congtant (frequency independent) offsets. The lowest inductance comes with part B,
which has the thinnest cover thickness on the bottom of capacitor (middle photo of Figure 29). The cross
section of part A reveds amuch thicker cover, resulting in its higher inductance at high frequencies. Part B and
C have amilar cover thickness, and they show about the same drop of inductance in the trangition region. But
having four separate narrower stripsin part C, itsinductance stays above the other two over the entire measured
frequency range. The inductance of the fixture with a shorting strip over dl eight pads was 130pH at 100MHz.

In the SRF to PRF frequency range, the added inductance of al three parts drop significantly: for part A
it drops from 100pH to 50pH or a 2:1 decrease, for part B it drops from 100pH to 30pH or a 3:1 decrease, and
for part C it drops from 150pH to 50pH or a 3:1 decrease.

Vertical orientation of capacitor plates
Secondary resonance and change of parameters with frequency in multi-layer ceramic capacitors have been
known in the microwave industry. To reduce secondary resonances, RF circuits sometimes use vertica
mounting of the capacitor body such that the multiple capacitor plates are perpendicular to the PCB planes.
With the regular form factor of ceramic bypass capacitors, this means the capacitor should stand on its narrower
sde, raisng reliability concernsif accidentally pressure is applied sdeways to the part. Ceramic capacitors
today approach severa hundred uF vauesin 1810 and 1210 case styles, and 10-22uF in a 0805 case, and 1uF in
603 sze. Thisusudly reguires an increased height of the part, often resulting in an approximately square sde
view. Theincreased number of capacitor plates comeswith lower ESR, which in turn resultsin higher variation
of resstance and inductance with frequency.

The sguare side view has two consequences: with no marking on most ceramic capacitors, if the part
accidentdly flips during the automated assembly process, it cannot be easily caught by visud ingpection.
Second, the equa width and height removes the rdliability concern from a part mounted with vertica plates on
purpose.

Figures 30 through 32 show the results with ten samples of 220uF X5R 1210-sze ceramic capacitors.
The photo on the left of Figure 33 shows that the width and height of the parts are dmost equd. All ten
samples were measured in Test Fixture E, without soldering, each sample in both horizonta and vertical
orientation. The fixture geometry is shown on the right in Figure 33. The solder-1ess connection was achieved
by gpplying uncured siver-filled epoxi to the pads, and the samples were pushed onto the pads with a plagtic
rod during messurement. Figures 30, 31 and 32 show the impedance magnitude, added res stance and added
inductance, respectively. The figures show side-by-side the data taken with horizontal mounting (on the I eft)
and vertica mounting (on the right). Each figure has three traces, corresponding to the minimum, average and
maximum readings among the ten samples.

The impedance magnitude curves of Figure 30 have zoomed scale around the 200kHz series resonance
frequency. The extracted capacitance curves for the parts (not shown here) did not change with the orientation.
The impedance magnitude curves with horizonta mounting show a secondary resonance a 600kHz, while with
vertica mounting the impedance plots are smooth above SRF. Note that these curvesin Figure 31 show the
impedance together with the fixture. The Added Resstance curves have relatively little variation around SRF.
With horizonta mounting, the Added Res stance rises sharply between 400 and 600kHz. With vertical
mounting, the Added Resistance rises dowly and smoothly with frequency. The mounting orientation has the
most dramatic effect on the frequency dependence of Added Inductance. With horizontal mounting, the
inductance stays at around 1.5nH up to 500kHz and it drops about a full nanohenry between 500 and 600kHz.
With vertical mounting, the low-frequency inductance stays in the range of 600 to 800 pH. At high frequencies,
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vertical mounting comes with adightly higher inductance, which is supposedly due to the thicker cover on the
capacitor’ s sde.

V. Conclusons

It is shown that bulk and ceramic bypass capacitors may exhibit up to -60% loss of capacitance from low
frequencies up to SRF. Measured data indicates that Added Resistance and Added Inductance vary more with
frequency for higher-Q parts. Added Inductance may drop by afactor of two to three between SRF and PRF. It
was shown that vertical orientation of capacitor plates remove secondary resonances without Sgnificantly
increasing inductance. Inductance and resistance should be measured in fixtures having stackup and
congruction similar to the gpplication geometry [4]. Different test fixture geometries were described and their
characteristics measured.
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Figure 1: Lumped equivaent circuit of bypass cgpacitors with their pardld DC leakage res stance neglected.
Figure 1(a) isvdid for low and medium frequencies, (b) is good for higher frequencies. All parameters are

treated as variables of frequency.
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Figure 2: Top view, horizontal geometry and pad/via arrangement of Test Fixture A. On theright, the
dlocation of the 1'x0.14” planesis shown with their vertical geometry. The cagpacitor pads have two vias for
each pad, with a 50-mil center-to-center spacing and 12-mil finished diameter.
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Figure 9: Components of L(f), using data of Figure
3, including inductance of shorted Test Fixture A.
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Figure 11: Extracted capacitance Cy(f) of bare Test

Fixture A, and exponentia approximation curve.
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Figure 10: De-embedded rea part of impedance,
Added Resistance from capacitor datafrom Figure 5.
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Figure 12: Measured and smulated
inductance of shorted Test Fixture A.
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Figure 13: Side view of meta objectsin Test
Fixture A. Capacitor pads are shown on bottom.

Figure 14: 3D view of shorted Test Fixture A.
Picture generated by Ansoft HFSS.
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Figure 15: Normaized C(f) curvesfor two radid
bulk (A, B), and two D-size bulk capacitors (C, D).
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Figure 16: L(f) curves of the bulk capacitors from Fig.
15. A, B and C, D used same fixture, respectively.
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Figure 17: Photo of Test Fixture B on the left, showing soldered cable connections attached to the opposite Sides
of test through holes. The fixture has two combination sites for various capacitor bodies, one set on either Sde.
The capacitor pads on one side are close to the planes, its corresponding stackup is shown inthe middle. Thisis
called the near Ste of the fixture. The pads on the other sde of the board are further away from the planes, with a
stackup shown on theright, called the far site of the fixture. The plane shapes are 1065x415 mils.
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Figure 18: Photo of Test Fixture C on theleft. Thisfixture used the capacitor pads shown on the right half of
the fixture, one set on aether side, mirrored, and connected to the planes with the same vias. The capacitor
pads on one side are close to the planes, its corresponding stackup is shown inthe middle. Thisis cdled the
near Site of the fixture. The pads on the other side of the board are further away from the planes, with a
sackup shown on theright. Thisis caled the far Ste of the fixture. The regular D-size part connected to the
outer two pads only. The face-down D-sze part used al three connections. The size of plane shapesis

1065x415 mils.
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Figure 19: Inductance of Test Fixture B with near
gte and far Site shorted, respectively.
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Figure 21: Percentage drop of three ceramic
capacitor samples.
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Figure 20: Inductance of Test Fixture C with
near Site and far Site shorted, respectively.
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Figure 22: Inductance versus frequency (with fixture)
of the three capacitor samples shown in Figure 21
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Figure 23: Added inductance of bulk capacitor A and ceramic capacitor sample G extracted
from near-site and far-Site pad location data.
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Figure 24: Measured impedance magnitude of three

gght-termina, 1206-sze cgpacitorsin Test Fixture D.
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Figure 26: Added Resistance of capacitors from
Figure 24.
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Figure 25: Relative C(f) values of the three parts
from Figure 24, referenced to nomind vaue.
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Figure 27: Added Inductance of the three

capacitors from Figure 24.
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Figure 28: On the le&ft: top view, dimensions and location of capacitor pads and test viasin Test
Fixture D. On the right: cross section and vertical geometry of nearest planesin Test Fixture D
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Figure 29: Cross sections of eight-terminal capacitors of makes A, B, and C (from left to right).
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Figure 30: Impedance magnitude statistics of ten samples of 220uF 1210 X5R ceramic capacitorsin Test
Fixture D. On the left: horizontal mounting. On the right: vertical mounting.
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Figure 31: Added resistance statistics of ten samples of 220uF 1210 X5R ceramic capacitorsin Test
Fixture D. On theleft: horizontal mounting. On theright: vertica mounting.
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Figure 32: Added inductance gtatistics of ten samples of 220uF 1210 X5R ceramic capacitorsin Test
Fixture E. On the left: with horizontal mounting. On the right: with vertical mounting.
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Figure 33: Test Fixture E. On theleft: photo of the fixture with a sample capacitor attached with uncured
dlver-filled epoxi and the two semi-rigid probes for insrument connections. On the right, the stackup of
fixture planesis shown. The identical-shape ground and power planes have the Sze of 955x145 mils
The vialength connecting the 75x95-mil capacitor pads to the planesis 52 mils.  There are two vias with
outward escape from the pads, with a center-to-center spacing of 245 mils.



