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Abstract:
Power distribution networks 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 various bulk and ceramic capacitors, showing the extraction procedure and frequency
dependent data of all three parameters. Various physical contributors to the frequency dependencies are identified.
Fromlow frequencies up to SRF, capacitance can drop as much as 60%. I nductance should be measured in a small PCB
fixture with planes, vias and pads representing the intended application. The added inductance due to the capacitor
body is shown to be fairly independent of via length connecting to the nearest planes.

I Introduction

Often times the power distribution network (PDN) isdesigned and validated in the frequency domain. The most
frequently used elements in PDS are the bypass capacitors. They range from polymer and el ectrolytic capacitors with
thousands of microfarad capacitance to ceramic capacitors in the pF capacitance range. Thetypical model isaseries R-
L-C network, creating a series resonance fregquency (SRF), where the part shows itsequivalent seriesresistance (ESR).
Beyond the SRF, the impedance is dominated by inductance, usually called asequivalent seriesinductance (ESL). In
first approximation, al three parameters are independent of frequency. Upon closer inspection, these parameters all
depend on frequency to various degrees and for different reasons. Moreover, some of the parameters show a frequency
dependence intermingled with a dependence upon the application geometry. In this paper we give measurement data on
different bypass capacitors, based on measurement and extraction procedures detailed in [1]. Effects of bias voltage and
temperature are not included in this study.

I1. Limitations of frequency independent models

Toillustrate the frequency dependency of parameters, we first take the measured impedance profile of a 0508-size 4.7uF
two-terminal bypass capacitor as an example. The measured part does not have the lowest ESR available today, neither
has it the highest capacitance in its case size, and it did not have the most aggressive mounting geometry. The part was
mounted on asmall piece of multiplayer printed circuit board (PCB), and its impedance was measured on the planes
using aclose-by pair of vias. Thetest fixture had 1"x0.14" plane shapes and pads with two vias per pad. The measured
impedance profileis shownin Figure 1. Theimpedance was measured over the 100 Hz - 1.8 GHz frequency range with
two different instruments, covering the 100 Hz — 10 MHz and 100 kHz — 1800 MHz frequency ranges. The impedance

plot showsthe SRF at 2.65 MHz and the parallel resonance frequency (PRF) between the capacitor’ s inductance and the
plane capacitance at 682 MHz. At SRF, theimpedance reading is 6.48 mOhms, which may be used as the ESR estimate.
From the 100 Hz impedance point, the capacitance was found 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 small test fixture was measured as Cp= 115 pF.
Assuming that at PRF ESL resonates with Cp, the L (PRF) estimate becomes 474 pH. The slopes on the Bode plot

appear to be linear, suggesting frequency independent capacitance and inductance. By extracting the C(f), L(f), and R(f)
functions, they reveal considerable frequency dependency. Figures2 and 3 show these extracted 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 significantly more, depending on the part and it’s mounting. Figure 4 showsthe
percentage error of impedance magnitude between the measured (Figure 1) and estimated curves with four combinations
of constant C, L and R values.

I11. Procedureto extract frequency-dependent parameters

Itis known [2] that above SRF, the current loop inside the capacitor changes and therefore as frequency goes up
resistance increases and inductance decreases. The magnitude and slope of change depends on ESR(SRF) and on the
relative dimensions of the capacitor body, pads, vias and closest plane(s). Because the R(f) and L (f) functions also
depend on the application geometry, it isimportant to measure the part in afixture, with pad, viaand plane geometries
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being similar to the actual usage. The measured Zm impedance will reflect both the device under test and the fixture. To
determine the DUT parameters, we use the equivalent circuit of Fig. 6e of [1].

Capacitance: Using asmall fixture, we make sure that its static plane capacitance is much smaller than the
capacitance of the DUT. Thefixture for taking datafor Figure 1 had a Cp= 115 pF capacitance, allowing us to measure
DUT capacitances as low as 10nF without compensating for fixture capacitance. We therefore assume that below SRF,
the imaginary part of the measured impedance, Im{Zm} comesfrom DUT capacitance. In reality, anywhere below PRF,
Im{Zm} isthe sum of the capacitive and inductive reactances. Far below or above SRF, the capacitance or inductance
dominates and the other can be neglected. Closeto SRF, assuming that L (f) does not jump suddenly, we can obtain a
corrected C(f) estimate (eq.8 in [1]), which extends the validity of C(f) extraction to SRF. Figure5 shows C(f) from
Figure 2 on an extended scale, with and without applying correction for L(SRF). Below SRF, this frequency dependency
isbelieved to comefrom g variations of the ceramic material.

I nductance: Above SRF and below PRF, the imaginary part of Zm is dominated by inductance. If we simply invert
Im{Zm} to calculate L(f), the curve shows an increasing negative error close to SRF and increasing positive error close
to PRF, see the uncorrected curve of Figure 7. Knowing the C, fixture capacitance, and having an estimate on C(SRF),
we can compensate for both resonances, by applying Eg. 12 of [1]. The corrected curvein Figure 7 is valid over almost
three decades of frequency. The curve represents the entire loop formed by the pads, vias, planes and the capacitor body
itself. We can also obtain the added inductance of the capacitor body, beyond the inductance of the shorted pads. Thisis
agood indication of the high-frequency ‘goodness' of the capacitor. The trace of added inductance in Figure 7 shows
that this particular 0508 capacitor body, together with the given pads and vias, created an extrainductance, varying from
300 pH at SRF to about 50 pH at PRF, asix-to-one range.

Resistance: As opposed to capacitance and inductance, Real{ Zm} is not the sum of parameters changing with
frequency in opposite ways. However, it is still the sum of the series resistance of the fixture, Ry, and the series and
parallel losses Rs and Ry, of the capacitor. Inthe curve of Figure 3, the R, dielectric loss dominates the slope up to about
100kHz. Above 100kHz, the Rs + Ry conductive loss dominates. Figure 8 shows the deembedding stages: first the
shorted fixture is measured, and its Ry(f) curveisplotted. The deembedded resistance of DUT becomes Real{ Zm(f)} —
Ri(f). At SRF, the deembedded ESR(SRF) resistance of DUT is 2.70 mOhms. Note: before deembedding, the
ESR(SRF) estimate was 6.48 mOhms.

IV. Data of various bulk and ceramic capacitors

Figure 9 shows the normalized C(f) curves of seven bulk capacitors, labeled A through G. A and B are 1200uF and
1000uF low-ESR radial bulk capacitors, C and D are 330uF and 390uF D-size polymer capacitors, E, F and G are 100uF
X5R, 1uF X7R 0508 and 0.1uF X 7R 0402 ceramic capacitors. The curves are shown up to SRF. Figure 10 showsthe
inductance together with fixture for the four bulk capacitors. Parts A and B, aswell as C and D shared the same fixture,
respectively. Note the large range of inductances and the strong frequency dependence of D. C isface-down, low-
inductance part [3]. Figure 11 shows theinductance, together with the test fixture, for the three ceramic capacitors. The
0402-size 0.1uF part (G) was measured with the same via diameter and pad arrangements with two vialengths: 130 mils
and 5 mils. Curve for the 100uF part was measured only up to 10 MHz. Figure 12 gives the added inductance of one
bulk capacitor (part A, 1200uF radial) and one ceramic capacitor (part G, 0.1uF 0402). Thetwo test fixtures had

mirrored pads on both top and bottom, connected to the planes, which were closer to one side. The vialengths for part A
were 52-mil and 6-mil, for part G 130-mil and 5-mil. Note that the added inductance of the part isfairly independent of
thevialength, and thereforeit is agood measure of the ‘ goodness’ of capacitor.
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Figure 1: Impedance magnitude and phase of a
4.7uF 0508 ceramic capacitor on asmall test board.
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Figure 3: R(f) from data of Figure 1 (Capacitor plus
fixture) and shorted fixture without capacitor.
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Figure 5: C(f) extracted from impedance of Figure
1, with and without correcting for SRF.
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Figure 2: C(f) and L(f) parameters extracted from
data of Figure 1. Note the variations with frequency.
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Figure 4: Percentage error of estimated impedance
magnitude with constant C, L and R= 6.48 mOhms.
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Figure 6: L(f) extracted from impedance of Figure 1,
with and without correcting for SRF and PRF.
Shorted pad’ sinductance is also shown
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Figure 7: Components of L(f), extracted from data
of Figure 1. Spikes at 680MHz are due to PRF.
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Figure 9: Normalized C(f) curvesfor two radia
bulks (A, B), two D-size bulks (C, D) and three
ceramic capacitors (E, F, G).
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Figure 11: L(f) curvesfor the ceramic parts from Figure
9. G1 and G2 were measured with 130-mil and 5-mil

long vias, respectively, with same via spacing and pads.
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Figure 8: Deembedded real part of impedance from
capacitor datafrom Figure 1.

Inductance [H]

8.E-09 \
7.E-09
\&A
6.E-09
5.E-09 “\
4.E-09 \\R e
3.E-09
\ D
2.E-09
N\
1.E-09 +—
Frequency [Hz]
0.E+00 T T
1.E+04 1.E+05 1.E+06 1.E+07

Figure 10: L(f) curves of the four bulk capacitors from
Figure9. Parts A, B and C, D had the samefixture,
respectively.
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Figure 12: Added inductance of parts A and G with
different lengths of vias: 52-mil and 6-mil for A, and 130-
mil and 5-mil for G, with same via spacing and pads.



