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ABSTRACT

Categories and Subject Descriptors

Decoupling capacitors are widely used to reduce power supply noise. On-chip decoupling capacitors have traditionally
been allocated into the available white space on a die. The
eﬃcacy of on-chip decoupling capacitors depends upon the
impedance of the power/ground lines connecting the capacitors to the current loads and power supplies. A maximum
eﬀective radius exists for each on-chip decoupling capacitor. Beyond this eﬀective distance, a decoupling capacitor
is completely ineﬀective. Two eﬀective radii determined by
the target impedance (during discharge) and charge time are
presented in this paper. Depending upon the parasitic impedance of the power distribution system, the maximum voltage drop as seen at the current load is achieved either at the
ﬁrst droop or at the end of the switching activity (the second droop). Two criteria to estimate the minimum required
on-chip decoupling capacitance are developed based on the
critical parasitic impedance. To be eﬀective, the decoupling
capacitor has to be fully charged before the next switching
event. A design space is described that characterizes the
tolerable parasitic resistances and inductances, while restoring the charge on the decoupling capacitor within a target
charge time. An overall design methodology for placing onchip decoupling capacitors is presented in this paper. It is
shown that for an on-chip decoupling capacitor to be eﬀective, both eﬀective radii criteria should be simultaneously
satisﬁed.

B.7.m [Integrated Circuits]: Miscellaneous—power distribution grids, power distribution systems, decoupling capacitors

General Terms
Design

Keywords
Power distribution systems, power distribution grids, decoupling capacitors

1.

INTRODUCTION

The feature size of integrated circuits (IC) has been aggressively reduced in the pursuit of higher speed, lower power,
and less cost. Semiconductor technologies with a feature size
of several tens of nanometers are currently in development.
The scaling of CMOS is expected to continue for at least another decade. Future nanometer circuits will soon contain
more than a billion transistors and operate at clock speeds
well over 10 GHz [1]. Distributing robust and reliable power
and ground levels in such a high speed, high complexity environment is, therefore, a highly challenging task [2].
Decoupling capacitors are widely used to manage power
supply noise. A decoupling capacitor acts as a reservoir of
charge, which is released when the power supply voltage at a
particular current load drops below some tolerable level. Alternatively, decoupling capacitors can be used to reduce the
impedance of power delivery systems operating at high frequencies. Since the inductance scales poorly [3], the location
of the decoupling capacitors signiﬁcantly aﬀects the design of
the power/ground (P/G) networks in high performance ICs
such as microprocessors. With increasing frequencies, a distributed system of on-chip decoupling capacitors is needed.
The eﬃcacy of decoupling capacitors depends upon the
impedance of the conductors connecting the capacitors to
the current loads and power sources. During discharge, the
current ﬂowing from the decoupling capacitor to the current
load results in resistive noise (IR drops) and inductive noise
di
drops) due to the parasitic resistance and inductance
(L dt
of the power delivery network. The resulting voltage drop
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at the current load is, therefore, always greater than the
voltage drop at the decoupling capacitor. Once the switching event is completed, a decoupling capacitor has to be
fully charged before the next clock cycle begins. During
the charging phase, the voltage at the decoupling capacitor
rises exponentially. The charge time of a capacitor is determined by the parasitic resistance and inductance of the
interconnect between the capacitor and the power supply.
A design space that characterizes a tolerable resistance and
inductance exists, permitting the restoration of the charge
at the decoupling capacitor within the target charge time.
The maximum frequency at which the decoupling capacitor
is eﬀective is determined by the parasitic resistance and inductance of the metal lines and the size of the decoupling
capacitor.
A maximum parasitic impedance between the decoupling
capacitor and the current load or power supply exists at
which the decoupling capacitor is eﬀective. Alternatively, to
be eﬀective, a decoupling capacitor should be placed within
the maximum eﬀective distance from the current load or
power supply, as shown in Fig. 1. The optimal allocation of
the on-chip decoupling capacitors is, therefore, an important
issue in high performance ICs. The eﬀective radii of the onchip decoupling capacitors are the primary subject of this
paper. Design techniques to estimate the minimum required
on-chip decoupling capacitance are also presented.

inductances are discussed in Section 6. Some speciﬁc conclusions are summarized in Section 7.

2.

Only a small fraction of the power supply voltage is typically permitted as a ripple voltage (power noise). A target
impedance of a power distribution system is [4]
Vdd × Ripple
,
(1)
I
where Vdd is the power supply voltage, Ripple is the allowable ripple voltage, and I is the current. According to
general scaling theory [5], the current I will further increase
and the power supply voltage will continue to drop, at least
for the next ten years. The impedance of a power distribution system should therefore be reduced to satisfy target
power noise constraints. The target impedance of a power
distribution system is falling at an alarming rate, a factor of
two per technology generation [4]. The speciﬁc impedance
must be satisﬁed not only at DC, but also at all frequencies
where current transients occur [6].
Neglecting the parasitic capacitance, the impedance of a
unit length wire can be modeled as Z  (ω) = r + jωl, where
r and l are the resistance and inductance per length, respectively, and ω is an equivalent frequency, determined by the
rise time of the current load. The unit length inductance l
is the eﬀective inductance per unit length in the power distribution grid, incorporating the partial self inductance and
mutual coupling among the lines. The target impedance of
a metal line with a particular length is therefore
Ztarget =

dmax
ch2
+
− Vdd

dmax
ch1

Cdec

EFFECTIVE RADIUS BASED ON
TARGET IMPEDANCE

Z(ω) = Z  (ω) × d,

dmax
Z

(2)



where Z (ω) is the impedance of a unit length metal line,
and d is the distance between the decoupling capacitor and
the current load. Substituting (1) into (2), the maximum
between the decoupling
eﬀective radius (or distance) dmax
Z
capacitor and the current load is

Iload

=
dmax
Z

Ztarget
Vdd × Ripple
√
,
=
Z  (ω)
I × r 2 + ω 2 l2

(3)

√
where r2 + ω 2 l2 denotes the magnitude of the impedance
of a unit length wire. Note that the maximum eﬀective
radius as determined by the target impedance is inversely
proportional to the magnitude of the current load and the
impedance of a unit length line. Also note, in a meshed
structure, multiple impedance paths between any two points
add in parallel. The maximum eﬀective distance corresponding to Ztarget is therefore larger as compared to a single line.
In this paper, the eﬀective radius of an on-chip decoupling
capacitor is deﬁned as follows.
Deﬁnition 1 : The eﬀective radius of an on-chip decoupling
capacitor is the maximum distance between the current load
or power supply and the decoupling capacitor, at which the
capacitor is capable of providing suﬃcient charge to the current load in order to maintain the overall power distribution
noise below the maximum tolerable level.

Figure 1: The eﬀective radii of an on-chip decoupling capacitor. The on-chip decoupling capacitor
should be placed such that both the current load
and the power supply are located inside the respective eﬀective radius. If the power supply is located
outside the eﬀective radius dmax
ch1 , the current load
should be partitioned, resulting in a smaller decoupling capacitor and, therefore, an increased eﬀective
distance dmax
ch2 .
The paper is organized as follows. The eﬀective radius
of an on-chip decoupling capacitor determined by the target impedance is presented in Section 2. Design techniques
to estimate the minimum magnitude of the required on-chip
decoupling capacitance are discussed in Section 3. The eﬀective radius of an on-chip decoupling capacitor based on the
charge time is presented in Section 4. A model of a power
distribution network is introduced in Section 5. Simulation
results for typical values of on-chip parasitic resistances and

3.

MINIMUM REQUIRED ON-CHIP
DECOUPLING CAPACITANCE

To estimate the on-chip decoupling capacitance required
to support the current demand, the current load is modeled
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voltage drop as seen at the current load is caused by the current ﬂowing through the parasitic resistance and inductance
of the on-chip power distribution system. The resulting voltage ﬂuctuations are the sum of the ohmic IR voltage drop,
voltage drop, and voltage drop at the decouinductive L dI
dt
pling capacitor at tp . A critical parasitic RL impedance,
therefore, exists for any given set of rise and fall times. Beyond this critical impedance, the ﬁrst droop becomes larger
than the second droop, as shown in Fig. 3. The decoupling
capacitor should therefore be increased to reduce the voltage drop at the capacitor VCr , lowering the magnitude of the
ﬁrst droop.

as a triangular current source. The magnitude of the current source increases linearly, reaching the maximum current
Imax at peak time tp . The magnitude of the current source
decays linearly, becoming zero at tf , as shown in Fig. 2.
The on-chip power distribution network is modeled as a series RL circuit. A single decoupling capacitor with a single
current load is assumed to support the voltage ﬂuctuations
at the P/G terminals. The maximum tolerable ripple at the
current load is 10% of the power supply voltage.
I(t)
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Figure 2: Linear approximation of the current demand of a power distribution network by a current
source. The magnitude of the current source reaches
the maximum current value Imax at peak time tp . tr
and tf denote the rise and fall times of the current
load, respectively.
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The charge Qr required to support the current demand
during the rise time of the current load is equal to the area
of the triangle formed by Imax and tr . The required charge
is provided by the on-chip decoupling capacitor. The voltage
at the decoupling capacitor therefore drops below the power
supply level by ΔVCr . The required charge during tr is
Qr =

(5)

Substituting (5) into (4) and solving for Cdec , the minimum
on-chip decoupling capacitance required to support the current demand during a switching event is
Imax × (tr + tf )
.
0.2 Vdd

0.9

0.1

Figure 3: Power distribution noise during discharge
of an on-chip decoupling capacitor: Imax = 100 mA,
Vdd = 1 V, tr = 20 ps, tf = 80 ps, R = 100 mΩ,
L = 15 pH, and Cdec = 50 pF. For these parameters,
the parasitic impedance of the metal lines connecting the decoupling capacitor to the current load is
larger than the critical impedance. The ﬁrst droop
is larger than the second droop and (6) underestimates the required decoupling capacitance. The resulting voltage drop on the power terminal is therefore larger than the maximum tolerable noise.

where Imax is the maximum magnitude of the current load,
tr and tf are the rise and fall times, respectively, Cdec is the
decoupling capacitance, Vdd is the power supply voltage, and
VCf is the voltage across the decoupling capacitor after the
switching event. Note that, since no current exists after
switching, the voltage at the current load is equal to the
voltage on the decoupling capacitor.
The voltage at the P/G terminals of a power delivery system should not exceed the maximum level (typically 10% of
the power supply voltage) to guarantee fault-free operation.
Thus,

f
≥
Cdec

0.8

b) Simulation time, sec

The total charge Qdis required to support the current demand during the switching event is modeled as the sum of
the areas of two triangles (see Fig. 2). Since the required
charge is provided by an on-chip decoupling capacitor, the
voltage at the capacitor during discharge drops below the
initial (power supply) voltage. Thus, the required charge
during the entire switching event is

f
≥ 0.9 Vdd .
VCf ≡ Vload

1
−10

x 10

c) Simulation time, sec

Imax × (tr + tf )
= Cdec × (Vdd − VCf ),
2

0.9

1

0
0

Qdis =

0.8

a) Simulation time, sec
dec

tp

tf

Voltage at C

tr

Voltage at the load, V

Imax

Imax × tr
= Cdec × ΔVCr ,
2

(7)

where Qr is the charge drawn by the current load during tr
and ΔVCr is the voltage drop at the decoupling capacitor at
tp . From (7),
ΔVCr =

(6)

Imax × tr
.
2 Cdec

(8)

By time tp , the voltage drop as seen from the current
load (the ﬁrst droop) is the sum of the ohmic IR drop, the
drop, and the voltage drop at the decoupling
inductive L dI
dt
capacitor. Alternatively, the power noise is further increased

Note that (6) is only applicable to the case when the voltage drop at the end of the switching event (the second droop)
is larger than the voltage drop at the peak time tp (the ﬁrst
droop). This phenomenon can be explained as follows. The

175

by the voltage drop ΔVCr . In this case, the voltage at the
current load is
r
= Vdd − I × R − L
Vload

dI
− ΔVCr ,
dt

on-chip decoupling capacitor determined during the charging phase for a target charge time. Similar to the eﬀective
radius based on the target impedance presented in Section 2,
an on-chip decoupling capacitor should be placed in close
proximity to the power supply (power pins) to be eﬀective.
To determine the current ﬂowing through a decoupling capacitor during the charging phase, the parasitic impedance
of a power distribution system is modeled as a series RL circuit between the decoupling capacitor and the power supply,
as shown in Fig. 4. When the discharge is completed, the
switch is closed and the charge is restored on the decoupling
capacitor. The initial voltage VC0 across the decoupling capacitor is determined by the maximum voltage drop during
discharge.

(9)

where R and L are the parasitic resistance and inductance
of the P/G lines, respectively. Note that the last term in
(9) accounts for the voltage drop ΔVCr at the decoupling
capacitor during the rise time of the current load.
r
≥ 0.9 Vdd and substituting (8) into
Assuming that Vload
(9) and solving for Cdec , the minimum on-chip decoupling
capacitance to support the current demand during tr is
r
Cdec
≥

Imax × tr
.

2 0.1 Vdd − I × R − L dI
dt

(10)



Imax × tr
0.1 Vdd − I r dcrit − l dcrit

dI
dt

 =

L

R

Note that if the ﬁrst droop is larger than the second droop,
Cdec is oversized. Hence, the voltage drop at the end of
the switching event is always smaller than the maximum
tolerable noise.
Also note that, as opposed to (6), (10) depends upon
the parasitic impedance of the on-chip power distribution
system. Alternatively, in the case of the ﬁrst droop, the
required charge released by the decoupling capacitor is determined by the parasitic resistance and inductance of the
P/G lines connecting the decoupling capacitor to the current
load. Assuming the impedance of a single line, the critical
r
and
line length dcrit can be determined by equalizing Cdec
f
Cdec ,

+
Vdd −

ich (t)

VC0

Cdec

Figure 4: Circuit diagram of charging an on-chip
decoupling capacitor.
For the circuit shown in Fig. 4, the KVL equation for the
current in the circuit is [7]

1
dich
(13)
ich dt = Vdd .
+ R ich +
L
dt
Cdec

Imax × (tr + tf )
, (11)
0.1 Vdd

Diﬀerentiating (13),

where r and l are the per length parasitic resistance and
inductance of a single line, respectively. Solving (11) for
dcrit ,


tr
0.1 Vdd 1 −
tr + tf
.
(12)
dcrit =
I r + l dI
dt

L

d2 ich
dich
1
+R
ich = 0.
+
dt2
dt
Cdec

(14)

Assuming an overdamped power distribution system with
an on-chip decoupling capacitor (which is typical for lines
longer than several micrometers in a 90 nm CMOS technology) and applying the initial conditions, the current through
the decoupling capacitor during the charging phase is

For a single line connecting the current load to the decoupling capacitor, the minimum required on-chip decoupling
capacitor is determined by (6) for lines shorter than dcrit
and by (10) for lines longer than dcrit . Note that for a line
length equal to dcrit , (6) and (10) result in the same required capacitance. Also note that the maximum length of
a single line is determined by (3). In the case of multiple
current paths existing between the current load and a decoupling capacitor, no closed form solution for the critical line
length exists. The impedance of the power grid connecting
a decoupling capacitor to a current load is compared to the
critical impedance. Either (6) or (10) is utilized to estimate
the required on-chip decoupling capacitance.

Imax (tr + tf )
 
×
R 2
4 L Cdec
− LC1dec
2L



 
R
R 2
+
− LC1dec t −
× exp − 2L
2L


 
R
R 2
1
−
−
− exp − 2L
t .
2L
LCdec
ich (t) =

(15)

The voltage at the decoupling capacitor during the charging
phase can be determined by integrating (15) from zero to
the charge time,
 tch
1
ich (t) dt,
(16)
VC (t) =
C 0

4. EFFECTIVE RADIUS
DETERMINED BY CHARGE TIME

where tch is the charge time, and VC (t) and ich (t) are the
voltage at the decoupling capacitor and the current ﬂowing through the decoupling capacitor during the charging
phase, respectively. Substituting (15) into (16) and integrating from zero to tch , the voltage across the decoupling
capacitor during the charging phase is given by (17).
From (17), the design space is determined for the maximum tolerable resistance and inductance, permitting the

Once discharged, the decoupling capacitor must be charged
to support the current demands during the next switching
event. If charge at the capacitor is not fully restored during the relaxation time between two consecutive switching
events (the charge time), the decoupling capacitor will gradually be depleted, becoming ineﬀective after several clock
cycles. A maximum eﬀective radius, therefore, exists for an
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Imax (tr + tf )
 
×
R 2
2
4 Cdec
L
− LC1dec
2L




⎧
 
 
R
R 2
1
R
R 2
1
⎪
⎪ exp − 2L
+
−
−
−
1
−
exp
−
t
−
1
tch
ch
⎨
2L
LCdec
2L
2L
LCdec
 
 
+
⎪
R
R 2
R
R 2
⎪
− 2L
+
− LC1dec
− 2L
−
− LC1dec
⎩
2L
2L

VC (tch ) =

×

decoupling capacitor to be recharged within a given tch , as
shown in Fig. 5. The parasitic resistance and inductance
should be maintained below the maximum tolerable values,
permitting the decoupling capacitor to be charged during
the relaxation time. Note that as the parasitic resistance of
the power delivery network decreases, the voltage across the
decoupling capacitor increases exponentially. In contrast,
the voltage across the decoupling capacitor during the charging phase is almost independent of the parasitic inductance,
slightly increasing with inductance. This phenomenon is due
to the behavior that an inductor resists sudden changes in
the current. Alternatively, an inductor maintains the charging current at a particular level for a longer time. Thus, the
decoupling capacitor is charged faster.

(17)
⎫
⎪
⎪
⎬
⎪
⎪
⎭

.

on-chip decoupling capacitance is determined from (10). In
the case of a single line connecting the decoupling capacitor
to the current load, the critical wire length is determined
from (12). The maximum eﬀective distance based on the
charge time is determined from (17). Note that (17) results
in a range of tolerable parasitic resistance and inductance of
the metal lines connecting the decoupling capacitor to the
power supply. Also note that the on-chip decoupling capacitor should be placed such that both the power supply and
the current load are located inside the respective eﬀective
radius, as shown in Fig. 6. If this placement is not possible,
the current load (circuit block) should be partitioned into
several blocks and the on-chip decoupling capacitors should
be allocated for each block, satisfying both eﬀective radii.
Note that the eﬀective radius determined by the target impedance does not depend on the decoupling capacitance.
The eﬀective radius determined by the charge time however
2
. Finally, the on-chip deis inversely proportional to Cdec
coupling capacitors should be distributed across the circuit
to provide the required charge for each functional unit.

1.08

Voltage at Cdec, V

1.06
1.04
1.02
1
0.98
0.96
0.94
2
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4

80
6

60
8

Resistance, Ω

40
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Iload

Inductance, pH

12
Cdec

Figure 5: Design space for maximum tolerable parasitic resistance and inductance of a power distribution grid: Imax = 100 mA, tr = 100 ps, tf = 300 ps,
Cdec = 100 pF, Vdd = 1 volt, and tch = 400 ps. For
a target charge time, the maximum resistance and
inductance can be determined, resulting in the voltage across the decoupling capacitor being greater or
equal to the power supply voltage (dark line).

Figure 6: Eﬀective radii of an on-chip decoupling
capacitor. For a power distribution system modeled
by a distributed RL mesh, the maximum eﬀective radius is the manhattan distance between two points.
The overall eﬀective radius is therefore shaped like
a diamond.

An overall design methodology for placing on-chip decoupling capacitors is as follows. The maximum eﬀective radius
based on the target impedance is determined from (3) for
a particular current load (circuit block), power supply voltage, and allowable ripple. The minimum required on-chip
decoupling capacitance is estimated to support the required
current demand. If the second droop is greater than the
ﬁrst droop, (6) is used to determine the required on-chip
decoupling capacitance. If the ﬁrst droop dominates, the

5.

MODEL OF A POWER DISTRIBUTION
NETWORK

On-chip power distribution networks in high performance
ICs are commonly modeled as a mesh. Early in the de-
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sign process, minimal physical information characterizing
the P/G structure is available. A simpliﬁed model of a power
distribution system is therefore appropriate. For simplicity,
equal segments within a mesh structure are assumed. The
current demands of a particular module are modeled as current sources with equivalent magnitude and switching activities. The current load is located at the center of a circuit
module and determines the connection point of the circuit
module to the power grid.
Typical eﬀective radii of an on-chip decoupling capacitor
is in the range of several hundreds micrometers. In order to
determine the location of an on-chip decoupling capacitor,
the size of each RL mesh segment should be much smaller
than the eﬀective radii. In modern high performance ICs
such as microprocessors with die sizes approaching 1.5 inches
by 1.5 inches, a ﬁne mesh is infeasible to simulate. In the
case of a coarse mesh, the eﬀective radius is smaller than the
size of each segment. The location of each on-chip decoupling capacitor, therefore, cannot be accurately determined.
To resolve this dilemma, the accuracy of the capacitor location can be traded oﬀ with the complexity of the power
distribution network. A hot spot (an area where the power
supply voltage drops below the minimum tolerable level) is
ﬁrst determined based on a coarse mesh. A ﬁne mesh is used
next inside each hot spot to accurately estimate the eﬀective
radius of the on-chip decoupling capacitor.
In modern high performance ICs, up to 3000 I/O pins can
be available [1]. Only half of the I/O pads are typically used
to distribute power. The other half is dedicated to signaling.
Assuming an equal distribution of power and ground pads,
a quarter of the total number of pads is typically available
for power or ground delivery. For high performance ICs
with die sizes of 1.5 inches by 1.5 inches inside a ﬂip chip
package, the distance between two adjacent power or ground
pads is about 1300 μm. Note that the proposed approach to
model a power distribution system is applicable to ICs with
both conventional low cost and advanced high performance
packaging.

tude of the second droop dominates and the required on-chip
decoupling capacitance is determined by (6). Note that for
the three scenarios with a 10 mA current load, the maximum
eﬀective radii of the on-chip decoupling capacitor based on
the target impedance and charge time are larger than forty
cells (the longest distance within the mesh from the center
of the mesh to the corner). The maximum eﬀective radii
of the on-chip decoupling capacitor is therefore larger than
the pitch size. The decoupling capacitor can therefore be
placed anywhere inside the pitch. Note that the required
on-chip decoupling capacitance is estimated for the longest
distance (40 cells). For a 100 mA current load, the voltage
ﬂuctuations at the current load exceed the critical voltage
drop. The ﬁrst droop dominates and the required on-chip
decoupling capacitance is determined by (10).

Table 1: Maximum eﬀective radii of an on-chip decoupling capacitor
Metal
Layer
Top

Int.

Bot.

Res.
Ind.
Iload
(Ω/μm) (pH/μm) (A)
0.007
0.007
0.007
0.04
0.04
0.04
0.1
0.1
0.1

0.5
0.5
0.5
0.3
0.3
0.3
0.1
0.1
0.1

0.01
0.1
1
0.01
0.1
1
0.01
0.1
1

Cdec dmax (cells)
(pF)
Z
tch
20
357
–
20
227
–
20
–
–

>40
2
<1
>40
1
<1
>40
<1
<1

>40
>40
–
>40
<1
–
>40
–
–

Vdd = 1 V, Vripple = 100 mV,
tr = 100 ps, tf = 300 ps, tch = 400 ps

r
Note that Cdec
as determined by (10) increases rapidly
with the eﬀective radius based on the target impedance,
. As the decoupling capacitor is
becoming inﬁnite at dmax
Z
moved closer to the current load, the required on-chip decoupling capacitance, estimated by (10), decreases. A tradeoﬀ,
therefore, exists between the maximum eﬀective distance determined by the target impedance and the size of the minimum required on-chip decoupling capacitance (if the overall
voltage drop at the current load is primarily caused by the
ﬁrst droop).
The eﬀective radii of an on-chip decoupling capacitor decreases linearly with current load. The optimal size of an
RL distributed mesh should therefore be determined for a
particular current demand. If the magnitude of the current
requirements is low, the mesh can be coarser, signiﬁcantly
decreasing the simulation time. For a 10 mA current load,
the eﬀective radii determined both by the target impedance
and charge time are longer than the pitch size. Thus, the
distributed mesh is overly ﬁne. For a current load of 1 A,
the eﬀective radii are shorter than one cell, meaning that the
distributed RL mesh is overly coarse. A ﬁner mesh should
therefore be used to accurately estimate the maximum effective radii of the on-chip decoupling capacitor.
Note that the maximum eﬀective radius as determined by
the charge time becomes impractically short for large decoupling capacitors, making the capacitors ineﬀective. In
this case, the decoupling capacitor should be placed closer

6. CASE STUDY
The dependence of the eﬀective radii of an on-chip decoupling capacitor on a power distribution system is described
in this section to quantitatively illustrate the concepts previously presented in this paper. A ﬂip chip package is assumed. An on-chip power distribution system with a ﬂip
chip pitch (the area formed by the four closest power pins)
is modeled by an RL mesh of forty by forty equal segments
to accurately determine the maximum eﬀective distance of
an on-chip decoupling capacitor. The load is modeled as a
triangular current source with a 100 ps rise time and 300
ps fall time. The maximum tolerable ripple at the load is
10% of the power supply voltage. The relaxation time between two consecutive switching events (the charge time)
is set to 400 ps. The maximum eﬀective radii determined
by the target impedance and charge time for three sets of
on-chip parasitic resistances and inductances are listed in
Table 1. Three scenarios listed in Table 1 are chosen to represent typical parasitic resistances and inductances of the
top, intermediate, and bottom layers of an on-chip power
distribution grid.
From (12), for the parameters listed in Table 1, the critical voltage drop is 75 mV. If the voltage ﬂuctuations at the
current load do not exceed the critical voltage, the magni-
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to the current load, permitting the decoupling capacitance
to be decreased. Alternatively, the current load should be
partitioned into several blocks, lowering the required on-chip
decoupling capacitance. The parasitic impedance between
the decoupling capacitor and the current load or power supply should be reduced, increasing the maximum eﬀective
radii of the on-chip decoupling capacitors.
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7. CONCLUSIONS
A design methodology for placing on-chip decoupling capacitors is presented in this paper. It is shown that a maximum eﬀective distance exists between the current load or
power supply and the decoupling capacitor. Beyond this
distance, the decoupling capacitor becomes ineﬀective.
The maximum eﬀective radii of an on-chip decoupling
capacitor based on the target impedance (discharge) and
charge time have been determined. Depending upon the
parasitic impedance of the P/G lines, the maximum voltage
drop is caused either by the ﬁrst droop (the rise time) or by
the second droop (the fall time). Design expressions to estimate the minimum on-chip decoupling capacitance required
to support expected current demands based on critical line
lengths are proposed. The critical length of the interconnect between the decoupling capacitor and the current load
is also determined. The on-chip decoupling capacitor should
be placed such that both the power supply and the current
load are located within the eﬀective radius. If this placement is not possible, the current load should be partitioned
into several functional units. The on-chip decoupling capacitors should be allocated for each block, satisfying both
eﬀective radii criteria. The on-chip decoupling capacitors
placed within eﬀective radii should be allocated on the die
to satisfy local transient current demands.
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