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Reducing Power Bus Impedance at Resonance With
Lossy Components

Theodore M. Zeeff and Todd H. Hubin§enior Member, IEEE

Abstract—Power bus structures in printed circuit boards with = = =
solid power and ground planes exhibit resonances. When the power &= = = Measurement
bus is resonant, the power bus impedance can increase dramati- = @ =) Port
cally. This paper explores the effect of component equivalent series &= =
resistance (ESR) on power bus resonances. General guidelines for =
selecting an optimum ESR are provided and are supported by lab- a Octal Driver
oratory measurements and numerical simulations. IC

Index Terms—Decoupling capacitor, ESL, ESR, ground plane, . =
impedance, lossy components, power bus, power plane, resonance = =

0 = = DV\ Decoupling
= = = H42>— Capacitor
. INTRODUCTION = = = o

UDDEN changes in the current drawn from active compo-
Sents on a printed circuit board can cause atransientvoltd:g% L
to develop on the power bus. This transient voltage can inter-
fere with the normal operation of other devices connected to tteethe power bus, like decoupling capacitors and integrated cir-
power bus. Additionally, this noise voltage can induce currenigyits, can be included in the model by adding the component’s
which may propagate off the printed circuit board and lead swimittance to the appropriate grid point of the model. Conduc-
radiated electromagnetic interference (EMI). To minimize théve, dielectric, and component loss can be modeled accurately
noise voltage on the power bus and to help reduce EMI, thdth this technique. Radiation loss is not modeled, but this loss
impedance of the power bus should be low. mechanism is typically insignificant compared to the other loss

At resonance, the power bus impedance of printed circuitechanisms in a printed circuit board [1], [3].
boards with solid copper planes can be relatively high. To re-The test boards used for this study were 72 mm0 mm;
duce the power bus impedance at resonance, the quality fadter dielectric was 0.493 mm (19.4 mils) thick with an effective
of the resonance must be reduced. This can be accomplish&dtive dielectric constant,..; ¢, equal to 6.78, and a loss tan-
by adding loss to the system. Many loss mechanisms exggnt equal to 0.020. The measurement port was at (46,26) mm.
within a printed circuit board power bus, including radiation illustration of the test board is shown in Fig. 1. Several test
loss, dielectric loss, conduction loss and component loss. Typdards with identical layouts were constructed, each having a
cally, radiation loss and dielectric loss do not provide enoughifferent number of components mounted on them. The fully
damping to completely eliminate resonances. Conduction Igsspulated test board had eight octal clock drivers, with loaded
can completely damp power bus resonances if the power planetputs. There were 33 10-nF capacitors and ongRR2apac-
are very closely spaced [1], but manufacturing boards wittor to provide decoupling. The remaining test boards had iden-
closely spaced power planes can be expensive. If the pouieal layouts, but fewer mounted components. One test board
planes are widely spaced (e.g-0.1 mm [1]), the conduction had only decoupling capacitors mounted, one had only inte-
loss will not be great enough to completely damp resonagiated circuits mounted, and one was completely unpopulated.
peaks in the impedance. The power bus impedance of the test boards was measured in

Component losses can also help damp power bus resonanttes)aboratory with an HP8753D network analyzer. The octal
This paper investigates the effect that component ESR (equigéeck drivers were not powered during all measurements.
lent series resistance) has on power bus resonance. A transmi3he unpopulated test board was modeled using a transmission
sion line grid model is used to compute the input impedancelofe grid. The simulation results are compared to the measured
various power bus geometries. With this method, the power bigsults in Fig. 2. The large peaks in the impedance correlate to
is modeled as a grid of small, lossy transmission line segmemtsonant frequencies of the power bus. The quality factors of the
[2]. Each segment of the grid contains resistive elements, represonant peaks can be calculated using
senting conductive and dielectric loss. Components connected
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Fig. 2. Power bus impedance of an unpopulated test board. Fig. 4. Power bus impedance of the test board populated with integrated
circuits only.
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18| __ Simulation I cuits mounted, was measured with the network analyzer. The

|

results are shown in Fig. 4. The integrated circuits on this test
board provide enough loss to significantly damp most of the res-
onant peaks. The quality factors of each resonant peak are indi-
cated in the figure.

To reduce the power bus impedance even further, new lossy
components could be added to the PCB or existing compo-
nents could be modified. A procedure for reducing power bus
impedance by adding new lossy components to the edges of
a printed circuit board has been investigated before [2]. This
work will focus on modifying existing components on the
board to enhance component loss, specifically, by selecting the
ESR of the decoupling capacitors.

Impedance (Ohms)

0o 05 1 15 2 25 3 35 4

Frequency Il. OPTIMIZING COMPONENTLOSS

9
x 10
Fig. 3. Power bus impedance of the test board populated with decouplingTo optimize component loss, the ESR of the decoupling ca-
capacitors. pacitors can be modified. One way to compute the optimum
ESR of each capacitor is to calculate the equivalent average re-
factors at several resonances were high. Therefore, on this gstance between the power planes needed to attain a particular
board, conductive and dielectric losses do not lower the qualdyality factor and to then relate that to the value of ESR.
factor enough to significantly damp the power bus resonances.The quality factor of a cavity filled with a dielectric material
A second test board, one with only decoupling capacitoisrelated to the loss tangent as [5], [6]
mounted, was measured and modeled. Each of the 33 decou- 1
pling capacitors had a mounted equivalent series inductance = (2)
(ESL) of 1.1 nH, and an equivalent series resistance (ESR) of tan 6
100 nf2. The ESL and ESR of the mounted capacitors were d@Ad the loss tangentis related to the conductivity of the dielectric
termined from a power bus impedance measurement of an grgterial as
populated board with one mounted capacitor [4]. The measured o
: : . : : tand = ———— 3)
power bus impedance is shown in Fig. 3. The decoupling capaci- 27 feref fE€0
tors tend to shift the resonant peaks of the power bus impedance, ) o ) ) )
but the peak power bus impedance at resonance is not sigrYW—ere‘T isthe co_nductmty ofthe dlelegtrlc materla_l between the
cantly reduced. As configured, the decoupling capacitors do RWer planesy is the frequencys... s is the effective relative
supply enough loss to significantly damp the power bus regegrmittivity of the dielectric andy is thg permltt|V|ty of free '
nances. At low frequencies, the impedance appears to re@ch $ace. The resistance across a _mat_erla! with a cross-sectional
at dc. However, the first data point in all of the figures is &"€a4, a depthh, and a conductivity, is given as
1 MHz not dc and only appears to be at dc because the data h
is plotted on a linear frequency scale. Requ = - 4)
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Fig. 5. Power bus impedance of the test board, populated with capacitors wWif. 6. Power bus impedance of the test board, populated with capacitors of
an ESL= 1.1 nH. different ESR and an ES& 0.1 nH.

Substituting (4) into (2) and (3) yields the equivalent dis 29

tributed resistance?.., that is needed to get a quality factor, [—— ESR=4 Ohms
Q, at a given frequencyf bl I s ESR0.04 O 1
Qh e |

Regy = ———. 5 \
1 27 feregA ) 14

If more than one lossy component is added to the power bt £ 12 -
then the value of the resistance in each comporiegt,should

10
be equal to

|
:

Impedance (O

Ry = NR.q (6) ol

where N is the number of equal-valued resistive component
added to the power bus. As more resistive elements are addes
the power bus, the optimum resistance of each compoRant, 20
increases.

For the test board, the equivalent distributed resistances |1  © 0.5 1 1.5 2 25 3 35 4
quired to obtain a quality factor of 1 at 1 GHz and 3 GHz ar Frequency x 10°
0.360Q and 0.12), respectively. A quality factor of 1 will produce Fig. 7. Power bus impedance of the test board, populated with capacitors of
a significantly damped resonant peak and a smooth impedaf{tigrent ESR and an ES& 0.1 nH.
profile. According to (6), with 33 decoupling capacitors on the
testboard, the ESR of each decoupling capacitor onthe testbdagd 6, the power bus resonances can be significantly damped
should be 33 timeg&,,,, (12 and 4Q at 1 GHz and 3 GHz, re- using the value foR? 5 calculated in (5) as long as the connec-
spectively). A numerical simulation of the test board with modiion inductance impedance&() is less thanR y .
fied decoupling capacitors is shown in Fig. 5. As configured, the The other two curves in Fig. 6 show the power bus impedance
power busis notdamped enough to lower the resonant peaks. ®en nonideal values of the ESR are used. For values of ESR
reason the calculated value®}; is not effective is that the ESL that are a factor of 10 higher than optimum, (5) suggests that the
of the decoupling capacitors is too high. At 3 GHz, the magn{) of the resonance will be about 10. We might also expect the
tude of the inductive reactancéy,, is approximately 22. With  same to be true for values of ESR that are a factor of 10 lower
this ESL, the reactive impedance of each decoupling capacitottian optimum. Assuming 2 (Q =~ 1) is optimum for our test
significantly larger than the optimum ESR and very little powdvoard, we would then expect boards with ESR02 and ESR
can be dissipated in the components. = 0.4 to exhibit resonant peaks wits on the order of 10.

To determine the usefulness of (5) as a means of determiniflgis expectation is confirmed by the curves in Fig. 6. If the ESR
the optimum ESR, the ESL of the decoupling capacitors wasa factor of 100 higher or lower than the optimum value of
changed from 1.1 nH to 0.1 nH in the numerical model. ThESR, then (5) suggests tiieshould be much higher. In Fig. 7,
way, the inductive impedancé&y,, is lower thanRk up to sev- the power bus impedance with ESR4002 and with ESR=
eral GHz. The results of this change are shown in Fig. 6. TRD4<2 is shown. The curves in Fig. 7 support this expectation.
solid curve in Fig. 6 shows the power bus impedance when theFor the boards used in this study, the ESL (1.1 nH) was too
optimum value of ESR at 3 GHz (@) is used. As shown in high for capacitors with a 2 ESR to be effective. One solution

EN
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2 of ESR. These studies inherently assume that power bus reso-
— Measurement i
1) — ESR=20 Ohms | nances are damped by other sources of loss and this approach
| == ESR=4Ohms may be best suited to boards with closely spaced power and
16 ground planes. The methodology presented here is most ap-
14 - propriate for boards with a power/ground spacind.5 mm
B 12 (20 mils). With these wider spacings, power bus resonances tend
5 to be a more significant problem and component loss is more ef-
8 10- fective than other sources of loss.
3
[0 8l
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