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ABSTRACT

Decoupling capacitors are widely used to reduce power sup-
ply 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 capac-
itors to the current loads and power supplies. A maximum
effective radius exists for each on-chip decoupling capaci-
tor. 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 impe-
dance of the power distribution system, the maximum volt-
age drop as seen at the current load is achieved either at the
first droop or at the end of the switching activity (the sec-
ond 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 restor-
ing the charge on the decoupling capacitor within a target
charge time. An overall design methodology for placing on-
chip decoupling capacitors is presented in this paper. It is
shown that for an on-chip decoupling capacitor to be effec-
tive, both effective radii criteria should be simultaneously
satisfied.
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1. INTRODUCTION

The feature size of integrated circuits (IC) has been ag-
gressively 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 an-
other 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 en-
vironment 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. Al-
ternatively, decoupling capacitors can be used to reduce the
impedance of power delivery systems operating at high fre-
quencies. 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 dis-
tributed 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 (I R drops) and inductive noise
(L % drops) due to the parasitic resistance and inductance
of the power delivery network. The resulting voltage drop



at the current load is, therefore, always greater than the
voltage drop at the decoupling capacitor. Once the switch-
ing 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 de-
termined 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 in-
ductance 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 on-
chip decoupling capacitors are the primary subject of this
paper. Design techniques to estimate the minimum required
on-chip decoupling capacitance are also presented.

Figure 1: The effective radii of an on-chip decou-
pling capacitor. The on-chip decoupling capacitor
should be placed such that both the current load
and the power supply are located inside the respec-
tive effective radius. If the power supply is located
outside the effective radius d;7", the current load
should be partitioned, resulting in a smaller decou-
pling capacitor and, therefore, an increased effective

max

distance d};5".

The paper is organized as follows. The effective radius
of an on-chip decoupling capacitor determined by the tar-
get 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 effec-
tive 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
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inductances are discussed in Section 6. Some specific con-
clusions are summarized in Section 7.

2. EFFECTIVE RADIUSBASED ON
TARGET IMPEDANCE

Only a small fraction of the power supply voltage is typi-
cally permitted as a ripple voltage (power noise). A target
impedance of a power distribution system is [4]
Vad ><IRzpple’ (1)
where Vyiq is the power supply voltage, Ripple is the al-
lowable 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 distri-
bution 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'(w) = r + jwl, where
r and [ are the resistance and inductance per length, respec-
tively, and w is an equivalent frequency, determined by the
rise time of the current load. The unit length inductance [
is the effective inductance per unit length in the power dis-
tribution 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

Z(w) = Z'(w) x d,

Ztu,'rget =

2
where Z'(w) 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
effective radius (or distance) d*® between the decoupling
capacitor and the current load is

Ztarget _ Vaa % Rlpple
Z'(w) I xr? o2’

where /72 + w?[? 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 correspond-
ing to Ziarger 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 cur-
rent load in order to maintain the overall power distribution
noise below the maximum tolerable level.

drznaac —

3)

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



as a triangular current source. The magnitude of the cur-
rent source increases linearly, reaching the maximum current
LImao at peak time ¢,. The magnitude of the current source
decays linearly, becoming zero at ty, as shown in Fig. 2.
The on-chip power distribution network is modeled as a se-
ries 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.

Figure 2: Linear approximation of the current de-
mand of a power distribution network by a current
source. The magnitude of the current source reaches
the maximum current value I,,,, at peak time t¢,. t,
and ¢y denote the rise and fall times of the current
load, respectively.

The total charge QQ4;s required to support the current de-
mand 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

I’mam X (t'r + tf)
: (4)

where 1,45 is the maximum magnitude of the current load,
t, and ¢y are the rise and fall times, respectively, Cge. is the
decoupling capacitance, Vg is the power supply voltage, and
chf 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 sys-
tem should not exceed the maximum level (typically 10% of
the power supply voltage) to guarantee fault-free operation.
Thus,

Qdis = = Cdec X (Vdd - Vg)a

Vi=V!  >09Va.

()

Substituting (5) into (4) and solving for Cec, the minimum
on-chip decoupling capacitance required to support the cur-
rent demand during a switching event is

[maac X (tr + tf)
—_. 6
0.2 Vyaa ( )

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

ct >

dec =
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voltage drop as seen at the current load is caused by the cur-
rent flowing through the parasitic resistance and inductance
of the on-chip power distribution system. The resulting volt-
age fluctuations are the sum of the ohmic IR voltage drop,
inductive L% voltage drop, and voltage drop at the decou-
pling capacitor at t,. A critical parasitic RL impedance,
therefore, exists for any given set of rise and fall times. Be-
yond 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 volt-
age drop at the capacitor V¢, lowering the magnitude of the
first droop.

>
g 1 T T T T T
% \ Second droop
20951 i
w \ First droop
o 09F il
g
g 0.8 L L L L L L L L L
>0 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
a) Simulation time, sec x107°
> 1
£
[$)
B 095 J
o
=3
s
S L
> o
() 01 0.2 0.3 4 . 0.6 0.7 0.8 0.9 1
b) Simulation time, sec X107
< 01
B
°
= 0.05- 4
I
E
o 0! I I I I I I I I I
0 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
c) Simulation time, sec x107°

Figure 3: Power distribution noise during discharge
of an on-chip decoupling capacitor: I, = 100 mA,
Via = 1V, t, = 20ps, ty = 80ps, R 100 mS2,
L = 15pH, and Cy4.. = 50 pF. For these parameters,
the parasitic impedance of the metal lines connect-
ing the decoupling capacitor to the current load is
larger than the critical impedance. The first droop
is larger than the second droop and (6) underesti-
mates the required decoupling capacitance. The re-
sulting voltage drop on the power terminal is there-
fore larger than the maximum tolerable noise.

The charge @, required to support the current demand
during the rise time of the current load is equal to the area
of the triangle formed by I.. and t,.. 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 AV{. The required charge during ¢, is

I r
Imas Xt _ o o AVE,

7
5 ™)
where Q. is the charge drawn by the current load during ¢,
and AV{ is the voltage drop at the decoupling capacitor at
tp. From (7),

Qr =

ITVLG,CL' X t’!"

2 Cdec (8)

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

AVE =



by the voltage drop AV{. In this case, the voltage at the
current load is

szad:Vdd—]XR—Lg—AVCT,

7 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 AV{ at the decoupling
capacitor during the rise time of the current load.

Assuming that Vj},4 > 0.9 Vyq and substituting (8) into
(9) and solving for Cgec, the minimum on-chip decoupling
capacitance to support the current demand during ¢, is

—Imaz >< tT
ary -’
O.lVdd—IXR—LE)

oo > 1
Cdec72( (0)

Note that if the first droop is larger than the second droop,
Clec 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 de-
termined 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
line length d.r;+ can be determined by equalizing C7,. and
Cgec’

Imaz X tr o Imaz X (tr +tf)
(0.1 Vag — I'v deris — Uderir 55) 01Vaa '

(11)

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

dcrit,

For a single line connecting the current load to the decou-
pling capacitor, the minimum required on-chip decoupling
capacitor is determined by (6) for lines shorter than deri
and by (10) for lines longer than dcr;:. Note that for a line
length equal to derit, (6) and (10) result in the same re-
quired 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 decou-
pling 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.

tr
01Vaa | 1-—
dd ( ot i

ar
IT+ZE

(12)

dc'rit =

4. EFFECTIVE RADIUS
DETERMINED BY CHARGE TIME

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 dur-
ing the relaxation time between two consecutive switching
events (the charge time), the decoupling capacitor will grad-
ually be depleted, becoming ineffective after several clock
cycles. A maximum effective radius, therefore, exists for an
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on-chip decoupling capacitor determined during the charg-
ing 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 ca-
pacitor during the charging phase, the parasitic impedance
of a power distribution system is modeled as a series RL cir-
cuit 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 V2 across the decoupling ca-
pacitor is determined by the maximum voltage drop during
discharge.
R L
AN (500

x

ich (t) VCQ —_- 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]

dich

1
L e — ieh dt = . 1
L +th+cdec /Zh Via (13)
Differentiating (13),
d?icp, dich 1 .
L o = 0. 14
ae Ty e e =0 (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 technol-
ogy) and applying the initial conditions, the current through
the decoupling capacitor during the charging phase is

I’mam (t'r + tf)

4LCdec (%)Ziﬁdm
Sow (& + VB ) ] -
2
fexp[(*%* (27) 7@) t}}

The voltage at the decoupling capacitor during the charging
phase can be determined by integrating (15) from zero to
the charge time,

1 ten
%wZEA ien(t) dt,

ien(t) = x (15)

(16)

where t¢, is the charge time, and V() and ., (t) are the
voltage at the decoupling capacitor and the current flow-
ing through the decoupling capacitor during the charging
phase, respectively. Substituting (15) into (16) and inte-
grating from zero to t.n, the voltage across the decoupling
capacitor during the charging phase is given by (17).

From (17), the design space is determined for the max-
imum tolerable resistance and inductance, permitting the



_ —Imaz (tr"’tf) %

4C§ECL (%)2 - LC’ldec

VC (tch)

2
oxp | (4 /)~ 7 ) 1] -1

(17)

1 —exp [(—%

VB - ) o]

Jr

2
—ar —\(G1) — e

decoupling capacitor to be recharged within a given t.p, 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 charg-
ing 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 charg-
ing current at a particular level for a longer time. Thus, the
decoupling capacitor is charged faster.
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Figure 5: Design space for maximum tolerable par-
asitic resistance and inductance of a power distri-
bution grid: Ine: = 100mA, ¢, = 100 ps, t; = 300 ps,
Ciec = 100pF, Vyq 1volt, and t., = 400ps. For
a target charge time, the maximum resistance and
inductance can be determined, resulting in the volt-
age across the decoupling capacitor being greater or
equal to the power supply voltage (dark line).

An overall design methodology for placing on-chip decou-
pling 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 volt-
age, 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
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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 capac-
itor 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 im-
pedance does not depend on the decoupling capacitance.
The effective radius determined by the charge time however
is inversely proportional to C2... Finally, the on-chip de-
coupling capacitors should be distributed across the circuit
to provide the required charge for each functional unit.

3 3 3 3 3 3 3
3 3 3 3 3 3 3
/ N\
g 37 3 ~3 3 3 3
Ve N
7 Dt
37 3/ 3 \d "3 3 3
AN ‘. /
g ~ 3 N\y/L 37 3 3 3
N Ve
A /

USRS S S N

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

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-



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 cur-
rent sources with equivalent magnitude and switching activ-
ities. 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 decou-
pling capacitor, therefore, cannot be accurately determined.
To resolve this dilemma, the accuracy of the capacitor lo-
cation 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 1/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 pm. 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.

6. CASE STUDY

The dependence of the effective radii of an on-chip decou-
pling capacitor on a power distribution system is described
in this section to quantitatively illustrate the concepts pre-
viously presented in this paper. A flip chip package is as-
sumed. 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 be-
tween 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 rep-
resent 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 criti-
cal voltage drop is 75 mV. If the voltage fluctuations at the
current load do not exceed the critical voltage, the magni-

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 de-
coupling capacitor

Metal Res. Ind. Livad | Caec | dmax (cells)
Layer || (9/pm) | (pH/pm) | () | (oF) [ Z | ten
0.007 0.5 0.01 20 | >40 | >40
Top 0.007 0.5 0.1 357 2 >40
0.007 0.5 1 — <1 —
0.04 0.3 0.01 20 | >40 | >40
Int. 0.04 0.3 0.1 227 1 <1
0.04 0.3 1 — <1 -
0.1 0.1 0.01 20 | >40 | >40
Bot. 0.1 0.1 0.1 — <1 —
0.1 0.1 1 — <1 —

Vdd = 1V, ‘/;ipplc =100 mV,
t, = 100 ps, ty = 300 ps, tcn = 400 ps

Note that CJ,.. as determined by (10) increases rapidly
with the effective radius based on the target impedance,
becoming infinite at d%7“*. As the decoupling capacitor is
moved closer to the current load, the required on-chip decou-
pling capacitance, estimated by (10), decreases. A tradeofT,
therefore, exists between the maximum effective distance de-
termined by the target impedance and the size of the mini-
mum 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 de-
creases 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 ef-
fective radii of the on-chip decoupling capacitor.

Note that the maximum effective radius as determined by
the charge time becomes impractically short for large de-
coupling capacitors, making the capacitors ineffective. In
this case, the decoupling capacitor should be placed closer
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