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FIGURE 11-1. Transient power-supply current (4) without and (B) with a decoupling
capacitor.

When a logic gate switches, a current transient dI occurs in the power
distribution system as shown in Fig. 11-1A. This current transient flows through
both the ground and power traces. The transient current flowing through the
power and ground inductances produces a noise voltage that appears between
the V.. and ground terminals of the logic gate. In addition, the transient current
flowing around a large loop makes an efficient loop antenna.

The magnitude of the power supply voltage transient can be reduced by
decreasing the inductances L, and L., and/or by decreasing the rate of change
of the current (d7/dr) that flows through these inductances. The inductance can
be reduced, but not eliminated, by using power and ground planes or grids, as
discussed in Chapter 10. The loop area and inductance can both be minimized
by supplying the transient current from another source, such as a capacitor or
capacitors, located near the logic gate as shown in Fig. 11-1B. The noise voltage
across the logic gate is then a function of the capacitor C, and the traces
between it and the gate (represented by L,; and L, in Fig. 11-1B). The number
of capacitors, their type, value, and placement with respect to the IC are
important in determining their effectiveness.

Decoupling capacitors, therefore, serve two purposes. First, they provide a
source of charge close to the IC so that when the IC switches, the decoupling
capacitors can supply the required transient currents through a low-impedance
path. If the capacitor cannot supply the required current, then the magnitude of
the voltage bus will dip, and the IC may not function properly. The second
purpose of the decoupling capacitor is to provide a low ac impedance between the
power and ground rails, which effectively shorts out (or at least minimizes)
the noise injected back into the power/ground system by the IC.

11.2 TRANSIENT POWER SUPPLY CURRENTS

Two different power supply transient currents occur when a digital IC switches.
These currents are shown in Fig. 11-2. First, when the logic gate switches from
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FIGURE 11-2. Transient currents produced when a CMOS logic gate switches.

low to high, a transient current I is needed to charge the load capacitance Cr.
This current only occurs in logic gates connected to outputs. The second
current results from the totem pole output structure of the IC, and it occurs on
both the high-to-low and the low-to-high transitiop. Part way through the
switching cycle, both transistors are partially on, which produces a low impe-
dance across the power supply and draws a transient c1_1rrent 1, as shown in
Fig. 11-2. This dynamic internal current occurs even in gates that are not

connected to external loads.

These transient power supply currents are drawn every time the logic circuit
changes state. Which of these two currents predominate depends on the type of
IC. For digital ICs with a lot of input/output (I/O) drivers, such as clock

~ drivers, buffers, or bus controllers, the transient load current /;, will predomi-

nate. For large application-specific integrated circuits (ASIQS), microprocgs-
sors, or other devices with a large amount of internal processing, the dynamic
internal current I, will predominate. The magnitude of these currents can be
estimated by the following means.

3 11.2.1 Transient Load Current

The magnitude of the transient load current can be determiped 'by conside-
ring the effect of the capacitive load C; on the IC, as shown in Fig 11-2. The

 transient current through the load capacitance, during the switching cycle, will

be I; = (C. V..) | t,. For more than one load connected to the IC, multiply Cp
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FIGURE 11-3. Isosceles triangular wave.

by the number of loads n, thus

giving the magnitude of the transient load
current as follows:

nC,V,,
=04 (11-1)
1
where C is the capacitance of one load, n is the number of loads on the IC, W
is the IC supply voltage, and ¢, is the rise time of the output waveform.

A typical complementary metal-oxide semiconductor (CMOS) gate, which acts 3

as a load, has an input capacitance of 7 to 12 pF.

Experience has shown that the waveshape of the transient current pulse can
be approximated by a triangular wave (see Fig. 11-3) with a peak amplitude
determined by Eq. 11-1, and a pulse width equal to twice the rise time t
(Archambeault, 2002 or Radu et al., 1998). This transient load current will
normally only occur on the low-to-high transition because, as was indicated in
Table 10-4, the power supply or decoupling capacitor is the source of the
transient load current only on the low-to-high transition.*

For example, a device operating from a 5-V power supply with a 1-ns rise
time output pulse, driving 10 CMOS loads with 10 pF of input capacitance each
will have a transient I/O current of 500 mA.

11.2.2 Dynamic Internal Current

It is often harder to obtain estim

ates of the shoot-through current than
the transient load current. Many I

C data sheets provide no information on

D S
*The one exception to this is a stri
which case, the decoupling cap
the low-to-high transitions.

pline located adjacent to both a power and ground plane; in
acitor will be the source of the current on both the high-to-low and
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' the transient power supply currents drawn by the IC. Some CMOS device data

ts, however, provide information on the intern_ai power_dissmatlon, by
I 'ci'n the value of an equivalent power dissipation capacitance de. The
- 1d?ssipation capacitance can be thought of as an equivalent internal
0Wer'tamce that can be used to estimate the magnitude of the shoot-through
'Cifraecxit- this approach is similar to the way the load capacitance C; was used to
Cl H

i determine the magnitude of the transient load current. This capacitance is often
e

ecified as so much capacitance per gate. The tota¥ power dissipatijon
A acitance will then be the capacitance per gate Cpq multiplied py the num Ie(;
ca;p ates switching simultaneously (that may be dlfﬁcu]t to determine). Other
ga{ga sheets actually list a value for the dynamic power supply current /.4,
ich is specified in units of A/MHz. ‘
Wh'll?he ma%nitude of the dynamic internal current /, can then be estimated by
using one of the following two equations:

Is= I(cdfO (11—23)
or
1, = "CpaVee (11-2b)
d ‘ ’

: where /.. is the dynamic power supply current, f, is the clock frequency, C,, is

the power dissipation capacitance per gatg, n .is th; number of gates switching,
V.. is the supply voltage, and ¢, is the switching time of the gate. dbea

The waveshape of this dynamic current pulse can also be approximate ); ‘
triangular wave associated with each edge of the clock,_ and. havmlgta tp\:ice
amplitude determined by Eq. 11-2a or 11-2b. The pulse width is eqlllla do <
the rise time 7, (Archambeault, 2002, or Radu et al., 1998). Becaqse t ed )}/11.1akrlnt
internal current occurs on every transition of 'the clock ('low to high an1 . 11g Of
low), the dynamic internal current will contain harmonics that are multiples o
twice the clock frequency.

11.2.3 Fourier Spectrum of the Transient Current

For an isosceles-triangular wave as shown in Fig. 11-3, the amplitude of the
current in the nth harmonic is given by (Jordan, 1985, p. 7-10)

. nnt,) 2
g2 sn(7) (11-3)
B nmt, 2
T

where 7 is the amplitude of the triangular wave, 1, is the rise (fall) time, Tlis [h?o
period, and » is the harmonic number. Figure 11-4 shows a log-log plot o
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FIGURE 11-4. Envelope of Fourier spectrum of an isosceles triangular wave.

the envelope of the harmonics for a wave with a t,/T ratio of 0.1. As can be
observed, above a frequency of 1/x ¢, the harmonics fall off with frequency ata
40 dB per decade rate, and both odd and even harmonics are present.

Table 11-1 lists the percentage of current present in the first six harmonics
versus the ¢,/T ratio. Note that as the rise time becomes faster (smaller ¢,/T), the
percent current in the fundamental decreases, and the current has a slower
falloff with frequency (harmonic number). For a ¢,/T ratio of 0.1 or less, the
fundamental frequency will contain less than 20% of the current.

TABLE 11-1. Percent Current in the First Six Harmonics versus the
t,/T Ratio for an Isosceles-Triangle Waveform.

Harmonic
/T 1 2 3 4 5 6
0.05 10% 10% 9% 9% 8% 7% |
0.1 19% 18% 15% [12% 8% 5%
0.2 35% 23% 10% 2% 0% <1%
0.3 44% 15% 2% 2% 3% <1%
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FIGURE 11-5. The waveshape of the total transient current drawn by an IC.

The 1/nt, frequency will occur at a frequency _equal tp k times the
fundamental frequency, where k (which may be a noninteger) is equal to

(@)

The heavy line in Table 11-1 indicates between which harmonics the 1/ 2,
frequency falls.

11.2.4 Total Transient Current

The total transient current drawn by the IC is the sum of the transient load
current I; and the dynamic internal current 7, Figure 11-5 shows .the
waveshape of the total transient current. The transient load cgrrent spikes
occur at the clock frequency, and the dynamic internal currents spikes occur at
twice the clock frequency. .

Archambeault (2002, pp. 127-129) has demonstrated a good correlation
between measured and predicted V. .-to-ground noise voltage using the current
waveshape shown in Fig. 11-5.

11.3 DECOUPLING CAPACITORS

Effective power supply decoupling has become increasingly more d.ifﬁcglt to
achieve as the result of increasing clock frequencies and faster rise times.
Ineffective decoupling can lead to excessive power bus noise as well as to
excessive radiated emission. . .

Many designers are decoupling digital logic ICs by placing a single 0.1- or
0.01-uF capacitor adjacent to the IC. This method is the same one that has been
used on digital logic ICs for the last 50 years, so it still must be. the correct
approach—right? After all, how much has IC technology changed in the last 50
years? I think it is interesting that this method has worked for as many years as
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it has. No one should be surprised that, possibly, we are now
new gpproach to digital IC decoupling is required.

It 1s important to understand that decoupling is not the process of placin
capacitor adjacent to an IC to supply the transient switching current as showngj:

Fig. 11-6A; rather it is the process of i j
: placing an Z-C network adjacent to -
to supply the transient switching current B All deooi

ling capacitors have inductance in series with them. Therefore, the decoupling

petwork Is a series resonant circuit. As can be observed from Fig. 11-7, tj
inductance comes from three sources, as follows: g

1. The capacitor itself
2. The interconnecting PCB traces and vias
3. The lead frame inside the IC

L/2
VCC VCC
c c
GND GND ~s
IDEAL ACTUAL
A B

FIGURE 11-6. (4) Ideal decoupling network and (B) actual decoupling network.
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to the point that 4

as shown in Fig. 11-6B. All decoup.
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Although Fig. 11-7 is for a dual in-line package (DIP), the total inductance

______ 147
X L=

value is still representative of that obtained with other IC packages. Figure
assumes that the capacitor is placed at one end of the DIP, close to one of the
pins (power or ground), and about an inch away from the other pin.

The internal inductance of a surface mount technology (SMT) capacitor
itself is typically 1-2 nH, the interconnecting PCB traces and vias add 5 to 20
nH or more according to the layout, and the internal lead frame of the IC may
have 3 to 15 nH of inductance according to the type of IC package. The
inductances of the interconnecting PCB traces, however, are usually the only
parameters under the system designer’s control.

It is extremely important therefore to minimize the inductance of the traces
between the IC and the decoupling capacitor. The printed circuit traces should
be as short as possible and should be placed as close together as possible to
minimize their loop area. Notice also from Fig. 11-7 that the decoupling
capacitor contributes the least amount of inductance. Therefore, it is not the
major problem.

From the above, we observe that the total inductance can vary from a low of
about 10 nH to a high of 40 nH. Typically it is in the range of 15 to 30 nH. It is
this inductance that limits the effectiveness of the decoupling network. It is very
important to remember this fact—we are placing an L-C network between the
power and ground, not a capacitor!

Because of this combination of capacitance and inductance, the decoupling
network will, at some frequency, become resonant. At the resonant frequency,
the magnitude of the inductive reactance is equal to the magnitude of the
capacitive reactance and the network is a very low-impedance and an effective
bypass. Above the resonant frequency, the circuit becomes inductive and its
impedance increases with frequency.

The resonant frequency of a series L-C circuit is

(11-5)

Figure 11-8 shows the impedance versus frequency of various decoupling
capacitors when in series with 30 nH of inductance. The top horizontal scale
also shows the equivalent digital logic rise time that corresponds to the
frequency shown on the bottom horizontal scale. The relationship between
rise time and frequency is 7, = 1/ m f.

The point where the capacitive reactance is equal to the inductive reactance
is the resonant frequency of that combination of capacitor and inductor. The
impedance at resonance decreases to a low value (equal to just the series
resistance of the network), because the capacitive reactance cancels the
inductive reactance and leaves only the resistance.

As can be observed in Fig. 11-8, the commonly used 0.1-uF capacitor reso-
nates with 30 nH of inductance at 3 MHz, and a 0.01-uF capacitor resonates
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1) on
at 9 MHz,. which is not impressive in this day of 100+ MHz clocks. Above - 5 —‘g
about 50 MHz, the impedance of the decoupling network is dominated by the 5 -
30 nH of inductance regardless of what value capacitor is used. If a good layout £ § 2
was achieved and the inductance was half of the 30 nH shown in Fig. 11-8, the e )g_, g f;}
resonant frequency would only increase by the v/2, or a factor of 1.41. There- g = g
fore, a 0.1-pF capacitor will resonate at about 4 MHz, and a 0.01-pF capacitor B ___ & é % < 5
will resonate at about 13 MHz when in series with 15 nH of inductance. 4 9 2
Figure 11-8 clearly demonstrates that placing a single capacitor adjacent to an S 8
IC is not an effective way to decouple digital logic at frequencies above 50 MHz, = 3 2
regardless of the capacitor value or placement. Figure 11-8 also shows that for b = =
frequencies less than about 50 MHz, it is possible to tune the decoupling ® S
network, by choosing different value capacitors to place the resonant dip at a =
problem frequency. But this same approach will not work above 50 MHz. 2
Figure 11-9 shows measured values of the V_.-to-ground noise voltage versus 2 ;
frequency on a board using 0.01-uF decoupling capacitors. The measurements et %
were made between the power and ground pins of the IC, with and without S @ N e w N B )
- . L]
decoupling capacitors on the board. In the frequency range of 20 to 70 MHz, (nigp) 3DYLI0A 3SION =

435
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the presence of the decoupling capacitors significantly decreased the magnitude
of the V,.-to-ground noise voltage. However, in the frequency range of 70 ¢,
120 MHz, the noise voltage was the same, with and without the decoup]ing
capacitors, this result indicates that the capacitors were ineffective in thig

frequency range, which confirms the results predicted by Fig. 11-8.

11.4 EFFECTIVE DECOUPLING STRATEGIES

Contamination of the V. bus by clock harmonics that result from ineffec-
tive decoupling can cause signal integrity problems and can be the cause of
excessive radiated emission. Possible solutions to the high-speed decoupling
problem are as follows:

1. Slow down the rise time

2. Decrease the current transient

3. Decrease the inductance in series with the capacitor
4. Use multiple capacitors

The first two approaches listed above go against the advancement in
technology and will not provide a long-term solution to the problem. Decreas-
ing the inductance in series with the decoupling capacitor is desirable and
should always be done, to whatever extent possible; however, this by itself will
not solve the high-speed decoupling problem. Even if the total inductance in
series with the capacitor was somehow reduced to only 1 nH, which is an
unlikely possibility, a decoupling network with a 0.01-pF capacitor would have
a resonant frequency of only 50 MHz. Therefore, it is not possible to move the
resonant frequency of a single capacitor decoupling network up to a frequency
of a few hundred megahertz using any realistic value of capacitance.

Table 11-2 lists the resonant frequency of various values of capacitors when
in series with 5, 10, 15, 20, and 30 nH of inductance.

The conclusion that we can draw from Table 1 1-2, is that in most cases, it is
impossible to raise the resonant frequency of the decoupling L-C network to be
above the clock frequencies commonly used in most digital electronics today,
no less above the frequency of the harmonics. With only 10 nH of inductance, a
1000-pF capacitor will only have a resonant frequency of 50 MHz.

TABLE 11-2. Resonant Frequency (in MHz) of Various Value Capacitors When in
Series With the Listed Value of Inductance.

Capacitor (uF) 5 nH 10 nH 15 nH 20 nH 30 nH
1 2.3 1.6 1.3 1 0.9
0.1 7.1 5 4.1 3.6 3
0.01 22.5 16 13 11 9
0.001 712 50 41 36 30
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At frequencies below the decoupling network resonance, the twogn?’s’i
important considerations are (1) to have sufficient cap?.:cﬁanc_e {(see Eq. 1 1-12)
to provide the required transient current, and (2) to provide an impedance tha} is
Jow enough to short out the noise current generated by.the IC (§ee Section
11.4.5). However, above resonance the most important 001_151d_era110n is to have a
Jlow enough inductance, such that the decoupling network is still a low 1mpe§ance
and shorts out the noise current. Therefore, a decoupling netwo.rk can still be
effective above resonance, if a way can be found to lower its inductance

sufficiently.

11.4.1 Multiple Decoupling Capacitors

No single decoupling capacitor network will provide a low _enough induct.anc.e‘
Therefore, the real solution to the high-frequency decoupling problem lies in
the use of multiple decoupling capacitors. Three approaches have been
proposed. They are as follows:

1. The use of multiple capacitors all of the same value.
2. The use of multiple capacitors of two different values.

3. The use of multiple capacitors of many different values, usually spaced a
decade apart. For example, a 1 puF, 0.1 pF, 0.01 pF, 0.001 puF, 100 pF, etc.

11.4.2 Multiple Capacitors of the Same Value

When a number of identical L-C networks are connected in parallel as shown

in Fig. 11-10, the total capacitance C, becomes
C,=nC, (11-6a)

where C is the capacitance of one of the networks and » is the number of

networks in parallel. A ‘
The total inductance L, of n identical L-C networks in parallel is

(11-6b)

L
Li==
n

]

where L is the inductance of one of the networks. By referring to Eq. 10-8, we
can conclude that Eq. 11-6b will only be correct if the mutual inductance
between the inductances of the individual networks are negligible compared
with their self-inductance. Therefore, the L-C networks must be physically
separated from each other.

Notice from Egs. 11-6a and 11-6b that when identical L-C networks are
paralleled, the capacitance (the good parameter) is multiplied up by the number
of networks, and the inductance (the bad parameter) is divided down by the
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FIGURE 11-10. Three identical L-C networks in parallel.

number of networks. Therefore, the inductance of the network can be reduced to
any desirable value just by using a sufficient number of L-C networks in parallel.

The requirements for effectively paralleling multiple Z-C networks are as
follows:

1. Make all the capacitors the same value; this way they share the current
equally.
2. Each capacitor must feed the IC through a different inductance than the

others. Therefore, they cannot be located together, because of the mutual
inductance that would occur. Spread them out.

Rather than just considering the resonant frequency, a better approach to
analyzing the effectiveness of a decoupling network is to consider the IC as a
noise current generator as shown in Fig. 11-11. The decoupling network can
then be designed to be a low impedance across the frequency band of interest,
to short out the noise current and to prevent it from contaminating the power
bus. A maximum allowable value for the decoupling network impedance, which
is sometimes referred to as a target impedance, can be specified, for example,
100 to 200 mQ, and the impedance of the chosen decoupling network can be
calculated to determine over what frequency range the impedance is less than
the target impedance. See Section 11.4.5 for more information on determining
target impedance.

Figure 11-12 is a plot of the impedance versus frequency for various
numbers (1, 8, 64, 512) of identical L-C networks in parallel. In all cases, the
total capacitance equals 0.1 uF and the inductance in series with each capacitor
is 15 nH.

Although the high-frequency impedance is reduced dramatically by the use
of multiple capacitor networks, the low-frequency impedance is not—only
the frequency of the resonant dips shift. Actually, at low frequencies, where the
single capacitor network was resonant, the impedance is actually higher when
multiple capacitors are used than when only one capacitor is used. This is
because the total capacitance, in this case 0.1 uF, is not large enough to be a low
impedance at these frequencies.

B0 i
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FIGURE 11-11. The IC as a noise current generator.
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FIGURE 11-12. Impedance versus frequency for a decoupling netw.ork consisting of
from 1 to 512 equal-value capacitors when in series with 15 nH of inductance. In all
cases, the total capacitance equals 0.1 pF.

Figure 11-13 is similar to Fig. 11-12, except in this case the multiple
capacitors add up to a fotal capacitance of 1 uF (instead of 0.1 pF). As a
result, the low-frequency impedance is significantly reduced. For the case of 5.12
capacitors, Fig. 11-13 shows that the impedance of the L-C decouphng
network is less than 0.2 Q from 1 MHz to 1000 MHz. With 64 capacxto.rs,
the impedance is less than 0.5 Q from less than 1 MHz to 350 MHz. Notice
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FIGURE 11-13. Impedance versus frequency for a decoupling network consisting of
from 1 to 512 equal-value capacitors when in series with 15 nH of inductance. In all
cases, the total capacitance equals 1.0 pE.

also that the resonant frequency of the decoupling networks in Fig. 11-13 are
lower than the resonant frequency of the networks in Fig. 11-12, but the
decoupling effectiveness is improved (lower impedance over a wider frequency
range). Therefore, the use of a large number of equal value capacitors is an
effective way to provide a low-impedance decoupling network that is effective over

a large ‘ frequency range. This strategy can be very effectively used when
decoupling a large IC.

11.4.3  Multiple Capacitors of Two Different Values

Two different decoupling capacitor values are sometimes recommended,
based on the theory that the large value capacitor will provide effective low-
fr.equency decoupling, and the small value capacitor will provide effective
high-frequency decoupling. If two different capacitor values are used, there will
be two distinct resonant dips as shown in Fig. 11-14, which is goodi
Although the above is true, when capacitors of different values are placed in
para]le.l, a potential problem exists with respect to the parallel resonance
(sometimes referred to as an “antiresonance”) that occurs between the two
networks. Figure 11-14 shows a plot of the impedance of a 0.1-pF capacitor in
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FIGURE 11-14. Impedance versus frequency for a decoupling network consisting of a
0.1 and a 0.01-pF capacitor, both in series with 15 nH of inductance.

parallel with a 0.01-pF capacitor, which both have 15 nH of inductance in series
with them. Figure 11-14 clearly shows the two resonant dips produced by the
two different value capacitors in series with 15 nH of inductance, one at
4.1 MHz and the other at about 13 MHz. Notice, however, that an impedance
spike occurs at about 9 MHz, which is bad. This effect, as described by
Paul (1992), is caused by the parallel, or antiresonance, between the two
networks.

Why this occurs can best be understood by referring to Fig 11-15A, which
shows two L-C decoupling networks with different value capacitors connected
between V. and ground. Assume that C; >> C, and L, = L,. Let f;; be the
frequency where the capacitor C; is resonant with inductor L,, and let f,, be
the frequency where capacitor C, is resonant with inductor L,.

Below the frequency at which either of the networks is resonant (f < f;1),
both networks look capacitive, and the total capacitance is equal to the sum of
the two capacitors, which for all practical purposes is just equal to the large
capacitor. Therefore, the small capacitor has no, or very little, effect on the
performance of the decoupling network.

Above the frequency where both networks are resonant (' > f2), both
networks look inductive and the total inductance is equal to the two inductors
in parallel, or one half the inductance. This improves the decoupling at

frequencies above f;,.
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At a frequency between the resonances of the two networks (1 < f<f2)s
however, the network with the larger capacitor has become inductive, and
the network with the smaller capacitor is still capacitive. The equivalent
circuit of the two networks is therefore a capacitor in parallel with an inductor
as shown in Fig. 11-15B, or a parallel resonant circuit, the impedance of
which is large at resonance, which produces the resonant spike shown in
Fig. 11-14.

The exact shape, amplitude, and location of the parallel resonant peak will
vary as a function of the ratio of the two capacitor values, the equivalent series
resistance (ESR) of the capacitors, and the PCB layout. If the two capacitor
values are within a two-to-one ratio, the amplitude of the resonant peak will be
reduced to an acceptable value, because it will occur in the resonant dip. For
example, even the same nominal value capacitors will have different values,
because of their tolerance. The resonant peak produced between two capacitors

that have a 20%, or even 50%, tolerance will not cause a problem. The major
problem with the antiresonance occurs when the capacitors have values that are

an order of magnitude or more apart.
Therefore, we can conclude that when two different value capacitors are

used in each of the decoupling networks that:

cc
GND

EQUIVALENT
fu<f<fy,
B

CIRCUIT FOR

.%

e e e — e

7 « The small capacitor network will have no effect on the decoupling
performance at frequencies below which the large capacitor network is

apacitors, and (B) the equivalent circuit of A for a frequency f

resonant.
« The decoupling will be improved at frequencies above which both capacitor

networks are resonant, because the inductance will decrease.

= « The decoupling will actually be worse at some frequencies between these
two resonance frequencies, because of the impedance spike caused by the
parallel resonant network, which is bad.

SMALL
CAPACITOR

Il

For example, Bruce Archambeault (2001) provides information on the
decoupling effectiveness for various decoupling strategies by using a network
analyzer to measure the power to ground plane impedance of a test PCB. For
the case of two different value decoupling capacitors, he concludes:

DECOUPLING
NETWORK

There is no noticeable improvement in the high frequency decoupling perfor-
mance when a second capacitor value is added. In fact the decoupling
performance is worse in the frequency range where much of the typical noise

energy exists (50-200 MHz).
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Archambeault’s data show that at some frequencies, between the resonant
frequencies of the two decoupling networks, the noise increased by as much as
25 dB, in the frequency range of 50 to 200 MHz when two different capacitor
values were used, as compared with the results when all the capacitors were of

LARGE
CAPACITOR

the same value.

FIGURES 11-15. (4) Decoupling network with two different value c:

where f,; < f < f,

442
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11.4.4 Multiple Capacitors of Many Different Values

apac:tow of many Aire

sometimes also recommended, based on the theory that the multiple impeda
dips produced by the resonances of the different value capacitors is adva I:ce
geous, because it will provide a low impedance at many frequencies g
F'I<')wever., when decoupling capacitors of many different values.are used
gddltlona] impedance spikes are also produced. Figure 11-16 shows :h,
impedance plot for the case when four different value decoupling capacit ;
are used, all in series with 15 nH of inductance. The solid line plot is for the cgrs
of a O:I-pE, E{O.OI-PF, a 0.001-pF, and a 100-pF capacitor all in parallel Eacs}:
capacitor 15 In series with 15 nH of inductance. As can be observe(i f
resonant dips exist, one for each value of capacitor. However, the antir A
nance al.so produces three resonant spikes in the impedance plot, If some cIeSOI;
harmomcs'should fall on or near the frequency of these spikes' the oweo:
grot_md noise will actually increase. Some people consider this a;’)proagh asrth0
equivalent of playing “Russian Roulette,” because one must hope that none tf:
the c]ogk ha}rmonics fall on or near any of the resonant spikes. Notice also ;
shown in Fig. 11-16, that the amplitude of the resonant peaks increases V\ii?}?
frequency, whereas the impedance of the resonant dips remains the same

100 R e =T T | R PR e I‘W"
ol /
@ - :
u e |
z .
g 1: e
= = 3
g i ] -
= < & l y
- ’ ]
0.1:
0.01 I
— L L)1) L L | J? VPIJ1
1000

100

FREQUENCY (MHz)
(I;IIGSIBI%)IIITMA ‘Impedance versus frequency for a decoupling network consisting of a
il UL, -and a 0.001 pF plus a 100-pF capacitor (solid line), and a network that

consists of four 0.1-uF capacitors (dashed i
. : S ine). For both networks aci I
series with 15 nH of inductance. B

5 Of many ditierent values (typically spaced a decade apart) are
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If, however, instead of four different value capacitors, four 0.1-uF capacitors
had been used, the impedance piot wouid be as shown by the dashed line in
Fig. 11-16. Both plots are for the same number of capacitors. The lower
jmpedance at low frequency is the result of the greater total capacitance
provided by the four parallel 0.1-pF capacitors. The absence of the resonant
spikes is the result of all of the capacitors being of the same value. At
frequencies above 200 MHz, the results are the same for the case of the four
0.1-pF capacitors and the four different value capacitors. This results from the
fact that at these frequencies only the inductance in series with the capacitors
matters, and in both cases four inductances are in parallel. However, below 200
MHz the results are better for the case of the four 0.1-pF capacitors, except at
the few frequencies that correspond to the resonant dips in the multiple-value
capacitor case. Which impedance plot would you rather have for your product?

My preference for effective high-frequency decoupling, therefore, is to use
multiple capacitors, all of the same value. This approach works well and has
fewer pitfalls than either of the schemes using multiple capacitors of different

values.

11.4.5 Target Impedance

To be an effective decoupling network, the impedance of the network must be
kept below some target value over the frequency range of interest. If this can
be accomplished, then the location of the resonant frequency does not matter.
If the target impedance were 200 mQ, then for the case of the 64-capacitor
configuration, which was depicted in Fig. 11-12, the range over which the
impedance would have been below 200 mQ is from about 8 MHz to 130 MHz.

However, using a target impedance that is constant across the frequency
range is overly restrictive and not necessary. From Eq. 11-3 and Fig. 11-4, we
know that the amplitude of the harmonics of a triangular wave fall off at a rate
of 40 dB per decade above a frequency of 1/(m t,). Therefore, the target
impedance can rise above this frequency without increasing the noise voltage. If
the target impedance is allowed to rise at a rate of 20 dB per decade above this
corner frequency (as shown by the solid line in Fig. 11-17), then the noise will
still decrease at a 20 dB per decade rate beyond this frequency. This approach
greatly simplifies the decoupling network design and minimizes the required
number of capacitors.

Using this approach, one can easily estimate the number of decoupling
capacitors needed to provide effective high-frequency decoupling. The mini-
mum number of capacitors » is equal to

2L

_ 117
= (11-7)

n

where L is the inductance in series with each capacitor, Z, is the low-frequency
target impedance, and ¢, is the switching (rise/fall) time of the logic. Using at



446 DIGITAL CIRCUIT POWER DISTRIBUTION
100 T T T T T 1717 g | o/ i T T B o TR I =
10
g :
Ez).l 1 1/t FREQUENCY ]
3 F <
o r
@ E =
g - ]
L TARGET IMPEDANCE .
= B
01 E Rt
- ~
E .. g =
r s ]
L > % o 7z J
| N P ]
| . 7’ T
. 4
N /
0,011 | Lo b poyyppyl s I A L ! ey
10 100 1000
FREQUENCY (MHz)

f;r(l}SU:IE l;—17. Target impefiance (solid line). Impedance of a decoupling network
1sting of 64, 0.01-puF capacitors, each in series with 10 nH of inductance (dashed line)

least this number of capacitors will kee igh- i
decoupling network at or below the targetth&};egclilagceguency mpedance of H8
in ’ll::he klel}i ;o Zn ofptlmum decoupling design is to know what inductance to use
Concgr.ned t.h tsteir' as the power-to-ground noise on the IC chip itself is
: , the tota lpductance (decoupling capacitor, PCB traces, and IC lead
rame) mus.t be considered. However, nothing can be done at the PCB level
about the 1nductanc_e of the IC lead frame. Besides, when we measure t‘;fe
phower.-to-grounq noise on an IC we measure it at the pins of the IC, not at
F e chip. In addition, as far as contaminating the PCB power bus witl’1 noise
it is th.e voltage at the IC-to-PCB interface (i.e., the IC pins) that matt ’
the noise voltage at the chip itself. , i
Therefo.re, the objective of decoupling should be to minimize the V,.-to-
g}ll’ou.nd n01se.voltage at the pins of the IC. To accomplish this, one can necglect
the Jnte}rnal mdu'ctance of the IC. Therefore, we only have to consider the
iicoppllng capacitor inductance and the PCB trace (including via) inductance.
pc(;g mterna.ll 1nductance. of a good SMT capacitor will be 1.5 nH or less. The
'CB trace inductance will be about 10 nH/in, and the inductance of a through-
via on a 0.062-in-thick PCB will be about 0.8 nH. b
o The lqw-frequency target impedance is often determined by considering
¢ magnitude of the total transient current and the allowable variation of the
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supply voltage. Therefore, we can write
kdV
= (11-8)

t_dIa

where dV is the allowable power supply transient voltage variation, dI is the
amplitude of the transient power supply current drawn by the IC, and k is a
correction factor discussed in the next paragraph.

Let us assume that our concern is the V-to-ground noise spikes and their
effect on the operation of the circuit. We can determine from Table 11-1 that no
more than about 50% of the current is contained in the frequencies below the
1/n t, frequency. Therefore, the low-frequency target impedance could be
increased by a factor of two, because the dI used in Eq. 11-8 was the total
transient current. Therefore, in this case we can use k = 2 in Eq. 11-8. This
approach will limit the total noise voltage spike to less than the target
impedance times the total transient current.

For example, consider the case of decoupling a large IC having a rise/fall
time of 2 ns operating from a 5-V supply, where it is desirable to keep the
maximum power supply deviation to no more than 5% of the supply voltage.
Assume also that the total transient current drawn by the IC is 2.5 A. From
Eq. 11-8 with k= 2, we get a low-frequency target impedance of 200 mQ.
Assume that each decoupling capacitor has 10 nH of inductance in series with
it. The target impedance will then be 200 mQ up to the 1/(r t,) frequency, which
for a 2-ns rise time is equal to 159 MHz, above which the target impedance can
be allowed to increase at a 20 dB per decade rate. This target impedance is
shown as the solid line in Fig. 11-17.

From Eq. 11-7 we determine that 50 capacitors would be necessary to meet
the 200-mQ target impedance at 159 MHz. If the lowest frequency of interest
were 2 MHz, the total decoupling capacitance necessary to meet the 200-mQ
target impedance, at 2 MHz, would be 400 nF. Dividing 400 nF by 50, gives
8000 pF for the minimum value of each capacitor. The total capacitance must
also meet the transient current criteria of Eq. 11-12, which in this case it does. If
the designers decide to use 64, 0.01-pF capacitors, the impedance versus
frequency plot will be as shown by the dashed line in Figure 11-17. The
decoupling network will then have an impedance below the target impedance at

all frequencies above 1.3 MHz.

11.4.6 Embedded PCB Capacitance

Taking the concept of using a large number of equal value capacitors to its
limit, one can conclude that the ideal decoupling configuration is an infinite
number of infinitesimal capacitors (i.e., instead of using discrete capacitors, one

should use distributed capacitance).
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Could this result possibly be achieved by taking advantage of the interplane

capacitance between the power and ground planes of a PCB? To be effect;
: Ve

above about 50 MHz, a power-ground plane capacitance of about 1000 pF/in? o

woul.d be required. Standard layer spacings of 0.005 to 0.0
provide capacitances that are 1/5 to 1/10 of this value. ‘
Therefore, if advantage is to be taken of the co
capacitance, then a new PCB structure, that has ad
to be developed. This increase in distributed ca
achieved in one of the following two ways:

10 in, however
3

~concept of distributeq
ditional capacitance needs
pacitance could possibly be

1. Reduce the layer spacing
2. Increase the dielectric constant of the PCB material

11 .4.§.I Effective Decoupling Capacitance Area.
capamtance, however, is not the capacitance of the
pair. Because of the finite velocity of propagation, of
efjfec'tlve interplane capacitance is only the capacitanc
w1th1.n a finite radius r of the IC being decoupled, as s
that is stored in the interplane capacitance farther
moved fast enough to arrive at the IC during the swi

. Thf? velocity of propagation of electromagnetic
given in Eq. 5-14 and is repeated here:

The effective decoupling

total power-ground-plane
electromagnetic energy the
e of an area that is located
hown in Fig. 11-18. Charge
away than this cannot be
tching transient.
energy in a dielectric was

N (11-9)

llllll&

=
-
Ic =
I .
AREA OF EFFECTIVE

INTERPLANE DECOUPLING
CAPACITANCE

PCB

FIGURE 11-18. Area of effective interplane decoupling capacitance.
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b ~ where ¢ is the speed of light (12 in/ns) and &, is the relative dielectric constant of

the material.
The radius of the effective capacitance area is equal to

(11-10)

where r is the radius in inches, 7 is the time required to move the charge in
nanoseconds, and ¢, is the relative dielectric constant of the material. If we want
to move charge on an FR-4 epoxy-glass PCB (¢, = 4.5) in 0.5 ns, then r would
be equal to approximately 3 in.
The effective capacitance of a power-ground-plane pair is
-~ €A,

C i (11-11)
s

where ¢ is the dielectric constant, s is the spacing of the planes, and 4, the
effective area of the planes.

The capacitance is proportional to the effective area (which is determined by
the velocity of propagation and the rise/fall time of the IC), the spacing between
the planes, and the dielectric constant. From Eq. 11-11 we can observe that
decreasing the layer spacing is an effective way of increasing the board’s effective
decoupling capacitance.

However, if the dielectric constant of the PCB material is increased, to
increase the capacitance, Eq. 11-9 tells us that the velocity of propagation will
decrease. Thus, if the dielectric constant is increased, then the radius of the
effective area decreases by the square root of ¢, and the area of the effective
capacitance circle decreases by the square of this, or proportional to e.
Therefore, the area A, decreases proportional to the increase in &. Hence
from Eq. 11-11 we conclude that changing the dielectric constant of the PCB has
no effect on the effective decoupling capacitance, because ¢ increases as much as
the effective area A, decreases.

Therefore, the effective interplane decoupling capacitance remains the same
regardless of the dielectric constant of the PCB material, and the only effective
way to increase the effective capacitance is to place the planes closer together.
Hence, no advantage is gained on a large, high-speed digital logic PCB, by
using exotic (read expensive) high dielectric materials to increase the embed-
ded decoupling capacitance, and the only effective way to increase the effec-
tive decoupling capacitance is to place the power and ground planes closer
together, or to use multiple power and ground planes.*

*In the case of a PCB with an area less than the area of the effective interplane decoupling
capacitance circle, the whole board area will contribute to the effective decoupling capacitance, and
in that case increasing the dielectric constant of the material will increase the decoupling
capacitance. The &, of the high dielectric constant material must be used to calculate the
propagation delay used to determine the radius of the effective decoupling capacitance circle.
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11.4.6.2 Practical Implementation of Embedded Capacitance. In 1989-199¢
Zycon, (Zycon since became Hadco and now is Sanmina), developed a specia
PCB laminate with a 2-mjl spacing between layers using standard FR-4 €poxy
glass as the dielectric. This laminate known as ZBC-2000" provides 500 pF/in?
of interplane capacitance.* By using two sets of power and ground planes made
from this laminate in a PCB, one can obtain the desired 1000 pF/in? of
capacitance.

Although Sanmina (Howard and Lucas, 1992) and Unisys (Sisler, 1991)
have patents on the 2-mil thick embedded capacitance printed circuit boards,
the technology is readily available and multisourced. Sanmina’s trade name for
this technology is Buried Capacitance.” Although this technology has been
available for over 15 years, it is Just now becoming popular. Conversion to ap
embedded capacitance PCB is simple, because no new artwork is required. Only
the layer stackup is changed. It is therefore Very easy to try out this technology
by having two sets of prototype boards made, one the standard way and the
second using the Buried Capacitance” layers, and then the performance of
the two can be directly compared. The most common layer stackup is shown i
Fig. 11-19.

Other layer stackups are also possible using the embedded capacitance
approach, as discussed in Section 16.4.2. Because of the use of two power-
ground-plane pairs, a four-layer board becomes a six-layer board, and a six-
layer board becomes an eight-layer board when embedded capacitance is used.
Although the ZBC-2000" laminate is slightly more expensive that standard

COMPONENTS

SIGNALS :' = O00 o l »

POWER PLANE
GROUND PLANE

SIGNALS

SIGNALS

GROUND PLANE
POWER PLANE Y

SIGNALS

“ EMBEDDED CAPACITANCE LAYERS
FIGURE 11-19. Stackup of a typical embedded capacitance printed circuit board.

e TS
*ZBC-2000 is a registered trademark of Sanmina-SCI, San Jose, CA.
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PCB laminate, the primary cost increase comes from having to print the two
ers. ‘
eXt? ll)l(l‘jeBlliéO shows the V,,-to-ground noise voltage frqm 1 to 9200 g/[lc-)lj ZE
n ellibedded capacitance PCB using the stackup of F% 11(;1th ;tnhas e
atherwise identical standard (nonembedded capamtange) oar s
b ower and one ground plane (Sisler, 1991). Comparing the t\/\(lio p owin ai
(1"11621(3) shows that the embedded capacitance board has mugl re lilscee g
1 i rable noise ¢
ies above 30 MHz and virtually no measu .
ﬂére%%infﬁzsdata shown in Fig. 11-20, the standard board had 135 dec(;)lip:)lilng_
aZc.itors on it, whereas the embedded capamtance board haﬁl{ n(;) Coeu . rI:g
;{aI; capacitors on it. Both boards contained the same bu ecoup
in !

i Section 11.8) .
Cael?lcl::at(()izo(sgin; however, was worse on the embedded .capac}itance llatoirfdt 1211;
i , 3 i 20 MHz. This is the resu

below 30 MHz, in particular at . _ :
fre%l;filzicelssca:acitance board not having sufficient total capac1tancg to llzc: effle;:_tllvze
zelrtnthese low frequencies. This result is similar to that shown in 1% impe:
here increasing the number of capacitors reduced the hlgh—frequerfl y e
:ivance of the power distribution network but did not redu.csz thel low-a z;etznce Y
impedance. To reduce the low-frequency impedance, add;i;tli);la cap
' i i 1-12 an -13.
i nstrated by comparing Flgs: 1 o
reqll;z)rre (it?es S;;:loshown in Fig. 11-20B, adding back four Aof the orggmacl1 1312
decoupling capacitors (thereby increasing the tota! capamtanze) re hl;ctei ! the
low-frgquency noise voltage on the embedded capacitance board to w
on the standard board. . e
bedded capacitance p
t measurements, by others, on em [ .
circsl?itt)slf(?;:(?s have shown them to provide effecuye decouplmg at fr;qug(x)l:;gs
as high as 5 GHz, with few or no discrete decoupling capacitors on the ,
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I'am not aware of anyone who has made measurements above S GHz, but therg
is no reason to suspect that embedded capacitance approach would not pe
effective at frequencies even greater than this.

Embedded capacitance boards have other advantages also. The power ang
ground plane inductances are significantly reduced because of the close Spacing
of the planes, as well as because of the use of multiple power and ground planes.
Resonance problems are also minimized because the embedded capacitance
power/ground plane sandwich tends to be a low-Q structure, as a result of itg
low L/C ratio (see Eq. 10-3). In addition, by removing 90% or more of the
decoupling capacitors and their associated vias, board routing is greatly
simplified, and in many cases the board can be reduced in size. Also, in Some
applications, the removal of most of the discrete decoupling capacitors cap
eliminate the need for surface mounting components on both sides of the
board.

Embedded capacitance boards tend to have similar power-to-ground noise
voltages at all locations on the board, whereas standard boards, which use
discrete decoupling capacitors, have power-to-ground noise voltages that are
dependent on the location where the measurement is taken.

I'am convinced that in the future, some form of embedded capacitance
printed circuit boards will become the standard in the industry, because they
provide a simple, effective way to provide high-frequency power supply
decoupling using a minimum number of discrete capacitors. This transition
to the common use of embedded capacitance may be accelerated when the
Sanmina and Unisys patents expire in a few years. Theoretically, distributed
capacitance decoupling becomes more effective as the frequency is increased,
whereas discrete capacitor decoupling networks become less effective as
frequency is increased.

11.4.7 Power Supply Isolation

The only true solution to the high-frequency decoupling problem is the use of a
multiplicity of capacitors either discrete or embedded into the PCB.

Another approach, although it does not solve the fundamental decoupling
problem, can and has been used to minimize the detrimental side effects of poor
decoupling. The objective is to prevent the noisy power plane, which is the
result of ineffective decoupling, from contaminating the rest of the PCB.

This objective can be accomplished by isolating, or segmenting, the noisy
portion of the power plane from the rest of the PCB’s power plane, and by
feeding power to the isolated plane through a n-filter, as shown in Fig. 11-21.
Note that only the power plane is split, not the ground plane. This approach
does not reduce the noise or improve the decoupling effectiveness on the
isolated power plane, but it prevents this noise from contaminating the main
power plane.

This approach is most effective when only a small number of circuits operate
at high frequencies. The high-frequency circuit, or circuits, are then isolated
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FIGURE 11-21. Filter used to feed power to an isolated power plane.

e

FERRITE BEAD

-0

z
Sl

ISOLATED POWER
PLANE

MAIN POWER PLANE

el

SOLID GROUND PLANE
FIGURE 11-22. Example of an isolated power plane.

from the remainder of the circuits and powered from an isolatod rt)}o:ve;nﬁlyar::eh?;
i i ssor is
in Fig. 11-22. For example, if a microproce _
Zh?;ﬁir;g ati high clock frequency, then the microprocessor and its clocll;
o?ci]lator might be powered from the isolated por(vczir _planef. Argc;g;errez:ir:ger
i d clock drivers fro
be to segregate the clock oscﬂlator an ’ ¢ ren
‘:tf)turlléicifcu(;trygan%i power them from an isolated power plane. Multiple isolated
1 i its.
lanes could also be used for d1fferen_t circui
PO‘;‘;—;uI;eaI;flf_B shows the V .to-ground noise voltage, from 20 to 120 1;/1“;102;
on a PCB with an isolated plane powering the microprocessor and its osci 1ated
circuit. Figure 11-23A shows the V.-to-ground noise voltage on t}f lsIo ato
plane 'that powers the microprocessor, and Fig. ”._23B ;l;l(()\wivé (::bse;;e -
ground noise voltage on the main power p}ane. Irr Fig. 11- ; ; s K vl
large amount of clock noise resulting from ineffective decoup mgho g
processor. Comparing Figs. 11-23A and 11-23B, we observe that
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VOLTAGE (10 dB/div)

FREQUENCY (MHz)
ISOLATED POWER PLANE

A B

FREQUENCY (MHz)
MAIN POWER PLANE

FIGURE 11-23. V,.-to-ground noise voltage from 20 to 120 MHz on (A4) an isolated
power plane, and (B) on the main power plane.

noise on the main ¥, plane is virtually eliminated above 60 MHz, and it is
much-reduced below 60 MHz when compared with the noise on the isolated
power plane.

Note that when this approach is used, no signal traces can cross over the split
in the power plane, on an adjacent layer, as this would interrupt the return
current path as discussed in Section 16.3. All signal traces connecting to the ICs
powered from the isolated plane must be routed on layers adjacent to a solid
plane (power or ground). Therefore, this approach has routing restrictions,
whereas the distributed capacitance approach discussed previously performs
better and actually simplifies routing as the result of the eliminated capacitors
and their associated vias.

The isolated power plane approach is sometimes implemented by printing
the isolated plane on one of the signal layers, instead of splitting the actual
power plane. In this case, the isolated power plane is often referred to as
a power island or “power puddle.” The results are the same with either the split
power plane or the power island approach.

11.5 THE EFFECT OF DECOUPLING ON RADIATED EMISSIONS

The transient power supply currents drawn when digital logic ICs switch
produce radiated emissions by the following three different mechanisms:

1. The transient power supply currents flowing around the loop between the
IC and the decoupling capacitor will cause the loop to radiate.

2. The transient power supply currents flowing through the impedance
of the ground will produce a ground noise voltage that will excite any
cables connected to the system, which causes them to radiate.

R
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3. The V,-to-ground noise voltage couples, via the power bus, .to otherblle
. (e.g., 1/O drivers) and eventually ends up on power and signal cables,
which causes them to radiate.

ffective decoupling can minimize all three of the above nfadiation mechar_lisr_ns.
3 Figure 11-24A shows an IC and its decoupling capacitor C;. The rad1e.1t1<()in
from the decoupling loop is proportional to the loop area times thg magn}ituI Ce
rfo the current in the loop (see Eq. 12-2). The closer the capacitor is to the
: diation.
he smaller the loop area, the less the ra
an(;nt a?idition the transient power supply current also produces a volltage ;irop
in the ground, which is shown as ¥, in Fig. 11-24A. Thls ground noise vo taﬁe
1vleill excite any cables connected to the system, whxcczih causc;s .corsnmt?:r;nllg 2e
i in Fig. 12-2 and discussed in Sec 2.
jation from the cables as shown in Fig. 1 Iin Sec
radlfil;fre 11-24B shows the same IC as in Fig. 11-24A, b}lt this time it ha}: tyz/jo
identical decoupling capacitors C; and C,; one capalqtor 1sllocateg (;Ii :a]i) ' ;ieg
i value an
he IC. Because the two capacitors are equal in vz
Ofn:nfetrically with respect to the IC, they will each pr'0v¥de half of the currle;nt
4 uired by the IC when it switches. Therefore, the radiation from the loop t ;1
f:zcllltains capacitor C; will be cut in half, or reduced by 6 dB..The current in (ti .e;
loop that contains C, will contain the other half of the transient current, and 1

will also produce an equal amount of radiation.
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FIGURE 11-24. Current in the IC to decoupling cap_acitor loo_p, for the case of (A) one
decoupling capacitor, and (B) two identical decoupling capacitors.



