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Decoupling Capacitors for Multi-Voltage
Power Distribution Systems

Power dissipation has become a critical design issue in high performance
microprocessors as well as battery powered and wireless electronics,
multimedia and digital signal processors, and high speed networking.
The most effective way to reduce power consumption is to lower the
supply voltage. Reducing the supply voltage, however, increases the
circuit delay [295], [297], [330]. The increased delay can be compensated
by changing the critical paths with behavioral transformations such
as parallelization or pipelining [331]. The resulting circuit consumes
less power while satisfying global throughput constraints at the cost of
increased circuit area.

Recently, the use of multiple on-chip supply voltages has become
common practice [310]. This strategy has the advantage of permitting
modules along the critical paths to operate with the highest available
voltage level (in order to satisfy target timing constraints) while per-
mitting modules along the non-critical paths to use a lower voltage
(thereby reducing the energy consumption). A multi-voltage scheme
lowers the speed of those circuits operating at a lower power supply
voltage without affecting the overall frequency, thereby reducing power
without decreasing the system frequency. In this manner, the energy
consumption is decreased without affecting circuit speed. This scheme
results in a smaller area as compared to parallel architectures. The
problem of using multiple supply voltages for reducing the power re-
quirements has been investigated in the area of high level synthesis
for low power [306], [327]. While it is possible to provide many sup-
ply voltages, in practice such a scenario is expensive. Practically, the
availability of a small number of voltage supplies (two or three) is rea-
sonable, as discussed in Chapter 14.
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The design of the power distribution system has become an increas-
ingly difficult challenge in modern CMOS circuits [28]. As CMOS tech-
nologies are scaled, the power supply voltage is lowered. As clock rates
rise and more functions are integrated on-chip, the power consumed has
greatly increased. Assuming that only a small per cent of the power sup-
ply voltage (about 10%) is permitted as ripple voltage (noise), a target
impedance for an example power distribution system is [107]

Vaa x ¢ 1.8 volts x 10%
Ztarget = Ii =

~ 0.002 oh 16.1
100 ampers 0.002 ohms, (16.1)

where Vyq is the power supply voltage, { is the allowed ripple voltage,
and [ is the current. With general scaling theory [286], the current I is
increasing and the power supply voltage is decreasing. The impedance
of a power distribution system should therefore be decreased to satisfy
power noise constraints. The target impedance of a power distribution
system is falling at an alarming rate, a factor of five per computer gen-
eration [332]. The target impedance must be satisfied not only at DC,
but also at all frequencies where current transients exist [134]. Sev-
eral major components of a power delivery system are used to satisfy
a target impedance over a broad frequency range. A voltage regulator
module is effective up to about 1kHz. Bulk capacitors supply current
and maintain a low power distribution system impedance from 1 kHz to
1 MHz. High frequency ceramic capacitors maintain the power distrib-
ution system impedance from 1 MHz to several hundred MHz. On-chip
decoupling capacitors can be effective above 100 MHz.

By introducing a second power supply, the power supplies are cou-
pled through a decoupling capacitor effectively placed between the two
power supply networks. Assuming a power delivery system with dual
power supplies and only a small per cent of the power supply voltage
is permitted as ripple voltage (noise), the following inequality for the
magnitude of a voltage transfer function Ky should be satisfied,

V.
Iy | < X0 (16.2)

Vaaz
where Vyq1 is a lower voltage power supply, x is the allowed ripple
voltage on a lower voltage power supply, and Viqo is a higher voltage
power supply. Since the higher voltage power supply is applied to the
high speed paths, as for example a clock distribution network, Vg4
can be noisy. To guarantee that noise from the higher voltage supply
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does not affect the quiet power supply, (16.2) should be satisfied. For
typical values of the power supply voltages and allowed ripple voltage
for a CMOS 0.18 pm technology, | Ky | is chosen to be less than or equal
to 0.1 to effectively decouple a noisy power supply from a quiet power
supply.

The design of a power distribution system with multiple supply volt-
ages is the primary focus of this chapter. The influence of a second sup-
ply voltage on a system of decoupling capacitors is investigated. Noise
coupling among multiple power distribution systems is also discussed
in this chapter. A criterion for producing an overshoot-free voltage re-
sponse is determined. It is shown that to satisfy a target specification in
order to decouple multiple power supplies, it is necessary to maintain
the magnitude of the voltage transfer function below 0.1. In certain
cases, it is difficult to satisfy this criterion over the entire range of
operating frequencies. In such a scenario, the frequency range of an
overshoot-free voltage response can be traded off with the magnitude
of the response [26]. Case studies are also presented in the chapter
to quantitatively illustrate this methodology for designing a system of
decoupling capacitors.

The chapter is organized as follows. The impedance of a power dis-
tribution system with multiple supply voltages is described in Sec-
tion 16.1. A case study of the dependence of the impedance on the
power distribution system parameters is presented in Section 16.2. The
voltage transfer function of a power distribution system with multiple
supply voltages is discussed in Section 16.3. Case studies examining
the dependence of the magnitude of the voltage transfer function on
the parameters of the power distribution system are illustrated in Sec-
tion 16.4. Some specific conclusions are summarized in Section 16.5.

16.1 Impedance of a power distribution system

The impedance of a power distribution network is an important issue in
modern high performance ICs such as microprocessors. The impedance
should be maintained below a target level to guarantee the power and
signal integrity of a system, as described in Chapter 5. The impedance
of a power distribution system with multiple power supplies is described
in Section 16.1.1. The antiresonance of capacitors connected in parallel
is addressed in Section 16.1.2. The dependence of the impedance on
the power distribution system is investigated in Section 16.1.3.
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16.1.1 Impedance of a power distribution system

A model of the impedance of a power distribution system with two
supply voltages is shown in Fig. 16.1. The impedance seen from the load
of the power supply Vyq1 is illustrated. The model of the impedance is
applicable for the load of the power supply Vaqo if Z1 is substituted for
Zy. The impedance of the power distribution system shown in Fig. 16.1

can be modeled as
R AVAVE VA

7 = .
1+ Zio+ Zs

(16.3)

ZlQ

: [z |

s .

¢

Fig. 16.1. Impedance of power distribution system with two supply voltages seen
from the load of the power supply Vaai.

Decoupling capacitors have traditionally been modeled as a series
RLC network [132]. A schematic representation of a power distribu-
tion network with two supply voltages and the decoupling capacitors
represented by RLC' series networks is shown in Fig. 16.2.

In this case, the impedance of the power distribution network is

ass* + ags® + azs® + a1s + ag

Z pu—
b3s3 + bos? + bys

(16.4)

where
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Tt
"

Fig. 16.2. Impedance of power distribution system with two supply voltages and
the decoupling capacitors represented as series RLC' networks.

as = L1(L12 + L2), (16.5)

a3 = R1Lio+ RioL1 + R1Lo + RolLq, (16.6)
L L L Lo

= RiRig+ RiRy+ =+ + 22 4 2L 4 22 (16.7)

Cia C1 Cy Cy
R1 RQ Rl R12

— 4+ = — 16.8
“= 02+01+012+01’ (16.8)
Cha + Co
o = 2212 16.9
07 10y (16.9)
bs = L1 + Lis + Lo, (16.10)
bo = R1 + Ri2 + Ro, (16.11)
b=y L L (16.12)
T o o oy '

and s = jw is a complex frequency.

The frequency dependence of the closed form expression for the
impedance of a power distribution system with dual power supply
voltages is illustrated in Fig. 16.3. The minimum power distribution
system impedance is limited by the ESR of the decoupling capacitors.
For on-chip applications, the ESR includes the parasitic resistance of
the decoupling capacitor and the resistance of the power distribution
network connecting a decoupling capacitor to a load. The resistance
of the on-chip power distribution network is greater than the parasitic
resistance of the on-chip decoupling capacitors. For on-chip applica-
tions, therefore, the ESR is represented by the resistance of the power
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delivery system. Conversely, for printed circuit board applications, the
resistance of the decoupling capacitors dominates the resistance of
the power delivery system. In this case, therefore, the ESR is primarily
the resistance of the decoupling capacitors. In order to achieve a target
impedance as described by (16.1), multiple decoupling capacitors are
placed at different levels of the power grid hierarchy [107].

Impedance, Ohms (log scale)

7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Frequency, Hz (log scale)

25 I I I
7

Fig. 16.3. Frequency dependence of the impedance of a power distribution system
with dual supply voltages, R1 = Ri2 = Ry = 10mQ), C; = C12 = C2 = 1nF, and
L1 = Lia2 = Lz = 1nH. Since all of the parameters of a power distribution system
are identical, the system behaves as a single capacitor with one minimum at the
resonant frequency. The minimum power distribution system impedance is limited
by the ESR of the decoupling capacitors.

As described in [109], the ESR of the decoupling capacitors does
not change the location of the poles and zeros of the power distribu-
tion system impedance, only the damping factor of the RLC' system
formed by the decoupling capacitor is affected. Representing a decou-
pling capacitor with a series LC' network, the impedance of the power
distribution system with dual power supply voltages is
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a4s4 + a282 + agp

7 = 16.13
b383 + bis ’ ( )
where

ay = L1(L12 + Lo), (16.14)

Li Lo L1 Lo
= —— 4+ —= 4+ — 4+ — 16.15
2 012+C1+C2+01’ ( )

Cia + Cy
= _c -2 16.16
ap 01012027 ( )
bs = L1 + L12 + Lo, (16.17)
b=~y 2 (16.18)
YT o T o oy '

16.1.2 Antiresonance of parallel capacitors

To maintain the impedance of a power distribution system below a
specified level, multiple decoupling capacitors are placed in parallel
at different levels of the power grid hierarchy. The ESR affects the
quality factor of the RLC system by acting as a damping element. The
influence of the ESR on the impedance is therefore ignored. If all of the
parameters of the circuit shown in Fig. 16.2 are equal, the impedance
of the power distribution system can be described as a series RLC
circuit. Expression (16.13) has four zeros and three poles. Two zeros
are located at the same frequency as the pole when all of the parameters
of the circuit are equal. The pole is therefore canceled for this special
case and the circuit behaves as a series RLC circuit with one resonant
frequency.

If the parameters of the power distribution system are not equal, the
zeros of (16.13) are not paired. In this case, the pole is not canceled by a
zero. For instance, in the case of two capacitors connected in parallel as
shown in Fig. 16.4, in the frequency range from f; to fo, the impedance
of the capacitor C] has become inductive whereas the impedance of the
capacitor 'y remains capacitive. In this case, an LC tank will produce
a peak at a resonant frequency located between f; and fo. Such a
phenomenon is called antiresonance [107] and is described in greater
detail in Chapter 6.

The location of the antiresonant spike depends on the ratio of the
ESL of the decoupling capacitors. Depending upon the parasitic in-
ductance, the peak impedance caused by the decoupling capacitor is
shifted to a different frequency, as shown in Fig. 16.4. For instance, if
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the parasitic inductance of C is greater than the parasitic inductance
of Cs, the antiresonance will appear at a frequency ranging from f; to
fa, i.e., before the self-resonant frequency fo of the capacitor Cs. If the
parasitic inductance of C is lower than the parasitic inductance of Cy,
the antiresonance will appear at a frequency ranging from f> to f3, i.e.,
after the self-resonant frequency of the capacitor Co. The ESL of the
decoupling capacitors, therefore, determines the frequency (location)
of the antiresonant spike of the system [27].

4 Cl CQ Cl L1 > L2 L1 < L2
\ 3 / /

\ .
higher ESL «—
|

Impedance (log)

./
‘]’—» lower ESL

! !
v fa  fs
Frequency (log)

v

Fig. 16.4. Antiresonance of the two capacitors connected in parallel, C; = Cy. Two
antiresonant spikes appear between frequencies fi and fr and f and f3 (dotted
lines).

16.1.3 Dependence of impedance on power distribution
system parameters

In practical applications, a capacitor C2 placed between Vyq1 and Vyqo
exists either as a parasitic capacitance or as a decoupling capacitor. In-
tuitively, from Fig. 16.2, by decreasing the impedance Z;5 (increasing
C12), the greater part of Zs is connected in parallel with Z;, reduc-
ing the impedance of the power distribution system as seen from the
load of the power supply Vgqi1. The value of a parasitic capacitance is
typically much smaller than a decoupling capacitor such as C; and Cos.
The decoupling capacitor Cio can be chosen to be equal to or greater
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than €} and C5. Depending upon the placement of the decoupling
capacitors, ESL can vary from 50nH at the power supply to almost
negligible values on-chip. The ESL includes both the parasitic induc-
tance of the decoupling capacitors and the inductance of the power
delivery system. For on-chip applications, the inductance of the de-
coupling capacitors is much smaller than the inductance of the power
distribution network and can be ignored. At the board level, however,
the parasitic inductance of the decoupling capacitors dominates the
overall inductance of a power delivery system. For these reasons, the
model depicted in Fig. 16.2 is applicable to any hierarchical level of a
power distribution system from the circuit board to on-chip.

Assuming Cy = Cy, if C19 > C1, an antiresonance spike occurs at a
lower frequency than the resonance frequency of an RLC series circuit.
If C12 < (4, the antiresonance spike occurs at a higher frequency than
the resonance frequency of an RLC series circuit. This phenomenon is
illustrated in Fig 16.5.

1.5

—C12=1/2C1
1 ---C12=2C1

Impedance, Ohms (log scale)
|
o
(6]

1 1 1 1
72 74 76 78 8 82 84 86 88 9
Frequency, Hz (log scale)

-2.5 : :
7

Fig. 16.5. Antiresonance of a power distribution system with dual power supply
voltages, Rl = R12 = Rz = 10mQ, Cl = CQ = 1nF, and L1 = le = L2 = 1nH.
Depending upon the ratio of C'i2 to Ci, the antiresonance appears before or after
the resonant frequency of the system (the impedance minimum).
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Antiresonance is highly undesirable because at a particular
frequency, the impedance of a power distribution network can become
unacceptably high. To cancel the antiresonance at a given frequency, a
smaller decoupling capacitor is placed in parallel, shifting the antireso-
nance spike to a higher frequency. This procedure is repeated until the
antiresonance spike appears at a frequency out of range of the operating
frequencies of the system, as shown in Fig. 16.6.

I
VRM Board Package On-chip

Zmax

Impedance, log Z

Frequency, log f

Fig. 16.6. Impedance of the power distribution system as a function of frequency.
Decoupling capacitors are placed at different hierarchical levels to shift an antires-
onant spike above the maximum operating frequency of the system.

Another technique for shifting the antiresonance spike to a higher
frequency is to decrease the ESL of the decoupling capacitor. The de-
pendence of the impedance of a power distribution system on the ESL
is discussed below.

To determine the location of the antiresonant spikes, the roots of
the denominator of (16.13) are evaluated. One pole is located at w =
0. Two other poles are located at frequencies,

w = i\/cz 1o/ Cra 4 O (16.19)

C1Co(Ly + Li2 + La)

To shift the poles to a higher frequency, the ESL of the decoupling
capacitors must be decreased. If the ESL of the decoupling capaci-
tors is close to zero, the impedance of a power delivery network will
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not produce overshoots over a wide range of operating frequencies.
Expression (16.19) shows that by minimizing the decoupling capacitor
C12 between the two supply voltages, the operating frequency of the
overshoot-free impedance of a power delivery network can be increased.

The dependence of the power distribution system impedance on
the ESL of Ci5 is shown in Fig. 16.7(a). Note the strong dependence
of the antiresonant frequency on the ESL of the decoupling capacitor
located between Vgq1 and Vyqe. As discussed above, the location of the
antiresonant spike is determined by the ESL ratio of the decoupling
capacitors. The magnitude of the antiresonance spike is determined by
the total ESL of C1, C12, and Co, as shown in Fig. 16.7(b).

By lowering the system inductance, the quality factor is decreased.
The peaks become wider in frequency and lower in magnitude. The
amplitude of the antiresonant spikes can be decreased by lowering the
ESL of all of the decoupling capacitors within the power distribution
system. As shown in Fig. 16.7(b), decreasing the parasitic inductance
of all of the decoupling capacitors of the system reduces the peak mag-
nitude. When the parasitic inductance of C2 is similar in magnitude
to the other decoupling capacitors, from (16.4), the poles and zeros do
not cancel, affecting the behavior of the circuit. The zero at the res-
onant frequency of a system (the minimum value of the impedance)
decreases the antiresonant spike. The closer the location of an antires-
onant spike is to the resonant frequency of a system, the greater the
influence of a zero on the antiresonance behavior. From a circuits per-
spective, the more similar the ESL of each capacitor, the smaller the
amplitude of the antiresonant spike. Decreasing the inductance of the
decoupling capacitors has the same effect as increasing the resistance.
Increasing the parasitic resistance of a decoupling capacitor is limited
by the target impedance of the power distribution system. Decreasing
the inductance of a power distribution system is highly desirable and,
if properly designed, the inductance of a power distribution system can
be significantly reduced [70].

16.2 Case study of the impedance of a power
distribution system

The dependence of the impedance on the power distribution system
parameters is described in this section to quantitatively illustrate the
concepts presented in Section 16.1. An on-chip power distribution
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Fig. 16.7. Dependence of a dual Vaq power distribution system impedance on fre-
quency for different ESL of the decoupling capacitors. The ESL of capacitors C1,
Ci2, and C5 is represented by L1, Li2, and L2, respectively.
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system is assumed in this example. The total budgeted on-chip decou-
pling capacitance is distributed among the low voltage power supply
(C1 = 10nF), high voltage power supply (Cy = 10nF), and the capac-
itance placed between the two power supplies (C12 = 1nF). The ESR
and ESL of the power distribution network are chosen to be equal to
0.1 ohms and 1nH, respectively. The target impedance is 0.4 ohms.

0.8 ‘ ‘
— Original
06F | — Decreased C12
— - Decreased total ESL

Impedance, Ohms (log scale)

7 72 74 76 78 8 82 84 86 88 9
Frequency, Hz (log scale)

-1.2 ‘ ‘ ‘

Fig. 16.8. The impedance of a power distribution system with dual power supply
voltages as a function of frequency, R1 = Ri2 = Rz = 100mf2, Cy = C2 = 10nF,
Ci2 = 1nF, and L1 = Li2 = L2 = 1nH. The impedance of the example power
distribution network produces an antiresonant spike with a magnitude greater than
the target impedance (the solid line). The antiresonant spike is shifted to a higher
frequency with a larger magnitude by decreasing C12 to 0.3nF (the dashed-dotted
line). By decreasing the total ESL of the system, the impedance can be maintained
below the target impedance over a wide frequency range, from approximately 40 MHz
to 1 GHZ (the dashed line).

For typical values of an example power distribution system, an
antiresonant spike is produced at approximately 100 MHz with a magni-
tude greater than the target impedance, as shown in Fig. 16.8. Accor-
ding to (16.19), to shift the antiresonant spike to a higher frequency,
the capacitor Ci5 should be decreased. As (15 is decreased to 0.3 nF,
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Table 16.1. Case study of the impedance of a power distribution system

Power

Tradeoff . Minimum Maximum Frequency
Scenario Distribution frequency frequency range Af
System
Original 4 kHz 35.48 kHz 31.48 kHz
I Decreased C1o 4 kHz 50.1 kHz 46.1 kHz
Decreased L1, Li2, Lo 4 kHz 1.26 MHz 1.256 MHz
Original 100 kHz 1 MHz 900 kHz
11 Decreased C1io 100 kHz 2.82 MHz 2.72 MHz
Decreased L1, Lia, Lo 100 kHz 79 MHz 78.9 MHz
Original 560 MHz 1 GHz 440 MHz
111 Decreased C12 560 MHz 1.12 GHz 560 MHz
Decreased L1, Li2, Lo 890 MHz 7.9 GHz 7.01 GHz
Scenario I Original system: R; = R12 = Ra = 1mf2, L1 = L12 = L2 = 50nH,
Board C12 = IOO,LLF, C1 = CQ =1mF

Decreased C12: R1 = R12 = Ro = 1m$2, L1 = L12 = Lo = 50nH,
Ci2 =20pF, C1 =Cy = 1mF
Decreased Ly, Li2, Lo: Ry = Rij2 = Ro = 1mfQ, Ly = L13 = Lo = 5nH,
Ci2 =100 uF, C1 = Cy = 1mF
Scenario II Original system: Ry = Rj2 = Ro = 1m), Ly = Li2 = L2 = 1nH,
Package C12 =3 uF, C; = C2 =50 uF
Decreased C1a: R = R12 = Ro = 1m$2, L1 = L12 = La = 1 nH,
Ci2 =1uF, C1 = C2 =50 uF
Decreased Ly, Li2, La: R = Rij2 = Ro = 1mf), Ly = L13 = Lo = 100 pH,
Chi2 =3 uF, C; = C2 =50 uF
Scenario III Original system: Ry = R12 = R2 = 10m{Q, Ly = L12 = L2 = 10 pH,
On-chip Ci12 = 1nF, Cy = C2 = 4nF
Decreased Ci2: R1 = R12 = Ro = 10m), L1 = Li2 = Lo = 10 pH,
C12 =0.3nF, C; =Cy =4nF
Decreased Ly, Li2, Lo: Ry = Rij2 = Ro = 10mf2, L1 = Li2 = L2 = 1 pH,
Ci2 = 1nF, Cy = C2 = 4nF

the antiresonant spike appears at a higher frequency, approximately
158 MHz, and is of higher magnitude. To further decrease the imped-
ance of a power distribution system with multiple power supply volt-
ages, the total ESL of the decoupling capacitors should be decreased. As
the total ESL of the system is decreased to 0.1 nH, the impedance of the
power distribution system is below the target impedance over a wide
frequency range, from approximately 40 MHz to 1 GHz. Three different
tradeoff scenarios similar to the case study illustrated in Fig. 16.8 are
summarized in Table 16.1. The design parameters for each scenario rep-
resent typical values of board, package, and on-chip power distribution
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systems with decoupling capacitors, as shown in Fig. 16.9. The mini-
mum and maximum frequencies denote the frequency range in which
the impedance of a power delivery network seen from the load of Viqy
does not exceed the target level of 400 m§2. Note that by decreasing
the decoupling capacitor placed between Viyq1 and Vigo, the range of
operating frequencies, where the target impedance is met, is slightly
increased. Alternatively, if the total ESL of the system is lowered by
an order of magnitude, the frequency range Af is increased by signifi-
cantly more than an order of magnitude (for tradeoff scenario III, A f
increases from 560 MHz to 7.01 GHz).

Board Package On-chip

) IlaadZ

Fig. 16.9. Hierarchical model of a power distribution system with dual supply volt-
ages and a single ground. The decoupling capacitors are represented by the series
connected resistance, capacitance, and inductance. For simplicity, the decoupling
capacitors placed between Vaq2 and ground are not illustrated. Subscripts b, p, and
¢ denote the board, package, and on-chip power delivery systems, respectively. Su-
perscript 1 denotes the decoupling capacitors placed between Viq1 and ground and
superscript 12 denotes the decoupling capacitors placed between Vg1 and Viqge.

The design of a power distribution system with multiple power sup-
ply voltages is a complex task and requires many iterative steps. In
general, to maintain the impedance of a power delivery system below a
target level, the proper combination of design parameters needs to be
determined. In on-chip applications, the ESL and Ci2 can be chosen
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to satisfy specific values. At the board level, the ESR and Ci2 can
be adjusted to satisfy target impedance specifications. At the package
level, the ESL, C12, and ESR are the primary design parameters of the
system. Usually, the total decoupling capacitance is constrained by the
technology and application. In certain cases, it is possible to increase
the decoupling capacitance. From (16.13), note that by increasing the
decoupling capacitance, the overall impedance of a power distribution
system with multiple power supply voltages can be significantly de-
creased.

16.3 Voltage transfer function of power distribution
system

Classical methodologies for designing power distribution systems with
a single power supply voltage typically only consider the target out-
put impedance of the network. By introducing a second power supply
voltage, a decoupling capacitor is effectively placed between the two
power supply voltages [26], [199]. The problem of noise propagating
from one power supply to the other power supply is aggravated if multi-
ple power supply voltages are employed in a power distribution system.
Since multiple power supplies are naturally coupled, the voltage trans-
fer function of a multi-voltage power distribution network should be
considered [333], [334]. The voltage transfer function of a power distri-
bution system with dual power supplies is described in Section 16.3.1.
The dependence of the magnitude of the voltage transfer function on
certain parameters of the power distribution system is described in
subsection 16.3.2.

16.3.1 Voltage transfer function of a power distribution
system

A power distribution system with two power supply voltages and the
decoupling capacitors represented by an RLC series network is shown
in Fig. 16.10. All of the following formulae describing this system are
symmetric in terms of the power supply voltages. The ESR and ESL
of the three decoupling capacitors are represented by Ri, Ri2, Ro and
L1, Li2, Lo, respectively.

The voltage transfer function Ky of a power distribution system
with two power supply voltages and decoupling capacitors, represented
by an RLC' network, is
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Fig. 16.10. Voltage transfer function of a power distribution network with two
supply voltages and the decoupling capacitors represented as series RLC' networks.

a282 +ai1s+ ag

Ky = 16.20
v b282+518+b0 ’ ( )
where
ag = LaCy, (16.21)
a1 = RyCs, (16.22)
ag = Clg, (16.23)
by = C12Co(L12 + Lo), (16.24)
b1 = C12C2(Ri2 + Ra), (16.25)
by = C12 + Cs. (16.26)
Rearranging, (16.20) can be written as
1
Ky = , (16.27)

a252 + a5+ ap

1
6282 + bls + bo +

where

az = L12C12C%, (
a; = R12C120%, (
ap = Cs, (16.30
by = LaC12C%, (
= RyC12Cs, (
bg = Cha. (
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Equations (16.20) and (16.27) are valid only for non-zero frequency,
i.e., for s > 0. Note from (16.20) that if all of the parameters of a
power distribution system are identical, the transfer function equals
0.5 and is independent of frequency. The dependence of the voltage
transfer function on the parameters of the power distribution system
is discussed below.

16.3.2 Dependence of voltage transfer function on power
distribution system parameters

In power distribution systems with two supply voltages, the higher
power supply is usually provided for the high speed circuits while the
lower power supply is used in the non-critical paths [316], [299]. The
two power supplies are often strongly coupled, implying that voltage
fluctuations on one power supply propagate to the other power supply.
The magnitude of the voltage transfer function should be sufficiently
small in order to decouple the noisy power supply from the quiet power
supply. The objective is therefore to achieve a transfer function Ky such
that the two power supplies are effectively decoupled.

The dependence of the magnitude of the voltage transfer function
on frequency for different values of the ESR of the power distribution
network with decoupling capacitors is shown in Fig. 16.11. Reducing
the ESR of a decoupling capacitor decreases the magnitude and range of
the operating frequency of the transfer function. Note that to maintain
| Ky | below or equal to 0.5, the following inequality has to be satisfied,

Ry < Rys. (16.34)

This behavior can be explained as follows. From (16.27), to maintain
| Ky | below or equal to 0.5,

L 2
120120282 + R12C12Cs + Co L1>9 (16.35)
Lgclzcgs + RQClQCQS + 012

For equal decoupling capacitors and parasitic inductances, (16.35) leads
directly to (16.34). Generally, to maintain |Ky/| below or equal to 0.5,

L2020352 + RoCyC3s + C3 > L3020382 + R3C9C3s + Cy.  (16.36)

From (16.36), in order to maintain the magnitude of the voltage transfer
function below or equal to 0.5, the ESR and ESL of the decoupling
capacitors should be chosen to satisfy (16.36).
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Fig. 16.11. Dependence of the magnitude of the voltage transfer function on fre-
quency of a dual Vgq power distribution system for different values of ESR of the
decoupling capacitors, Ri2 = 10mS2, C12 = C2 = 1nF, and Li2 = L2 = 1nH.

To investigate the dependence of the magnitude of the voltage trans-
fer function on the decoupling capacitors and associated parasitic in-
ductances, the roots of the characteristic equation, the denominator
of (16.20), should be analyzed. To produce an overshoot-free response,
the roots of the characteristic equation must be real, yielding

(L12 + L2)(Ch2 + Co)
C12Cs '

Ria+ Ry > 2\/ (16.37)
In the case where Ris = Ry = R, L1o = Ly = L, and C15 = Cy = C,
(16.37) reduces to the well known formula [335],

| L
> 24 =. 16.
R> c (16.38)

The dependence of the magnitude of the voltage transfer function on
the ESL of a power distribution system is shown in Fig. 16.12. For the
power distribution system parameters listed in Fig. 16.12, the critical
value of Ly to ensure an overshoot-free response is 0.49 nH. Therefore,
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in order to produce an overshoot-free response, the ESL of Cy should
be smaller than or equal to 0.49nH.

Intuitively, if the ESL of a system is large, the system is under-
damped and produces an undershoot and an overshoot. By decreasing
Lo, the resulting inductance of the system in (16.37) is lowered and
the system becomes more damped. As a result, the undershoots and
overshoots of the voltage response are significantly smaller. If Lo is
decreased to the critical value, the system becomes overdamped, pro-
ducing an overshoot-free voltage response.
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Fig. 16.12. Frequency dependence of the voltage transfer function of a dual Vyq
power distribution system for different values of ESL of the decoupling capacitors,
Ri2 = Re = 100m$2, C12 = C2 = 100nF, and Li2 = 10 pH.

As shown in Fig. 16.12, the magnitude of the voltage transfer func-
tion is strongly dependent on the ESL, decreasing with smaller ESL. It
is highly desirable to maintain the ESL as low as possible to achieve a
small overshoot-free response characterizing a dual Vgq power distribu-
tion system over a wide range of operating frequencies. Criterion (16.37)
is strict and produces an overshoot-free voltage response. In most
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applications, if small overshoots (about 1%) are permitted, (16.37) is
less strict, permitting the parameters of a power distribution network
to vary over a wider range.

For the parameters listed in Fig. 16.12, the minimum overshoot-
free voltage response equals 0.5. It is often necessary to maintain an
extremely low magnitude voltage transfer function over a specific fre-
quency range. This behavior can be achieved by varying one of the
three design parameters (ESR, ESL or C') characterizing a decoupling
capacitor while maintaining the other parameters at predefined values.
In this case, for different decoupling capacitors, the magnitude of the
voltage transfer function is maintained as low as 0.1 over the frequency
range from DC to the self-resonant frequency of the decoupling ca-
pacitor induced by the RLC' series circuit (hereafter called the break
frequency).

The inductance of the decoupling capacitor has an opposite effect on
the magnitude of the voltage transfer function. By increasing the ESL
of a dual Vyq power distribution system, the magnitude of the voltage
transfer function can be maintained below 0.1 from the self-resonant
frequency (or break frequency) of the decoupling capacitor to the max-
imum operating frequency. From (16.27), for frequencies smaller than
the break frequency, the magnitude of the voltage transfer function is

approximately %—122 For frequencies greater than the break frequency,

the magnitude of the voltage transfer function is approximately LLTQQ
To maintain |Ky| below 0.1, it is difficult to satisfy (16.37), and the
range of operating frequency is divided by the break frequency into two
ranges. This phenomenon is illustrated in Figs. 16.13(a) and 16.13(b).

16.4 Case study of the voltage response of a power
distribution system

The dependence of the voltage transfer function on the parameters of a
power distribution system is described in this section to quantitatively
illustrate the concepts presented in Section 16.3. An on-chip power
distribution system is assumed in this example. In modern high perfor-
mance [Cs, the total on-chip decoupling capacitance can exceed 300 nF,
occupying about 20% of the total area of an IC [204]. In this example,
the on-chip decoupling capacitance is assumed to be 160nF. The to-
tal budgeted on-chip decoupling capacitance is arbitrarily distributed
among the low voltage power supply (C; = 100 nF), high voltage power
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supply (Cy = 40 nF), and the capacitance placed between the two power
supplies (C12 = 20nF). The ESR and ESL of the decoupling capacitor
are chosen to be 0.1 ohms and 1nH, respectively.

In designing a power distribution system with dual power supply
voltages, it is crucial to produce an overshoot-free voltage response
over the range of operating frequencies. Depending on the system pa-
rameters, it can be necessary to further decouple the power supplies, re-
quiring the magnitude of the voltage transfer function to be decreased.
In this case, it is difficult to satisfy (16.37) and the range of operating
frequencies is therefore divided into two. There are two possible scenar-
ios: 1) the two power supplies should be decoupled as much as possible
from DC to the break frequency, and 2) the two power supplies should
be decoupled as much as possible from the break frequency to infinity.

Note that infinite frequency is constrained by the maximum oper-
ating frequency of a specific system. Also note that the ESR, ESL,
and magnitude of the decoupling capacitors can be considered as de-
sign parameters. The ESR is limited by the target impedance of the
power distribution network. The ESL, however, can vary significantly.
The total budgeted decoupling capacitance is distributed among Cf,
Ch2, and Cy. Note that C1 can range from zero (no decoupling ca-
pacitance between the two power supplies) to C12 = Ciprar — C1 — Co
(the maximum available decoupling capacitance between the two power
supplies), where Clyq is the total budgeted decoupling capacitance.

16.4.1 Overshoot-free magnitude of a voltage transfer
function

For typical values of an example power distribution system, (16.37)
is not satisfied and the response of the voltage transfer function pro-
duces an overshoot as shown in Fig. 16.14. To produce an overshoot-free
voltage response, the capacitor placed between the two power supplies
should be significantly increased, permitting the ESR and ESL to be
varied. Increasing the ESR of the decoupling capacitors to 0.5 ohms
produces an overshoot-free response. By decreasing the ESL of C5, the
overshoot-free voltage response can be further decreased, also shown in
Fig. 16.14. As described in Section 16.3.2, at low frequency the magni-
tude of the voltage transfer function is approximately 00—122 Note that
all curves start from the same point. By increasing the ESR, the system
becomes overdamped and produces an overshoot-free voltage response.

Since the ESR does not change the £2 ratio, the voltage response of
Lis
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the overdamped system is the same as the voltage response of the initial
underdamped system. Note that the dashed line and solid line converge
to the same point at high frequencies, where the magnitude of the volt-
age transfer function is approximately LL—fQ By decreasing Lo, the total
ESL of the system is lowered and the system becomes overdamped, pro-
ducing an overshoot-free voltage response. Also, since the % ratio is
lowered, the magnitude of the voltage response is significantly reduced

at high frequencies.
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Fig. 16.14. Dependence of the magnitude of the voltage transfer function of a dual
Vaa power distribution system on frequency for different values of the ESR and ESL
of the decoupling capacitors, Ri2 = Rs = 0.1, Ci2 = 20nF, C2 = 40nF, and
Li2 = Ly = 1nH. The initial system with L, = 1nH produces an overshoot (solid
line). To produce an overshoot-free voltage response, either the ESR of the system
should be increased (dashed line) or the ESL should be decreased (dash-dotted line).

In general, a design methodology for producing an overshoot-free re-
sponse of a power distribution system with dual power supply voltages
is as follows. Based on the available decoupling capacitance for each
power supply, the value of the decoupling capacitor placed between the
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two power supplies is determined by Cho = Ciprqr — C1 — Co. The ESR
is chosen to be less than or equal to the target impedance to satisfy
the impedance constraint. The critical ESL of the capacitors C1s and
Cy is determined from (16.37). If the parasitic inductance of C12 and
(Y is less than or equal to the critical ESL, the system will produce an
overshoot-free voltage response and no adjustment is required. Other-
wise, the total decoupling capacitance budget should be redistributed
among C7, C12, and Co until (16.37) is satisfied. In certain cases, the
total budgeted decoupling capacitance should be increased to satisfy
(16.37).

16.4.2 Tradeoff between the magnitude and frequency range

If it is necessary to further decouple the power supplies, the frequency
range of the overshoot-free voltage response can be traded off with
the magnitude of the voltage response, as described in Section 16.3.2.
There are two ranges of interest. The magnitude of the voltage trans-
fer function can be decreased over the frequency range from DC to
the break frequency or from the break frequency to the highest op-
erating frequency [26]. For the example power distribution system, as
shown in Fig. 16.15(a), the magnitude of the voltage transfer function
is overshoot-free from the break frequency to the highest operating
frequency. To further decrease the magnitude of the voltage transfer
function over a specified frequency range, the ESL of the decoupling
capacitor placed between the two power supply voltages should be in-
creased and C1o should be the maximum available decoupling capaci-
tance, C1o = Ciprar — C1 — Ch.

To decrease the magnitude of the voltage transfer function of a
power distribution system with dual power supply voltages for fre-
quencies less than the break frequency, the ESL of all of the decou-
pling capacitors and the value of C12 should be decreased, as shown in
Fig. 16.15(b). If it is necessary to completely decouple the two power
supply voltages, C12 should be minimized. This behavior can be ex-
plained as follows. The initial system produces an overshoot-free volt-
age response in the frequency range from DC to the highest operating
frequency of the system. In order to satisfy the target |Ky| at high
frequencies, L15 should be increased in order to decrease the f—i ratio.
By increasing Lo, the magnitude of the voltage response falls below
the target |Ky| in the frequency range from the break frequency to
the highest operating frequency of the system. At the same time, the
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system becomes underdamped and produces an overshoot as shown in
Fig. 16.15(a). Similarly, by decreasing C12, the %122 ratio is lowered and
the magnitude of the voltage response falls below the target | K| in the
frequency range from DC to the break frequency. The system becomes
underdamped and produces an overshoot as shown in Fig. 16.15(b).

Table 16.2. Tradeoff between the magnitude and frequency range of the voltage
response

Power

Tradeoff Distribution Minimum |Ky| Maximum |Kv | Minimum Maximum
Scenario frequency frequency
System
Original 0.30 0.50 DC 00
1 Increased L2 0.09 0.56 63 kHz 00
Decreased C12 0.05 0.60 DC 63 kHz
Original 0.20 0.50 DC 00
II Increased Lio 0.09 0.50 3 MHz [e'e)
Decreased Ci2 0.03 0.60 DC 3 MHz
Original 0.20 0.50 DC 00
111 Increased Lio 0.09 0.50 3 GHz 00
Decreased Ci2 0.05 0.45 DC 3 GHz

Scenario I Original circuit: ng = R2 = QmQ, L12 = L2 =1 nH7 Clg = 21111'7‘7
Board Co =4mF
Increased Li2: Ri2 = Re =2mS), L1a = 10nH, Ly = 1nH, Ci2 = 2mF,

Cy = 4mF
Decreased Cha: Ri2 = Re = 2m$), L2 = Lo = 1nH, Ci2 = 200 uF,
Cy = 4mF
Scenario II Original circuit: Ria3 = R2 = 10m{2, Li2 = L2 = 100 pH, C12 = 10 uF,
Package Co =40 uF
Increased Liz: Ri2 = R2 = 10mQQ, L1z = 1nH, Ly = 100pH, C12 = 10 uF,
Cy = 40 uF
Decreased Ch2: Ri2 = Rp = 10m{Q, L1s = Lo = 100pH, C12 = 1 uF,
C2 = 40 uF
Scenario III Original circuit: R12 = Rg = 10mS2, L2 = Lo = 100fH, C12 = 20nF,
On-chip Cy = 40nF
Increased Li2: Ria = Re = 10mQQ, Li2 = 1pH, Ly = 100fH, C12 = 20nF,
Cy = 40nF
Decreased C12: Ri2 = R2 = 10mS2, L1s = Lo = 100fH, C12 = 2nF,
C2 = 40nF

Three different tradeoff scenarios similar to the case study shown
in Fig. 16.14 are summarized in Table 16.2. The design parameters for
each scenario represent typical values of board, package, and on-chip
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decoupling capacitors, as shown in Fig. 16.9. The original system in
each scenario produces an overshoot-free voltage response over a wide
range of operating frequencies from DC to the highest operating fre-
quency of the system. By increasing the ESL of the decoupling capacitor
placed between the two power supplies, the system produces an over-
shoot and the range of operating frequencies is divided by two. The
same phenomenon takes place if the value of the decoupling capacitor
placed between the two power supplies is decreased. In the first case,
when the ESL is increased by an order of magnitude, the magnitude
of the voltage response is lowered by more than an order of magnitude
from the break frequency to infinity. When C14 is decreased by an order
of magnitude, the magnitude of the voltage response is lowered by more
than an order of magnitude from DC to the break frequency. Note from
the table that the location of the break point depends upon the particu-
lar system parameters. The break frequency of the board system occurs
at a lower frequency as compared to the break frequency of the package
power delivery network. Similarly, the break frequency of the package
power distribution system is lower than the break frequency of the on-
chip system. As previously mentioned, for typical power supplies values
and allowed ripple voltage, | Ky | should be less than 0.1 to decouple a
noisy power supply from a quiet power supply. As listed in Table 16.2,
this requirement is satisfied for the power distribution system if Lo
is increased or (o is decreased. The magnitude of the overshoot falls
rapidly with decreasing ESL of the decoupling capacitors. Due to the
extremely low value of the ESL in an on-chip power network, typically
several hundred femtohenrys, the magnitude of the overshoot does not
exceed the maximum magnitude of the overshoot-free voltage response.

Unlike the design methodology for producing an overshoot-free re-
sponse as described in Section 16.4.1, a design methodology to trade off
the magnitude of the voltage response of the power distribution system
with the frequency range of an overshoot-free response is as follows.
Based upon the available decoupling capacitance, the decoupling ca-
pacitances for each power supply are determined. Depending upon the
target frequency range with respect to the break frequency, the ESL
of the capacitor placed between the two power supplies and the decou-
pling capacitors should both be increased (above the break frequency).
Otherwise, the capacitor placed between the two power supplies and
the ESL of all of the decoupling capacitors should both be decreased
(below the break frequency).
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16.5 Summary

A system of decoupling capacitors used in power distribution systems
with multiple power supply voltages is described in this chapter. The
primary conclusions are summarized as follows:

Multiple on-chip power supply voltages are often utilized to reduce
power dissipation without degrading system speed

To maintain the impedance of a power distribution system below
a specified impedance, multiple decoupling capacitors are placed at
different levels of the power grid hierarchy

The decoupling capacitors should be placed both with progressively
decreasing value to shift the antiresonance spike beyond the max-
imum operating frequency and with increasing ESR to control the
damping characteristics

The magnitude of the antiresonant spikes can also be limited by
reducing the ESL of each of the decoupling capacitors

To maintain the magnitude of the voltage transfer function below
0.5, the ESR and ESL of the decoupling capacitors should be care-
fully chosen to satisfy the overshoot-free voltage response criterion

To further decouple the power supplies in frequencies ranging from
DC to the break frequency, both the capacitor placed between the
two power supply voltages and the ESL of each of the decoupling
capacitors should be decreased

To decouple the power supplies in frequencies ranging from the break
frequency to infinity, both the ESL of the capacitor placed between
the two power supply voltages and the decoupling capacitors should
be increased

The frequency range of an overshoot-free voltage response can be
traded off with the magnitude of the response





