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Correlated Effects of Decoupling Capacitors and Vias Loaded
in the PCB Power-Bus
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Abstract

This paper investigates how the PCB power-bus sturcture's characteristics are influenced by the loading of
decoupling capacitors in conjunction to other lumped elements including vias. The fields and impedance profiles are
rigously evaluated and analyzed on various cases loaded with the above components and their effects will be given
to bring better PCB EMC countermeasurs.

2

12

£ =R APAAL ANNE FEUL EUD & 5 2AEF WA 2 4% PCB power-buse]

HIAE %S duEn. 349 PCB EMC HE Fuldte Y@LE B3 PCB power-bus Thgst 90
el Axbgst dodart dEsA A= A3 £H o] o]H Ak
Key words : PCB Level EMC, PCB Power-Bus, Decoupling Capacitors, Vias, Field Calculation
1. Introduction To take some steps against the resonance, its precise
prediction is prerequisite with rigorous analyses of the
Communication systems today are typically equipped power-bus structures without any approximationm’m.
with stacked PCBs with ascending operating frequency Based upon the results, it needs examining that placing
and complexity in their architecture. The more densely local elements on the power plane and ground affects
each of the layers is populated, the more care needs the initial resonances® . As the local components,
taking of to avoid unwanted EMIs. In particular, when decoupling capacitor(DeCap)s are commonly used to
it comes to the digital functions together with the ana- circumvent the resonance. However, in a significant
log ones for one circuit, a couple of layeres are assi- number of cases, this is not that effective due to the
gned as power supply planes like DC power-bus and disturbance of other surface mounting elements or vias.
ground, and they form cavity-type parallel plates that This paper suggests the full-wave based calculation
will possibly leave the system with spurious resonances of the DC power-bus loaded with DeCaps along with
as in area-fillst" ™1 vias in the same structure. Besides the electromagnetic
T2 d7e AYAdE, #3097 297k A QRAdSy Zgndoid g Ade] A% AP,
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Fig. 1. DC power bus moedelled as parallel-planes.

fields and impedance profiles, the correlated influence
of the DeCaps and other lumped elements loaded in the

structure are given.
II. Theory

The PCB typically holds drivers, traces and receivers.
Also, multiple PCBs are stacked, following the design
rule to assure required EMC properties. They are co-
nnected through vias or isolated between digital and
analog functions. Most of them can be considered para-
llel plates without loss of accuracy in electromagnetic
modeling. Particularly, the DC power supply plane and
its ground are a good example of parallel planes. In Fig.
1, such a structure is illustrated with W by W, by W,
in size.

Using the feeding probe denoted as (Xi, Vo), the
current is given and works as the DC supply. The point
of field excitation is assumed to coincide with that of
the observation at (Xp, Yo). The intermediate region bet-
ween the metal planes corresponds to the PCB’s sub-
strate and 4.2 and 0.02 are each chosen as its relative
dielectric constant and loss tangent, which is confined
within the magnetic-walls. Outside the planes, air is
assumed as the medium. The electromagnetic field(E,)
is expressed as well-known as in (2] and can be con-
verted to the voltage or interpreted as the impedance
with no difficulty. Particularly, the impedance is given

as follows.

Xy, Yyl X, ¥
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= ”;Z.:O goymn' Cmn(X()’ YD) * Cmn(Xf’ Yf) : VI/Z
/[ len/Q+i{ew— (B, + ) (op)}] - (W, W)]
(1)

where

CunlX, 1) = cos{kmX) + cos(k;n?)
km=m ! Wy km=n7nlW, ©=21f
Q=Itand + {20 w po x W)™
Omn={(ken +hon') /(€ 1) }*
Gmn=CoX OmlQ

18 1 and 4 for (m=0, n=0) and (m =0, n = 0) each.
With (m =0, n=0) or (m=0, n=0), pm, is 2. tan &, €,
i, f and j denote loss-tangent, permittivity, per-
meability, frequency and v —1, respectively. Eqn. (1)
itself does not have terms to consider Ny, loads with the
equivalent lump elements(Z;,) of which can be simply

expressed as a series equivalent circuit
ZLu=RLu + j(a)LLu_l/(wcLu)) (2)

In order for the loading effect to be included, the

following- matrices can be used

[ VO ]:[ ZOO [Z().Lu(j)] ] . [ 10
[ Vi ] (Z1un.0ol (27550, 1un)

[ILu(J')]
)
And
(Vi =—12%%, Lup) * Urup] @)
with '
250 1w =Z1w 2%, Lt =0
Zo = Z(X s Yo | Xrao» Y i)
Zo, taty = Z(Xos Yo, Xratiys Yraun)+ Zraci,o
= Z( X s Yiwen | Xoo Yo)
These are manipulated as
ZoZoo = Zy, Lucn] - ([ Z 700, o]
HIZ%0.0ao) 1 L2 140 ©)

which is the generalized input impedance. The gene-
ralized trans impedance can be obtained in a similar
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manner. If a DeCap is placed in the structure for
damping the resonance, its values will be substituted for
2).

On account of its denominator’s zeroes, the impe-
dance profile in the frequency range shows a spiky
behavior as resonance. The resonance points are deter-
mined depending on size-related modes, substance and
frequency. What is intriguing with the resonance is
attributed to the emiited radiation, ground bounce,
Delta-I noise, etc that end up with EMIs. Researches
have seen the mounted elements on either or both of the
parallel planes can change the resonance characteristics.
Many such activities have followed the mounting of
decoupling capacitors to lower the impedance’s increase
due to the stacked PCB’s inductive loop behavior. In
addition, other local elements such vias are forced to
exist together with the decoupling capacitors in the
same power-bus. Since it is easy to guess that they
affect each other and the overall resonance characte-
ristcis, both of them need considering for one geometry.
In Fig, 1, the placement assigns a via and a decoupling
capacitor at (Xp, Yp) and (Xv, Yy), respectively. These
lumped elements’ influences are reflected in the field

calculation as is in [3].

1. Numerical Results

Before starting to examine the characteristics of a
variety of loads, we need to state the following. The
number, positions, distribution, equivalent circuit values
Ry Ly and Cpr) and combination of DeCaps are
varied, and the thickness, dielectric constant and loss
tangent are changed to quickly see the electromagnetic
behaviors of the power-bus. And this is followed by the
experiment that includes vias. All the cases go with the
observation point (X=144.4 mm, Y=100 mm) and the
feed point at (Xo=44.4 mm, Y5=50 mm). The power-bus
size amouns to (W,=200 mm, W,=150 mm, W=1.5
mm).

Firstly, we investigate the impedance of the power-

() (b)
Fig. 2. 4 and 16 DeCaps evenly placed in the DC
power bus.

bus when we change the number, distribution and
positions of DeCaps. Four cases are dealt with, where
4, 16, 25 and 36 DeCaps are evenly distributed in the
power-bus. They look like sqaure matrices of DeCaps’
positions. The 4 and 16 DeCaps are placed as follows.
For evaluating the impedance between (Xo, o) and (X,
Y), all the DeCaps are given 7.3 nF as capacitance, 0.5
nH as ESL, and 85 m& as ESR which is comme-
rcially available. Now we compare how the 4, 16, 25
and 36 DeCaps affect the impedance(Fig. 3).

Seeing Fig. 2, it is obvious the more DeCaps are
placed in the power-bus, the wider becomes the reso-
nance-suppressed regime. Particularly, from the use of
16 DeCaps, the impedance can be lowered by over 40
dB at 500 MHz with respect to the 4 DeCap-case.
Next, we are dealing with the rectangular matirces of
DeCap positions. Example 1 is to compare 2-by-4 and
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Fig. 3. Impedance for the 4 16, 25 and 36 DeCap
placement.
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Fig. 5. Impedance of the 2-by-4 and 4-by-2 rectan-
gularly placed DeCaps.

4-by-2 rectangular distribution. Each of them has 8
DeCaps in a total. The following shows the illustration
of these two ways of placement.

When the impedance is calculated, all the DeCaps
are assumed the same as those of Fig. 3.

Example 1 results in not much difference between
the two cases, since the density of population is close
to each other. However, the 4-by-2 case is superior to
the other in noise-suppression around 500 MHz, be-
cause DeCaps are in the vicinity of both the two ports.
Similary, in Example 2, 12 DeCaps are laid in two
distribution cases as 4-by-3 and 6-by-2. They are illus-
trated as follows.

Solving Example 2 on the rectangular matrix of
placement, the DeCaps are identical with Fig.s 3 and 5.

Fig. 7 tells us that both the cases have a similar
tendency in the higher frequency regime over 600 MHz.

However, the 6-by-2 case shows superiority in lowering
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Fig. 6. 4-by-3 and 6-by-2 rectangularly placed DeCaps.
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Fig. 7. Impedance of the 4-by-3 and 6-by-2 rectan-
gularly placed DeCaps.

the impedance at less than 600 MHz, to the 4-by-3
case, since the ports of the former case are closer to
their adjacent DeCaps, compared to the latter.

Secondly, the combinations of different DeCaps are
studied with a fixed square matrix of placement. The
2-by-2 case is mentioned again and 4 positions are
marked with numbers as follows.

Two types of DeCaps are used. DeCap 1 has 7.3 nF
as capacitance, 0.5 nH as ESL, and 85 m& as ESR.

x

Fig. 8. 4 DeCaps in a 2-by-2 square matrix of place-
ment.
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Fig. 9. Impedance of 4 combinations of DeCaps 1
and 2.

DeCap 2 is given 10 nF as capacitance, 0.82 nH as
ESL, and 120 m & as ESR. 4 cases of combinations are
considered as ‘DeCap 1 for all the positions’, ‘DeCap
2 for #1 and DeCap 1 for #2, #3 and #4°, ‘DeCap 2for
#4 and DeCap 1 for #1, #2 and #3°, and ‘DeCap 2 for
#2 and #3 and DeCap | for #1 and #4°.

According to Fig. 9, all the combinations there result
in similarity, since there is no change in the spatial
relationship between the 4 positions and ports, without
regard to the two different kinds of DeCaps. It is
noteworthy that using DeCaps of type 1 can be more
effective than the mixture of the two kinds in this

experiment.
10
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Fig. 10. Impedance of the power-bus loaded with 4
DeCaps with changed capacitance, but with
unchanged ESL and ESR.
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Fig. 11. Impedance of the power-bus loaded with 4
DeCaps with changed ESL, but with un-
changed capacitance and ESR.

Thirdly, we are varying the capacitance of DeCaps.
The DeCaps are distributed as Fig. 8 for the sake of
convenience. The ESL and ESR remain unchanged as
0.5 nH and 85 m&, respectively.

The major variation is seen in the region less than
500 MHz, because the capacitance ranges far greater
than pF. As the capacitance rtises, the dip in the lower
frequency area moves toward the DC point.

Fourthly, we are changing the ESL of DeCaps from
0.4 nH through 15 nH. The the capacitance and ESR
remain unchanged as 7.3 nF and 85 mQ, respectively.

Different from Fig. 10, the rise in the ESL influences
the impedance more seriously. The increasing ESL mo-
ves the dip point down in the lower frequency region,
for the dip is equivalent to the admittance’s resonance.
And the admittance can be affected by inductance with
higher sensitivity for this cavity structure.

Fifthly, with the capacitance and ESL of DeCaps
constant as 7.3 nF and 0.5 nH respectively, the ESR
changes from 55 m& through 104 mQ.

As is clearly seen, the change in the ESR can not
cause the shift of the resonance points. Especially, as
the ESR les in m&, all the results of Fig. 12 look
quite similar.

Sixthly, we are presenting the impedance of the

unloaded structure in accordance with the change in the
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Fig. 12. Impedance of the power-bus loaded with 4
DeCaps with changed ESR, but with un-
changed capacitance and ESL.
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Fig. 13. Impedance of the unloaded power-bus with 4
cases of substrates.

dielectric constant and loss tangent of the substrate. We
have chosen four substrates that are practically used.
Case 1 is the substrate that has been used from begi-
nning in this paper. Cases 2, 3, and 4 are Teflon,
Alumina and Silicon, respectively.

All the substrates are 1.5 mm thick. As was expec-
ted, the increasing dielectric constant of the substrate
tends to make the cavity electrically larger and lead to
more cavity resonance points.

Seventhly, the thickness of the unloaded structure’s
substrate is changed. Cases 1, 2, 3, and 4 have 1.5 mm,
2.0 mm, 2.5 mm and 3.0 mm.

Lastly, the structure is dealt with for 4 different
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Fig. 14. Impedance of the unloaded power-bus with 4
cases of thickness.
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Fig. 15. Input impedance of the power bus with and
without loading of the DeCap and the via.

loading conditions. The cases are of no loading, only 1
DeCap, 1 via, and 1 DeCap and 1 via.,, with (X¢=0,
¥=0), and 1 via at (Xy=100 mm, ¥,=75 mm) and 1
DeCap at (Xp=200 mm, Yp=75 mm) are used. The
DeCap has Cp=47 pF with Rp=52 Ohms and L,=3.8
nH Similarly, the value of the via is given as Ly=1.097
nH as can be done in [5].

As case 1 goes with neither vias nor DeCaps, it
shows its original resonance modes. With only the De-
Cap loaded, case 2 sees the successful damping of (I,
0)-mode. It is a matter of course that the other reso-
nance modes at higher frequencies undergo slight ch-
anges. In case 3, a via centered at the planes shifts (2,
0) and (0, 2) modes and results in no intended damping,



Correlated Effects of Decoupling Capacitors and Vias Loaded in the PCB Power-Bus

I

JE4)

002 004 006 008 010 g1z 0.14 018 0.8

X-directionfm]

Fig. 16. E. over the DC power bus with the DeCap
(Inset: without the DeCap).

but causes an additional resonance around 120 MHz
which is believed to be a critical noise. This via still
brings that extra resonance with (1, 0) resonance mode
damped by the DeCap in case 4. These noises could
stem from added inductance. As of now, we’ll take a
gander at the field distribution(E;) over the DC
power-bus, for it will make things clear. Primarily, E,
is plotted with and without the DeCap at 376 MHz of
(1, 0)-mode.

Without any loading except for the feed, E, is form-

JE,)

2 ;T
005 008 010 012 gis o1g

X-direcljon[m]

Fig. 17. E; over the DC power bus with the DeCap
and the via.

ed satisfying (1, 0)-resonance mode condition where
along the edges one half wavelength and zero variation
of £, are seen along the x and y-directions, respectively.
And the intensity of E; is of significance. Applying the
DeCap to it, the damping occurs and is quite effective,
since most of the plane area comes to have reduced
intensity. Secondarily, the via is added to the DeCap.
The location is the center of the planes and the si-
mulation is performed at 376 MHz as before.

Obviously, the DeCap dominantly lowers the inten-
sity of E. in both the cases. And note the via at the
center plays an important role in reducing more of the
resonance, while the E. has not changed a bit right at
the feeding point. Going through the macro-model pole
extraction, it is found out that below (1, 0)-mode fre-
quency, the DeCap loaded case has no complex poles
with - 14,952 and -5.19x10° (like LPF), while the
addition of via results in the poles at —4.32><106ij
0.184x10° with j=v —1(like BPF). At this point, one
must bear in mind that if the via is placed near a null
of E; that is primarily damped by the DeCap correlated
effects of damping can be achieved.

IV. Conclusion

Considering the EMI-causing resonance related to the
DC power-bus modelled as cavity-type parallel planes,
the structure’s field and impedance are rigorously eva-
luated. Based upon this prediction method, positions and
values of DeCaps are tried in the power-bus to damp
the undesirably high impedance with resonance. This
can lead to success in suppressing the specific reso-
nance. Particularly, this paper enlightens the way De-
Caps can be affected by other lumped elements like vias
and other physical input-parameters in a variety of
manners for coping with better PCB EMC counter-
measures. And their LPF and BPF behaviors have been
mentioned in terms of pole extraction,
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