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Abstract— Multiple power supply voltages are often used
in modern high performance ICs such as microprocessors to
decrease power consumption without affecting circuit speed.
The system of decoupling capacitors used in power distribution
systems with multiple power supplies is described in this paper.
In order to minimize the total impedance of a multi-voltage
power delivery system as seen from a particular power supply,
a decoupling capacitor is placed between the power supplies.
The noise at one power supply can propagate to the other
power supply, causing power and signal integrity problems in the
overall system. With the introduction of a second power supply,
therefore, the interaction between the two power distribution
networks should be considered.

The dependence of the magnitude of the voltage transfer
function on the parameters of the power distribution system is
investigated. It is shown that the magnitude of the voltage transfer
function is strongly dependent on the parasitic inductance of
the decoupling capacitors, decreasing with smaller inductance.
It is also shown that it is highly desirable to maintain the
effective series inductance of the decoupling capacitors as low
as possible to decrease the overshoots of the response of the
dual voltage power distribution system over a wide range of
operating frequencies. Finally, a criterion for an overshoot-free
voltage response is presented in this paper.

I. INTRODUCTION

Recently, the use of multiple on-chip supply voltages has
become common practice [1]. This strategy has the advantage
of allowing modules along the critical paths to operate at the
highest available voltage (in order to satisfy target timing con-
straints) while permitting modules along the non-critical paths
to use a lower voltage (thereby reducing energy consumption).
In this manner, the energy consumption is decreased without
degrading circuit speed. This scheme results in smaller area
as compared with parallel architectures. The use of multiple
supply voltages for reducing power has been investigated in
the area of high level synthesis for low power [2,3]. While
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it is possible to use many supply voltages, in practice such a
scenario is expensive. Practically, the availability of a small
number of voltage supplies (two or three) is reasonable.

The design of the power distribution system has become an
increasingly difficult challenge in modern CMOS circuits [4].
By introducing a second power supply, the power supplies
become coupled through a decoupling capacitor effectively
placed between the two power supply voltages. The interaction
between the power distribution networks should therefore be
considered. Assuming that for a power delivery system with
dual power supplies 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,

r X Vddl
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where V341 is a lower voltage power supply, 7 is the allowed
ripple voltage on a lower voltage power supply, and Ve
is a higher voltage power supply. For typical values of the
power supply voltages and allowed ripple voltage for a CMOS
0.18 um technology, | K| should be less than or equal to 0.1
to effectively decouple a noisy power supply from a quiet
power supply.

Noise coupling among multiple power distribution systems
is discussed in this paper. A methodology for designing the
decoupling capacitors is presented. A criterion for producing
an overshoot-free voltage response is determined. 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 is divided by
the self resonant frequency of the system into two ranges.
A case study is also presented in this paper to quantitatively
illustrate the proposed methodology for designing a system of
decoupling capacitors.

The paper is organized as follows. The voltage transfer
function of a power distribution system with multiple supply
voltages is presented in Section II. A case study of a power
distribution system is discussed in Section III. Some specific
conclusions are summarized in Section IV.
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II. VOLTAGE TRANSFER FUNCTION OF A POWER
DISTRIBUTION SYSTEM WITH MULTIPLE SUPPLY VOLTAGES

Classical methodologies for designing power distribution
systems with a single power supply voltage primarily consider
the target output impedance of the network. By introducing
a second power supply voltage, a decoupling capacitor is
effectively placed between the two power supply voltages
[5,6]. The problem of noise propagating from one power
supply to the other power supply is aggravated if multiple
power supply voltages are employed in a power distribution
system. The voltage transfer function of a power distribution
system with dual power supplies is described in subsection II-
A. The dependence of the magnitude of the voltage transfer
function on certain parameters of the power distribution system
is described in subsection II-B.

A. 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. 1. All of the following formulae
describing this system are symmetric in terms of the power
supply voltages. The Effective Series Resistance (ESR) and
Effective Series Inductance (ESL) represent, respectively, the
parasitic resistance and inductance of a decoupling capacitor.
The ESR and ESL of the three decoupling capacitors are
represented by R, Ry, R3 and Ly, Lo, Ls, respectively.
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Fig. 1.  Power distribution system with two supply voltages where the
decoupling capacitors are represented as series RLC' networks.

The voltage transfer function Ky, of a dual-voltage power
distribution system is

2
a28° + a8+ ag
Ky=—7—7— 2
V' s+ bys+ by @

az = L3Cs,

ap = R3C3,

ag = Oy,

by = CoC3(La+ L3),
by = CyC3(Rs+ R3),
bo = Cy+Cs.

Rearranging, (2) can be written as
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ay = L2CyC35,
a; = RaCyC3,
ag = Cj,
by = L3C2C5,
b1 = R3CC3,
bp = Cs.

Equations (2) and (3) are valid only for non-zero frequency,
i.e., for s > 0. The dependence of the voltage transfer function
on the parameters of the power distribution system is discussed
below.

B. Dependence of voltage transfer function on power distri-
bution system parameters

To investigate the dependence of the magnitude of the
voltage transfer function on the decoupling capacitors and
associated parasitic impedances, the roots of the characteristic
equation, the denominator of (2), should be analyzed. To pro-
duce an overshoot-free response, the roots of the characteristic
equation must be real, yielding

Ry + Rs > 2 (L2+L3)(C2+C3). @
CyC3

In the case where Ry = R3 = R, Lo, = L3 = L, and
Cy = C3 = C, (4) reduces to the well known formula [7],

L
R> 2\/; (5)

The dependence of the magnitude of the voltage transfer
function on the ESL of a power distribution system is shown
in Fig. 2. For the power distribution system parameters listed
in Fig. 2, the critical value of L3 to ensure an overshoot-
free response is 0.49 nH. Therefore, in order to produce an
overshoot-free response, the ESL of C3 should be smaller than
or equal to 0.49 nH.

Intuitively, if the ESL of a system is large, the system is
underdamped and produces an undershoot and an overshoot.
By decreasing L3, the resulting inductance of the system in (4)
is lowered and the system becomes more damped. As a result,
the undershoots and overshoots of the voltage response are
significantly lowered. If L3 is decreased to the critical value,
the system becomes overdamped, producing an overshoot-free
voltage response.

As shown in Fig. 2, the magnitude of the voltage transfer
function 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 Vg4 power distribution system over a
wide range of operating frequencies. Criterion (4) is strict
and produces an overshoot-free voltage response. In most




applications, if small overshoots (about 1%) are permitted, (4)
is less strict, permitting the parameters of a power distribution
network to vary over a wider range.
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Fig. 2. Frequency dependence of the voltage transfer function of a dual
Vaq power distribution system for different values of ESL of the decoupling
capacitors, R2 = R3 = 100m{2, Co = C'3 = 100nF, and Ly = 10 pH.

For the parameters listed in Fig. 2, 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 frequency range. This behavior can be achieved
by varying one of the three design parameters (ESR, ESL or
() 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
capacitor induced by the RLC series circuit (heretofore 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 V;4; 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 maximum
operating frequency. From (3), for frequencies smaller than the
break frequency, the magnitude of the voltage transfer function
is approximately g—i For frequencies greater than the break
frequency, the magnitude of the voltage transfer function is
approximately f—; To maintain |Ky/| below 0.1, it is difficult
to satisfy (4), and the range of operating frequency is divided
by the break frequency into two ranges. This phenomenon is
illustrated in Figs. 3(a) and 3(b).

III. CASE STUDY 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 II. An on-chip power distribution system is assumed
in this example. In modern high performance ICs, the total

; ; : : : : : :
- - C2=001nF C,increases <—— |

15H — C2=0.05nF 2 ' i

o C2=1nF v I

1H C2=25nF ) I ]

— C2=10nF I i

|Voltage transfer function| (log scale)

7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Frequency, Hz (log scale)

(a) To maintain the voltage transfer function below 0.1
for frequencies smaller than the break frequency, both
the capacitor placed between the two power supplies
and the ESL of all of the decoupling capacitors should
be decreased. Ro = R3z = 10m{2, C3 = 1nF, and
Lo =Lz =1nH
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(b) 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. Ro = R3 = 10m$2, Cy = C3 = 1nF, and
L3 = 1nH

Fig. 3. Frequency dependence of the voltage transfer function of a dual V4
power distribution system. The ESR and ESL of the decoupling capacitors for
each power supply are represented by R2 and R3 and L2 and L3, respectively.

on-chip decoupling capacitance can exceed 300 nF, occupying
about 20% of the total area of an IC [8]. In this example, the
on-chip decoupling capacitance is assumed to be 160 nF. The
total budgeted on-chip decoupling capacitance is arbitrarily
distributed among the low voltage power supply (C; = 100
nF), high voltage power supply (C3 = 40 nF), and the
capacitance placed between the two power supplies (Cy = 20
nF). The ESR and ESL of the decoupling capacitor are chosen
to be 0.1 ohms and 1 nH, respectively.

In designing a power distribution system with dual power
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supply voltages, it is crucial to produce an overshoot-free
voltage response over the range of operating frequencies. Note
that the ESR, ESL, and magnitude of the decoupling capacitors
can be considered as design 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 C;, Cs, and Cs.
Note that C'y can range from zero (no decoupling capacitance
between the two power supplies) to Cy = Cippq1—C1—C3 (the
maximum available decoupling capacitance between the two
power supplies), where Cyzq; is the total budgeted decoupling
capacitance.

For typical values of an example power distribution sys-
tem, (4) is not satisfied and the response of the voltage
transfer function produces an overshoot as shown in Fig. 4.
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 Cj,
the overshoot-free voltage response can be further decreased,
also shown in Fig. 4. As described in subsection II-B, at low
frequency the magnitude of the voltage transfer function is
approximately g—g 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 f—z ratio, the voltage response of
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 voltage transfer function is approx-
imately f—z By decreasing L3, the total ESL of the system is
lowered and the system becomes overdamped, producing an
overshoot-free voltage response. Also, since the i—g ratio is
lowered, the magnitude of the voltage response is significantly
reduced at high frequencies.

In general, a design methodology for producing an
overshoot-free response 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 two
power supplies is determined by Co = Ciopqr — C1 — Cs.
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 Co and Cj is determined from (4). If
the parasitic inductance of C3 and C'5 is less than or equal
to the critical ESL, the system will produce an overshoot-free
voltage response and no adjustment is required. Otherwise,
the total decoupling capacitance budget should be redistributed
among C4, C9, and C5 until (4) is satisfied. In certain cases,
the total budgeted decoupling capacitance should be increased
to satisfy (4).

IV. CONCLUSIONS

It has become common practice to use multiple on-chip
power supply voltages 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. To maintain an overshoot-free voltage
response over an applicable frequency range, the total ESR
of the decoupling capacitors should be greater than the two
characteristic impedances of the system, represented by (4).
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 all
of the decoupling capacitors should be decreased. Conversely,
to decouple the power supplies in frequencies ranging from
the break frequency to infinity, both the ESL of the capac-
itor placed between the two power supply voltages and the
decoupling capacitors should be increased.
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Fig. 4. Dependence of the voltage transfer function of a dual V4 power
distribution system on frequency for different values of the ESL and ESR of
the decoupling capacitors, R = Rz = 0.12, Co = 20nF, C3 = 40nF, and
Lo = L3 = 1nH. The initial system with Lz = 1 nH 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).
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