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Abstract Introduction

Discrete ceramic capacitors are used to achieve a low Computer systems continue to demand higher power at
power supply impedance in the MHz range. The traditiondbwer voltage. It is a significant challenge to design a power—
series RLC circuit model for discrete capacitors is inadequathstribution system that is capable of delivering large amounts
for low ESR capacitors when mounted on low ESL padsof current at low voltage. Silicon chips require a tight voltage
When combined with other capacitors or power plane modelglerance (i.e. 5%) in order to perform properly. Therefore a
the simple RLC model does not correctly predict thenext generation product requires an ever decreasing power
magnitude or frequency of the anti-resonant peak formed tsupply impedance. The clock frequency of microprocessors
the parallel components. Discrete capacitors have higher E@Bntinues to rise, therefore a low impedance power supply is
and lower inductance than expected at frequencies abowecessary for an increasing frequency range.
series resonance. A new distributed circuit model is proposed The primary components of the power distribution system
for high Q, low ESR capacitors. The distributed modeinclude the voltage regulator module, discrete decoupling
correlates well with hardware measurements. Both simulategipacitors and printed circuit board (PCB) power planes.
and measured results indicate that anti-resonant peaks amvanced computer systems may be crowded with hundreds
higher in frequency and lower in magnitude than predicted byf small ceramic capacitors, which are the means for
the traditional series RLC model. Low ESR capacitors do ngiroviding a low-impedance path for power in the MHz range.
create the high impedance peak expected from simulation Ghpacitors must be chosen and placed to optimize
the traditional series RLC circuit model. performance with smaller quantities given the component
density of PCB’s as well as occasional supply issues. A new
model for discrete ceramic capacitors mounted on PCB power
planes is presented in this paper. The model is appropriate for
SPICE simulation and for analysis programs that optimize the
use of discrete capacitors.

One method of optimizing capacitor selection and location
for product performance involves the identification of a target
impedance and selection of capacitors to meet that target
impedance over a broad frequency range [1]. The target
impedance for a product is calculated as

_ vddXripple _ 2.0VX5%
@9 transcurrent  20amp

In this example, a product with a 2 volt power supply may
abruptly draw a 20 amp transient current. A power
distribution system (PDS) with an impedance of 5 mOhms or
less will result in an acceptable amount of regulation noise.
The PDS must meet the target impedance up to a frequency
associated with the rise time of the transient current. The
simulation results in Figure 1 shows how several different
values of capacitance may be placed in parallel to meet a
target impedance over a broad frequency range. One hundred
capacitors have been placed in parallel to meet the 5 mOhm
target impedance from 1 to 200 MHz.

(arget impedance Traditional Series RLC SPICE Model
—_— Ceramic capacitors have traditionally been modeled as a
Ix 10x 100x 1g series RLC network. Capacitor vendors usually describe the
Frequency (log) (HERTZ) g . . . sy .
specifications for a capacitor in terms of it's capacitance,
equivalent series resistance (ESR) and equivalent series
inductance (ESL). These parameters work well for
Figure 1: Several values of capacitors are placed in moderately high ESR capacitors with a moderately low Q, and
parallel to meet the target impedance for a product. The  when capacitors are mounted on pads that dominate the ESL.

impedance profiles are the results of SPICE simulation with A series RLC circuit model has been assumed for each of the
a traditional RLC capacitor model. capacitor's simulated in Figure 1.
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Figure 2: Traditional RLC circuit model for capacitor. port 1

PCB power planes

The traditional RLC series circuit is shown in Figure 2.
Figure 3 shows the impedance versus frequency of this circuit.
The RLC components are constant with frequency and are Figure 4: Measurement of PCB power planes with
easily identified on the Bode plot. The capacitive portion has,/\a
a slope of —20 dB/decade and the inductive portion has a
slope of +20 dB/decade. The curve bottoms out at an
impedance equivalent to the ESR value at the series resonapt=,

PCB power planes are two parallel plates of conducting
erial which form a parallel plate capacitor at low

frequency. The minimum is at the frequencyfrequencies. At higher frequencies, they develop impedance
f o= 1 = 1 —=5MHz (Eqgn 1), resonances that are associated with their parallel plate
™ 2nVESLCap 2my\1nH-1uF geometry [2].

where fu, is the frequency of the low impedance dip The power plane transfer impedance (transimpedance) is

associated with series resonance. measured as shown in Figure 4 and described in [3]. A vector
Q or quality factor for an RLC circuit is equivalent to the"€twork analyzer (VNA) is used to make an S21

reactive impedance divided by the resistance. measurement. The instrument is gallbratgd by connecting the

50 Ohm transmission lines associated with Port 1 and Port 2

Q=E: VESUCap _ 2 f ES'—: w-L together and doing a "through” calibration which is set as the

R ESR ESR R reference level of 0 dB. The transmission lines are then

Q is an indication of the sharpness of the resonance. The¥gldered to vias connected to the PCB power planes. Power is
of the circuit is reduced by reducing L. The ratio of L/R isinjected into Port 1 and power delivered is measured at Port 2.
important. With a reduction in L, ESR can be reduced he transimpedance of the power planes is calculated from the

without increasing the Q of the circuit. High Q capacitors cafinagnitude of S21 (in dB) from

lead to high impedance anti-resonant peaks if not managed ‘S ’ 201 ’ZplanJ g s,|
=20log,—=—— an =

prOper.|y. 21 glO 250th ‘ZplanJ: 2510 20

Capacitors on PCB Power Planes A SPICE model has been developed that correctly

For advanced computer systems, capacitors are typicalljmulates the capacitance at low frequency and the cavity
surface mounted on a PCB and connected directly to Vdd andsonances at higher frequencies [4]. SPICE simulation is
Gnd power planes with vias. This section describes how thgone by injecting 1 AC amp into the power planes at one
characteristics of power planes and capacitors mounted @Bsition, measuring the voltage at another position and
power planes are measured and simulated. The traditionfiiding voltage by current to get transimpedance. Figure 5
RLC model for the capacitor is shown to be inadequatghows the measured and simulated impedances for a pair of
because it does not correctly predict the parallel anti4.1 x 9.5 square inch power planes spaced 3 mils apart. The
resonance with the power planes. dielectric was FR4 and was assumed to have a dielectric
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Figure 3: Impedance versus frequency for traditional Figure 5: Measured and simulated impedance versus
RLC capacitor model. frequency for PCB power planes.
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Figure 6: Measured Power planes impedance,with and  Figure 7: Measured and simulated impedance of
without 1 uF capacitor. capacitor on power planes. Traditional RLC model gives

incorrect anti-resonant peak.
constant of 5.05. Model to hardware correlation for the power ) _ _
planes is good. At low frequency, the power planes arBeight of the peak is associated with the ESR. Both
capacitive. Cavity resonances that develop above 100 MHArameters are a function of frequency. The frequency of the

are correctly predicted by the model. measured peak is

A single 0603 size, X5R dielectric, iiF capacitor is P o= 1
soldered to PCB pads with vias connected to the same power peak Cap-C and
planes. Simulation and measurement is performed by the 21 ESLM '
same method. Figure 6 shows the measured response of the Cap+C,,.
power planes with and without the capacitor. The capacitor 1 1

. . ESL= = = 560pH

causes a low impedance series resonance at about 6 MHz. It (21 0 Corane (210 55.4MHz?-820NF 15nF .
also causes an impedance peak at about 50 MHz. This is the ) 820nF+ 15nF

parallel anti-resonance of the capacitor with the power planes The inductance of the mounted capacitor is apparently
[5]. The capacitor has become an inductance above it's ser@s5-560=255 pH less at the parallel anti-resonance than it is
resonant frequency. It is in parallel with the capacitance cft the series resonant frequency. The traditional series RLC
the power planes and forms the classic LC tank circuit with amodel does not predict the correct anti-resonant peak when
impedance peak. the capacitor is mounted on power planes in a common
The circuit parameters for the capacitor and power planefecoupling application because ESR and ESL are functions of
are calculated from the measured impedance and frequenénequency.
Capacitance is calculated by finding the impedance at a point

on the down sloping curve and using the relationship istributed Circuit Model for Discrete Capacitor
1 1 A clue for a more accurate circuit model comes from the

I=—— and = physical construction of the capacitor. Figure 8 shows a cross
jwC 2 frequencyZ| section of a discrete capacitor mounted on a PCB with Vdd
Capacitor ESR is found from the impedance at seriegnd Gnd power planes. Current travels around a loop that
resonance. Capacitor ESL is found from Equation 1. Tableibcludes the vias, decoupling capacitor pads and the capacitor
summarizes the parameter calculations. The capacitor wigself. The capacitor consists of two vertical posts attached to
measured to be 0.820 uF with 9.5 mOhm ESR and has 815 phany interleaving plates in between.
of inductance when mounted on the PCB. The power planes on a well designed PDS may be
The measured capacitor parameters are used in SPIG&parated by 2 mils and may be just 6 mils from the surface of
simulation of the traditional RLC model mounted at thethe PCB. In contrast, the capacitor height may be 40 mils or
proper position on the power planes. The simulated anmitore. The current path around the loop starts on the vdd
measured results are shown in figure 7.  Good model tplane and continues up through a via and solder pad to the
hardware correlation is obtained at all frequencies except feapacitor post. From here, it either continues up the post or
the parallel anti-resonant frequency. Both the frequency arfigtads out laterally on one of the plates. Current always
the magnitude of the simulated peak are incorrect. Thi®llows the path of least impedance and distributes itself
frequency of the peak is associated with the ESL and thaccordingly. Eventually, all current paths lead to capacitor
plates where conduction current becomes a displacement

stucre - 4B ;ﬁ_ﬁ az gﬂﬂ_ﬁ) B monms ﬁ current through the ceramic dielectric. The current path
powerplanes  —2857  11.31 15 completes the loop through the right post, pad and via
1UF capacitor -42.20  1.00 -68.43 616 820 95 815 structure of the PCB, and finally to the Gnd power plane.

Table 1: Measured values for power planes and a Figure 9 shows a circuit model for SPICE simulation that
mounted capacitor using S21 parameters. duplicates the construction of the capacitor mounted on the

PCB. There is a ladder structure with capacitive and resistive
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Figure 8: Cross section of discrete capacitor mounted
on PCB power planes. Figure 9: Distributed circuit model for SPICE derived
from construction of ceramic capacitor.

plates forming the rungs on the ladder. Each plate ig found from Equation 1 is 815 pF. A portion of that ESL is

composed of thin metal with a resistivity. Resistance of th, the power planes, vias, solder pads and distance to the first
plates is responsible for most of the capacitor's ESRyjates (350+150=500pH). The remainder of the ESL is in the
Dielectric loss contributes very little to the lossyness of @anacitor height and distributed throughout the rest of the

ceramic capacitor below 1 GHz. A portion of the ESR igaqder. The internal inductance for the 1 uF capacitor with
therefore associated with each distributed capacitor plate.  thjs topology is:

Inductance is always associated with a loop of current. _ _ _
With a larger loop, more magnetic flux is stored in the L beign= E_SL'“e_as_ Lmoum_815_50_0_315pH
environment creating a larger inductance. Current that travels For the circuit topology of Figure 9, there are 10
across the bottom plates and then back to the power plan@@fizontal rungs for the distributed ladder model. The
makes a smaller loop than current that goes all the way to tf@pacitance, resistance and inductance parameters need to be
top of the capacitor. Therefore, the vertical standards of tHdjusted according to n, the number of parallel paths in the
ladder model are inductors. Current that goes to the top of ti§écuit topology.

2'5|‘height

ladder must go through more inductance than current that cap
h
2n

goes across the bottom of the ladder - R=ESRn L

Parameters for the components of the distributed modgihe capacitance and resistance scale as expected when the
are determined empirically. By the shorting bar resonanggyrameters are distributed into the ladder network. But there
method [6] [7], the loop inductance of the via and pads in thgy 2 5 times the inductance that might have been expected.
PCB are found to be 350 pH. The distributed model thereforghis achieves the best model to hardware correlation at series
has 350/2 = 175 pH _of mductqnce on each S|de_at the l?aseregonance. letom iS Optimized to obtain the frequency and
the ladder. There is some inductance associated with thgight of the parallel anti-resonance. The parameters

solder connection between the PCB pads and the capacitjiculated above for n=10 are summarized in table 2.
posts. There is more inductance associated with the physical

distance inside the capacitor from the bottom of the post to the
first plates. One hundred and fifty pH loop inductance has

; . . . h El t val Calculati
been attributed to this vertical height, 75 pH per sided. The Smen 2ue arewianon

rest of the inductance of the capacitor is associated with thL_Ea?t_wa 175 PH Measgred

loop in which current travels as it flows up the posts and — 75 pH Beit f .

across the plates of the capacitor, and back down again. Lh 34.9 pH 2:5 [E,SL_ (L_pad_via +L_bottom)}/2n
Reasonable values for the vertical inductances are founl 82.0 pF capacitance/n

after making the simplifying assumption that at series® 95 mOhm ___ESR'n : :
resonant frequency, all piates of the capacitor are equally 1able 2: Elementvalues for Figure 9 used in model to
engaged with current. The total ESL of the mounted capacitbi2rdware correfation.
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Figure 10: Distributed circuit model simulation compared 0

to measured 1 uF capacitor mounted on power planes. Good
model to hardware correlation.

Figure 10 shows the distributed capacitor model
simulation compared to the measured impedance. The anti
resonant peak matches much better than it did with theg
traditional RLC model. The frequency dependent ESR ancd soom
ESL have been properly accounted for. 0
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The current distributes itself within the circuit model
according to the path of least impedance. The reactance of an

inductor is pf)L and is propo.rtlonal to f(;eq_uepcy. Tlhe Figure 11: SPICE simulation of internal currents for the
reactanpe of a capacitor is 14[) and 1S INVersely - gistributed capacitor. a) Board impedance with 1 uF
proportional to frequency. At low frequencies, the inductancggacitor. b) Inductor currents. c) Capacitor currents.
represents a small reactance (impedance) and the capacitorg

are a large reactance. Current distributes itself equally on all
plates of the capacitor because the current is capacitaqggw
limited. But at higher frequency, the inductor impedances
increase and the capacitor impedances decrease. Currenlt_:r
discouraged from going high up the ladder because o)
increased impedance.

Figure 11 shows the internal currents for the simulate

ESR Capacitors for Decoupling Applications

._Some product designers have been reluctant to use low
&R capacitors in decoupling applications because of the
nti-resonance issue. High Q capacitors can form a high
impedance parallel anti-resonance with another discrete

. - apacitor or with the capacitance of the power planes.
capacitor. All of the injected 1 amp flows through the botto owever, measured results reveal that the anti-resonance is

inductor. At low frequency, an equal portion of the aMpPhot as high as expected from analysis with a simple RLC
flpvv_s.thr_oug.h each capacitor. _F|gure 11b shows the curreptcuit.  As frequency goes up, the ESR is higher and the
diminishing in each sequential mducto_r of the Ia_1dder. FIQure, juctance is lower than expected, both of which reduce the Q
11c shows that each of the 10 capacitors carries 1/10 of t the circuit and reduce the héight of the parallel anti-

Cg”e”F at low freql:e?cy. This V%I.'dateﬁ th? E’;\ssumptmn thﬁ;sonance. The anti-resonance from high Q capacitors is not
at series resonant frequency (dip) all plates are equally qorious problem when capacitors are mounted on low

engaged. inductance pads. A further reduction of the mounting

At the parallel resonant frequency, there is a peak Qhqyctance lowers the Q even more and further reduces the
current in both the inductors and the capacitors. There IReight of the anti-resonant peak.

nearly 4 amps entering the bottom of the capacitor, eVen pqa is much to be gained from low ESR capacitors in a

though o_nly 1 amp was forced into the PCB. This is becau ethodology such as described in [1] and illustrated in Figure
chargt_a IS resonating b"fle and forth_ between the PCP Low ESR capacitors are able to achieve a specified target
capacitance and the discrete capacitor. ~ As freQUEeNgY, e qance more efficiently than high ESR capacitors. When
increases, a higher percentage of the current stays down | naged properly, capacitors with a Q between 2 and 5 work
!n the capacitor as the vertical inductances become higher\i,@ry nicely. For cépacitors with a series resonance more than
impedance. This forces the current to to go through high&lnq\p, even higher Q is desirable. Low ESR capacitors are
resistance because only the lower plates of the capacitor ‘Véery ben7eficial when used in this way and do not create high

engaged. As frequency goes up, the ESL of the capacitor - ;
reduced and the ESR of the capacitor is increased. iMpedance anti-resonant peaks as might have been expected.



Conclusions

The traditional series RLC circuit model for a discrete
capacitor is inadequate. It predicts a much higher parallel
anti-resonant peak when the capacitor is simulated with
another high frequency capacitor or on PCB power planes
than is actually measured in hardware. The ESR and ESL of a
mounted discrete capacitor is a function of frequency. As
frequency goes up, the inductance associated with the height
of the capacitor causes current to stay down low in the
capacitor. Fewer plates carry most of the current leading to
higher ESR. The current stays closer to the return current in
PCB power planes leading to lower inductance. The Q of
capacitors is reduced at high frequency by this effect, and the
anti-resonant peak is reduced. A distributed circuit SPICE
model captures this effect and correlates well with hardware
measurements. Low ESR capacitors are very useful for
decoupling applications. The anti-resonant peak associated
with high Q capacitors is easily managed.
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