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Abstract: Power bus noise problem has become
a major concern for both EMC engineers and board
designers. A fast algorithm, based on the cavity-
mode model, was employed for analyzing resonance
characteristics of multilayer power bus stacks inter-
connected by vias. The via is modeled as an induc-
tance and its value is given by a simple expression.
Good agreement between the simulated results and
measurements demonstrates the eãectiveness of the
cavity-mode model, together with the via model.
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1. Introduction

Power bus resonance in multilayer printed circuit
boards (PCBs) not only cause radiated emission
as EM interference (EMI), but also aãect ground
bounce due to switching noise in a digital sys-
tem. As a result, power bus noise problem has be-
come a major concern for both EMC engineers and
board designers. Power bus resonance characteris-
tics have been investigated with various models or
approaches. The full cavity-mode model [1] is one
of the useful models and can be employed for fast
simulation. The fast algorithm is attributed to a
closed-form expression for the impedance Z-matrix
of the power/ground planes, which is in the form of
a fast converging single series [2-4]. This is assum-
ing that the pattern of the power/ground planes
is rectangular. Combined with the segmentation
method, the fast algorithm has been extended to
various power bus geometries [5,6].

Multilayer power bus stacks, viz., using multi-
ple power/ground plane sets for dc power distri-
bution, are common scenarios in multilayer PCB
designs. The solid power and ground planes are
typically of appreciable electrical extent, and may
function as radiating microstrip-patch antennas or
eãective coupling paths at high frequencies. One

recent study of power-bus geometries with multi-
ple power/ground plane pairs could be found in [7],
where the ånite-diãerence time domain (FDTD)
method was used for modeling, and the eãect of
ground plane stitching by vias on radiated EMI was
primarily discussed. The work presented herein
focuses on modeling of via-interconnected power-
bus stacks using the fast algorithm based on the
cavity-mode model. It was found that the via in-
ductance aãects signiåcantly the resonance charac-
teristics of a via-connected power-bus stack, thus
estimating the via inductance value is quite impor-
tant for achieving accurate simulation.

2. Full Cavity-Mode Model

The full cavity-mode resonator model is an an-
alytical description of the impedance matrix (Z-
parameters) of an unloaded power/ground plane
structure (a bare board). For a rectangular
power/ground plane structure with length a and
width b, an expression for fast calculation of
the transfer impedance between two ports on the
power/ground planes was developed as follows [2]:

Z(rec)ij =
1X
n=0

!ñdha

j 2b
Cn cos(kynyi) cos(kynyj)

Çsinc2(kynw) [cos(ãnxÄ) + cos(ãnx+)]
ãn sinãn

(1)

where sinc(x) = sin(x)=x, kyn = nô=b, ãn =

a
q
î2 Ä k2yn, xÜ = 1 Ä (xi Ü xj)=a, (xi; yi) and

(xj ; yj) are the coordinates of the center of the
ith and jth ports in the x- and y-directions, re-
spectively, w is much less than the wavelengths of
interest and represents the port half width, h is
the dielectric thickness between the power/ground
planes, ! is radian frequency. For simplicity it is
assumed here that the port sizes in the x- and y-
directions for the ith and jth ports are the same.
The constant Cn is assigned as Cn = 1 if n = 0,
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Fig.1: Layout and stack-up of the test board 1

with 5 vias interconnected two power planes.

All dimensions are in millimeters (mm).
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Fig.2: Layout and stack-up of the test board 2

with 33 vias interconnected two power planes.

All dimensions are in millimeters (mm).
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Fig.3: Side views of the SMA connectors and

interconnecting vias.

and Cn = 2 if n 6= 0, and the constant j =
pÄ1.

The complex transverse wavenumber î is obtained
as î2 = !2ñd"d Ä j2!"dZs=h ; where ñd and "d
are the permeability and permittivity of the dielec-
tric, and Zs represents the surface impedance of the
power/ground conductors. To obtain suéciently
accurate resonance characteristics, both the dielec-
tric and conductor losses must be taken into ac-
count. The dielectric loss naturally appears in the
imaginary part of the dielectric constant "d, while
the conductor loss is incorporated into the surface
impedance Zs of the conductors.

When the original double summation of the
power bus impedance is reduced to the single sum-
mation, an error appears due to the approximation
[4]. It is found that the error can be disregarded for
the transfer impedance (Zij between two ports at
diãerent locations) but has to be considered for the
self input impedance (Zii between two ports at the
same location). A numerical study shows that the
error for the self input impedance is merely propor-
tional to the spacing h between the power/ground
planes and regardless of other board dimensions
and parameters. Moreover, the error appears as an
overestimate on the inductive component and can
be compensated by substracting j!Lh when calcu-
lating the self input impedance Zii using the ex-
pression (1). The numerical åtting suggested that
Lh = 0:139Éh (nH) with h in millimeters.
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(a). With no bypass capacitor
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Via5, P1 to P4, ε r=4.2*(1+j0.02), D via=0.8 mm, Lvia=0.155 nH, LBC=1.4 nH
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(b). With 3 bypass capacitors

Fig.4: Cavity-mode model simulated and mea-

sured jS11j and jS21j for the test board shown

in Fig.1. The number of vias used for intercon-

necting the two power planes is 5. (a) No bypass

capacitor mounted, and (b) 3 bypass capacitors

mounted.

3. Results and Comparisons

A multilayer power bus stack can be treated as
power bus cavities interconnected by vias. The
impedance matrix for each power bus cavity can
be calculated with the aforedescribed cavity-mode
model for the rectangular geometry or a combina-
tion of the cavity-mode model and the segmenta-
tion method for more complicated geometries [5,6].
The interconnect via is commonly modeled as an
inductance [8] with its value given by

Lvia =
ñ0 l

2ô
ln

í
1 +

4 l

ôDvia

ì
(Henries) (2)

where l is the length and Dvia the external diam-
eter of the via. The only diãerence between the
expression (2) and the one in [8] is the unit term
inside the logarithm and it is introduced to avoid
a negative inductance as l is less than (ô=4)Dvia.

The layout and stack-up of the tested boards are
shown in Figs. 1 and 2. The side views of the SMA
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Via33, P2 to P3, ε r=4.2*(1+j0.02), D via=0.8 mm, Lvia=0.155 nH, LBC =1.4 nH

(b). With 3 bypass capacitors

Fig.5: Same as Fig.4 but for the test board

shown in Fig.2.

connectors and the vias interconneting the top and
bottom metal planes are shown in Fig. 3. Both
boards have a PWR-GND-PWR layer stack-up and
the pads for mounting SMT bypass capacitors. The
board 1 contains 5 vias and the board 2 contains
33 vias interconnected the top and bottom power
planes. Since a portion of the vias pass through a
power/ground pair and another portion of the vias
pass through another power/ground pair, the total
via inductance should be the sum of the contribu-
tions from these two portions, each is determined
by the expression (2).

The evaluated via inductance value is Lvia =
0.155 nH for the via diameter Dvia = 0.8 mm. Us-
ing this inductance value, the overall Z-matrix are
derived and calculated in a similar way as being
done in [5]. The overall scattering S-parameters
can easily be obtained from the overall Z-matrix.
In the cavity-mode modeling, the relative com-
plex dielectric constant was assumed to be "d =
4:2É(1:0Äj 0:02) for FR-4 over the frequency range
considered. Each bypass capacitor was modeled by
an ideal capacitor in series with a resistor (ESR)
and an inductor (ESL). The nominal capacitance
used was 0.1 ñF, the parastic resistance was 20 mä,
and the parasitic inductance of the capacitor was
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Via5, P 1 to  P 4, ε r= 4.2*(1+ j0.02), D v ia =  0.8 mm, A= 220 mm, B= 129 mm

Fig.6: Cavity-mode model simulated jS21j for

the test board shown in Fig.1 with diãerent via-

inductance values.

0 500 1000 1500

-40

-20

0

Frequency (MH z)

M
ag

ni
tu

de
 o

f 
 S

21
  (

dB
)

  C alc ulated  L v ia= 0.1 nH
  C alc ulated  L v ia= 0.2 nH 
  C alc ulated  L v ia= 0.4 nH 

Via33, P 2 to  P 3, ε r= 4.2*(1+ j0.02), D v ia =  0. 8 mm, A= 220 m m, B= 129 m m

Fig.7: Same as Fig.6 but for the test board

shown in Fig.2.

taken to be 1.4 nH, including both the contribu-
tions from its connecting vias and traces.

A two-port S-parameter measurement was con-
ducted using HP8753D network analyzer with the
two test boards, for the two cases without any ca-
pacitor and with 3 bypass capacitors mounted on
the boards. The measued and calculated results of
jS11j and jS21j are plotted in Figs. 4 and 5 for the
two test boards, respectively. Good agreement was
achieved for both boards and both the cases with
and without bypass capacitors. The simulated re-
sults of jS21j with diãerent via inductance values
are shown in Figs. 6 and 7 for the two boards.
The results indicate that the via inductance value
and the number of the vias aãect signiåcantly the
frequency response of a via-connected power-bus
stack.

4. Conclusions

Multilayer power-bus stacks have been modeled us-
ing the fast algorithm based on the full cavity-mode

model and an inductance model for the intercon-
necting vias. Good agreement between the mod-
eled results and measurements demonstrated the
eãectiveness and accuracy of the modeling. The
via inductance value was found to be quite impor-
tant for achieving accurate simulation.
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