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Distributed On-Chip Power Delivery
Selçuk Köse, Member, IEEE, and Eby G. Friedman, Fellow, IEEE

Abstract—The performance of an integrated circuit depends
strongly upon the power delivery system. With the introduction of
ultra-small on-chip voltage regulators, novel design methodologies
are needed to simultaneously determine the location of the on-chip
power supplies and decoupling capacitors. In this paper, a unified
design methodology is proposed to determine the optimal location
of the power supplies and decoupling capacitors in high perfor-
mance integrated circuits. Optimization algorithms widely used
for facility location problems are applied in the proposed method-
ology. The effect of the number and location of the power supplies
and decoupling capacitors on the power noise and response time
is discussed.

Index Terms—Distributed power delivery, heterogeneous inte-
grated circuit (IC), on-chip decoupling capacitor, point-of-load
power supply.

I. INTRODUCTION

P OWER consumption has become one of the primary de-
sign constraints with the proliferation of mobile devices

as well as server farms where the performance per watt is the
fundamental benchmark [1], [2]. The quality of the voltage
delivered to the many circuit blocks has a direct effect on the
performance of an integrated circuit (IC). The voltage down-
converted and regulated by the off-chip and on-chip voltage
regulators is distributed throughout a power distribution system
to the billions of load circuits. Due to the finite parasitic
impedance of a power distribution network, voltage drops
and bounces can occur in the supply voltage. The frequency
and amplitude of these voltage fluctuations depend upon sev-
eral factors, including the characteristics of the load current,
parasitic impedance of the power distribution network, output
impedance of the power supplies, and effective series resistance
and inductance of the decoupling capacitors. To reduce the
amplitude of these voltage fluctuations, the power supplies are
supported by locally distributed decoupling capacitors, which
serve as a nearby reservoir of charge, providing current to the
load circuits [3].
The complexity of high performance power delivery systems

has increased significantly with the integration of diverse
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Fig. 1. Next generation power delivery network with local point-of-load power
supplies supported by decoupling capacitors, providing current to billions of
load circuits within different voltage islands.

technologies on a single die, forming a heterogeneous system.
The required voltage levels and noise constraints vary sig-
nificantly for different technologies. Novel voltage regulator
topologies have recently been proposed [4]–[10], enabling
not only the integration of on-chip power supplies but also
multiple distributed on-chip point-of-load power supplies [10],
[11]. These on-chip point-of-load power supplies provide the
necessary voltage close to the load circuits, greatly reducing
the parasitic impedance between the load circuits and power
supplies, and enhancing the efficiency of the overall power
delivery system [12]. There are three primary advantages of
a distributed point-of-load power delivery system. First, the
voltage is generated close to the load circuits, reducing the
noise caused by the parasitic impedances within the power
network. Second, discrete voltages can be generated for various
circuit blocks built in different technologies in heterogeneous
circuits. Third, a high granularity power management system
are realized where the voltage levels can be individually con-
trolled for different circuit blocks. This paper primarily exploits
the first and second advantages.
Next generation power delivery networks for high perfor-

mance circuits will contain tens to hundreds of on-chip power
supplies supported by many on-chip decoupling capacitors to
satisfy the current demand of billions of load circuits within dif-
ferent voltage islands, as illustrated in Fig. 1. The design of these
complex systems would be greatly enhanced if the available re-
sources, such as the physical area, number of metal layers, and
power budget, were not severely limited. The continuous de-
mand over the past decade for greater functionality within a
small form factor has imposed tight resource constraints while
achieving aggressive performance and noise targets [13].
Several techniques have been proposed for efficient power

delivery systems, typically focusing on optimizing the power
network [13], [14] and placement of the decoupling capacitors
[15]–[17]. Recently, Zeng et al. [18] proposed an optimization
technique for designing power networks with multiple on-chip
voltage regulators. The design of these on-chip voltage reg-
ulators and the effect of these regulators on high frequency
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voltage fluctuations and mid-frequency resonance have been
investigated. The interactions between the power supplies
and decoupling capacitors, which can significantly affect the
performance of an IC, have, however, not been considered [18].
These interactions are quite critical in producing a robust power
distribution network [10]. Decoupling capacitors and on-chip
power supplies exhibit several distinct characteristics, such
as the response time, area requirements, and parasitic output
impedances. Circuit models of these components should ac-
curately capture these characteristics, while being sufficiently
simple to not computationally constrain the optimization
process.
In this paper, the optimum location of the on-chip power sup-

plies and decoupling capacitors for different constraints is deter-
mined using facility location optimization algorithms [19]–[21].
The constraints of this power network co-design problem de-
pend upon the application and performance objectives. The op-
timization goal can be to minimize the maximum voltage drop,
total area, response time for particular circuit blocks, or total
power consumption.Multiple optimization goals can also be ap-
plied for smaller or midsize ICs.
The rest of the paper is organized as follows. A recently de-

veloped point-of-load voltage regulator is briefly described in
Section II. The facility location problem is introducedwith some
exemplary applications in Section III. A proposed methodology
to determine the optimum location of the power supplies and
decoupling capacitors is examined in Section IV. The optimum
location of the power supplies and decoupling capacitors, exem-
plified on several benchmark circuits, is presented in Section V.
A brief discussion of the proposed optimization technique and
possible enhancements are offered in Section VI. The paper is
concluded in Section VII.

II. POINT-OF-LOAD VOLTAGE REGULATORS

Placing multiple point-of-load power supplies is challenging
since the area occupied by a single power supply should be
small and the efficiency sufficiently high. Guo et al. proposed
an output capacitorless low-dropout regulator which occupies
an on-chip area of 0.019 mm [6]. The authors of this paper
recently proposed a hybrid point-of-load voltage regulator,
occupying an on-chip area of 0.015 mm [8], [22]. A mi-
crophotograph of this hybrid point-of-load regulator is shown
in Fig. 2. These area efficient voltage regulators provide a
means for distributing multiple local power supplies across
an IC, while maintaining high current efficiency and small
area. With point-of-load voltage delivery, on-chip signal and
power integrity are significantly enhanced while providing
the capability for distributing multiple power supplies. Design
methodologies are therefore required to determine the location,
size, and number of these distributed on-chip power supplies
and decoupling capacitors.

III. FACILITY LOCATION PROBLEM

Every complex system is an ensemble of small components,
typically with simple structures. The interactions and aggrega-
tion of these components form a highly sophisticated system.
The efficiency of this system strongly depends not only upon
the physical properties of the individual components but also
on the spatial location of these components since the placement

Fig. 2. Microphotograph of the hybrid voltage regulator [8].

of these components significantly affects the multiple interac-
tions within the system. In most systems, these components can
be grouped into two categories: 1) facilities and 2) customers.
Facility location problems, to determine the location, size, and
number of facilities that minimize the cost of providing a high
quality service to customers, have been well studied over the
last several decades [19].
Mathematical models have been widely used to determine the

optimal number, location, and size of the facilities as well as to
allocate facility resources to those customers that minimize or
maximize an objective function [19]–[21]. The problem can be
categorized depending upon the interconnection network (dis-
crete or continuous) and the input (static or dynamic). The ob-
jective is typically to minimize the average (or maximum) dis-
tance from the facilities to the customers, determine the min-
imum number of facilities that serve a particular number of cus-
tomers at fixed locations, or maximize the minimum distance
from a facility to the customers.
The design of an on-chip power delivery network for hetero-

geneous circuits exhibits significant similarities to the design of
electrical distribution networks in larger scale systems, such as
the electric power distribution grid of a city. The electricity gen-
erated at a power plant is downconverted and distributed to sub-
station transformers, typically outside a city. The output voltage
of these substation transformers is further downconverted and
regulated by the local power supplies, as shown in Fig. 3. This
voltage can be either delivered to industrial customers at a high
voltage level or further downconverted and regulated at smaller
substations and distributed to the local power grid within the
city. Large capacitors are integrated within this electrical dis-
tribution system to reduce voltage fluctuations. Alternatively,
in an IC, the board level voltage regulators downconvert the
output voltage of the board level power supply unit. This voltage
is delivered to the on-chip voltage regulators or directly to the
on-chip power grid, which provides current to the load circuits.
The required voltage levels and noise constraints are technology
and design dependent. The on-chip power delivery system is de-
signed to deliver different voltage levels within specified noise
constraints. Decoupling capacitors are distributed throughout
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Fig. 3. Large scale electric power distribution system.

the on-chip power delivery network to support the power dis-
tribution system by providing local charge to the load circuits.
A parallel can be drawn between the transformers and off-chip
voltage regulators, the small substations and on-chip voltage
regulators, and the large capacitors and on-chip decoupling ca-
pacitors. Additionally, the voltage requirements within an IC
vary in a similar manner as the voltage requirements of different
industrial and residential regions within a city.
Several optimization algorithms have been proposed to pro-

vide an optimal solution to this problem. Due to the similarity
between the electrical distribution network of a city and the
power distribution network of a heterogeneous circuit, analo-
gous algorithms can be applied to the design of these systems.
Since facility location algorithms are widely used to design elec-
trical distribution networks [23], [24], these city planning algo-
rithms are leveraged here in designing on-chip power networks
within high performance ICs.

IV. PROPOSED OPTIMIZATION METHODOLOGY

The primary objective of the proposed optimization method-
ology is to determine the optimal location of the on-chip power
supplies and decoupling capacitors that minimize the maximum
power noise and response time to certain blocks while main-
taining the area constant. Other design objectives can, however,
be incorporated into the objective function while minimizing
the maximum voltage drop and response time for certain blocks,
such as minimizing the 1) power consumed by the power distri-
bution networks, or 2) on-chip area.
Placing the power supplies and decoupling capacitors close

to the load circuits reduces the power noise. Minimizing the
sum of the weighted distances between a source point and a set
of destination points is known as a Weber problem [25]–[27].
In the proposed optimization, the weighted sum of distances
between the power sources and the load circuits is minimized
similar to aWeber problemwhile also considering the individual
characteristics of the power supplies, decoupling capacitors, and
load circuits.
The cost of delivering power from a power supply or a

decoupling capacitor to a load circuit depends upon 1) the
parasitic impedance of the power distribution network, 2) the
amount of current delivered to the load circuit, and 3) the
parasitic impedance to the power supplies and decoupling ca-
pacitors. A Euclidean or Manhattan distance is widely used in

the cost function of facility location problems. Alternatively, a
closed-form impedance model [12], which accurately captures
the power grid characteristics and physical distance, is utilized
to determine the effective impedance within the power grid
from the power supplies and decoupling capacitors to the load
circuits.
Multiple power supplies and decoupling capacitors can pro-

vide current to a single load circuit. The contribution depends
upon both the effective impedance among these components
and the requirements of the load circuit. For example, when
the current profile exhibits a fast transition time, a decoupling
capacitor is a better choice due to the faster response of these
structures. The contribution of current frommultiple power sup-
plies and decoupling capacitors to each load circuit is estimated
considering the effective impedance among the load circuit and
power sources, as in (5) and (6) where is the equivalent
conductance between the th voltage supply (or decoupling ca-
pacitor) and the th current load.
An objective function is proposed to determine

the optimum location of the power supplies and decoupling ca-
pacitors. is comprised of three terms. Minimizing
the first and second terms optimizes the location of the power
sources for minimum noise whereas minimizing the third term
optimizes the location to provide a fast response to specific
blocks. The solution of the weighted sum of these three terms
provides the optimum location of the power sources for both
minimum power noise and fastest response. Alternatively, the
solution guarantees a minimum power noise level or fastest re-
sponse time based upon the weight of the terms in the optimiza-
tion function.
Multiple parameters such as the parasitic impedance of the

power network, output impedance of the power supply, effec-
tive series resistance of a decoupling capacitor, and load cur-
rent characteristics significantly affect the power noise and/or
response time. These parameters are therefore considered in
the first and second terms of the optimization function to mini-
mize the power noise throughout a circuit. Alternatively, the re-
sponse time of the power delivery network to transient changes
in the current within certain blocks is minimized by placing
the decoupling capacitors physically close to these blocks. The
third term is therefore included within the objective function to
place the decoupling capacitors close to those circuit blocks de-
manding a fast transient current. The contribution of the decou-
pling capacitor to the circuit blocks, the normalized transition
time within the circuit blocks, and the sum of the equivalent
impedance of the power network and effective series resistance
of the decoupling capacitors are considered in the third term.
Intuitively, since the transition time of the current within the
blocks with a fast switching activity is smaller, reducing the ef-
fective impedance between the decoupling capacitors and these
blocks decreases the cost function. Moving the decoupling ca-
pacitors close to those circuit blocks requiring a faster transition
time minimizes the objective function. The proposed objective
function is
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

where the definition of the aforementioned parameters are listed
in Table I.
The maximum voltage drop and/or response time is mini-

mized using the objective function , where the ef-
fective resistance is defined in (2) [12]. By applying constraints
(3) and (4), the optimum location of the power supplies and de-
coupling capacitors is maintained within the dimensions of the
power grid. Constraints (7) and (8) ensure that the total contri-
bution of current from a power supply or a decoupling capac-
itor cannot exceed, respectively, the capacity of that particular
power supply or decoupling capacitor. Furthermore, the total
current demand from all of the load circuits is equal to the total
contribution from the power supplies and decoupling capaci-
tors, as guaranteed by (9). Additionally, by applying constraint
(10), the total capacity of the power supplies and decoupling ca-
pacitors is maintained greater than or equal to the total current
demand of the circuit.
In the proposed optimization function, (see Table I) pro-

vides the flexibility to optimize the power distribution system
for different objectives, such as minimizing the maximum
voltage drop or response time. When (or and ) is
equal to zero, the location of the power supplies and decoupling
capacitors is chosen to minimize the maximum voltage drop
(or response time). When the total capacity of the available

TABLE I
DEFINITION OF THE PARAMETERS IN (1)–(10)

power supplies and decoupling capacitors is greater than the
total current demand of the IC, the current can be supplied
either from the decoupling capacitors or power supplies, which
satisfies (10). For example, when the power consumption is
the primary bottleneck rather than the physical area occupied
by the power supplies and decoupling capacitors, adding more
decoupling capacitors instead of on-chip power supplies is a
better option if the noise constraints are satisfied. In this case,

should be greater than to ensure that the weight of the
first term in (1) (i.e., the cost function of the power supplies)
is greater than the weight of the second term in (1) (i.e., the
cost function of the decoupling capacitors). can therefore
be treated as weighting parameters to balance the optimization
process for different design constraints.
Please note that the voltage delivered to the on-chip point-of-

load power supplies from the dedicated power pads is assumed
here to be perfect. From a noise perspective, this assumption is
reasonable since the on-chip power supplies have both line and
load regulation. Since the output voltage of the on-chip power
supplies is regulated, the input power to these supplies does not
significantly affect the power noise. From a power consump-
tion perspective, however, the distribution of the power to the
on-die power supplies has a significant effect. Since the location
of the power supplies and decoupling capacitors that minimize
the noise and response time is determined, the assumption of
perfect power delivery to the power supplies does not signifi-
cantly affect the optimum locations.

V. CASE STUDY AND BENCHMARK CIRCUITS

In this section, the optimum location of the power supplies
and decoupling capacitors for different circuits is determined
utilizing the proposed optimization methodology. The voltage
drop maps of the related circuits with the decoupling capacitors
and power supplies located at the predetermined locations are
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Fig. 4. Floorplan of the example circuit with two different power delivery networks: (a) one large power supply with ten decoupling capacitors, and (b) four
relatively smaller distributed power supplies with 20 small decoupling capacitors.

Fig. 5. Map of voltage drops within the sample circuit for two different cases, one large power supply with ten decoupling capacitors, and two relatively smaller
distributed power supplies with 20 small decoupling capacitors. The maximum voltage drop is reduced when the number of power supplies and decoupling capac-
itors is increased due to the distributed nature of the power delivery network.

obtained using SPICE. The node voltages, which are determined
by the SPICE simulations, are produced from MATLAB.
The optimum number and location of the power supplies and

decoupling capacitors that minimize the voltage drop and re-
sponse time within certain blocks are determined for a small
sample circuit, as shown in Fig. 4, to provide an intuitive un-
derstanding of the proposed methodology. The sample circuit is
composed of nine circuit blocks with different current profiles.
The third and seventh blocks have current profiles with a faster
transition time (i.e., 20 ps) than the rest of the circuits which
have a relatively slower transition time (i.e., 100 ps). Since the
decoupling capacitors provide immediate charge, intuitively, the
decoupling capacitors should be placed close to those blocks
with a fast transition time to provide a fast response to transient
changes in the current. The optimum location of the power sup-
plies and decoupling capacitors that minimizes both the max-
imum voltage drop and response time for certain blocks (the
third and seventh blocks) is used, where , , and are set
to one. The optimum location of one large on-chip power supply
and ten decoupling capacitors (case a) is shown in Fig. 4(a).
The power supply is located at a central location to reduce the
maximum physical distance to each of the circuit blocks. The

decoupling capacitors, however, are placed physically close to
the third and seventh blocks. Most of the current demand of
these blocks is provided by the surrounding decoupling capac-
itors. The optimum location of the four relatively low current
power supplies and 20 small decoupling capacitors (case b) is
also determined, as shown in Fig. 4(b). In this case, the third
and seventh circuit blocks are surrounded by local decoupling
capacitors whereas the power supplies are distributed to ensure
that the maximum distance from the power supplies to the re-
maining blocks is minimized. The voltage drop map for these
two cases is shown in Fig. 5, where increasing the number of
power supplies and decoupling capacitors significantly reduces
the voltage drop. The maximum voltage drop is 133 mV and
77 mV, respectively, for cases a and b. More than a 40% reduc-
tion in the maximum voltage drop is achieved by increasing the
number and distributing the location of the power supplies and
decoupling capacitors.
The area of an on-chip power supply is typically dominated

by the output pass transistors [22], where the size of these pass
transistors changes linearly with the maximum output current
demand. The size of an on-chip power supply therefore changes
linearly with the maximum output current capacity. Addition-
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Fig. 6. Floorplan of ISPD’11 circuits [28] (a) superblue5, (b) superblue10, (c) superblue12, and (d) superblue18.

TABLE II
PROPERTIES OF ISPD BENCHMARK CIRCUITS

ally, when the on-chip power supplies are sufficiently small, the
ultra-small power supplies are combined to form a larger power
supply with a higher output current. In this paper, the size of a
power supply is assumed to change linearly with the maximum
output current capacity.
The optimal location of the power supplies and decoupling

capacitors for several ISPD’11 placement benchmark suite cir-
cuits is evaluated with the proposed distributed power delivery
methodology for a different number of power supply and de-
coupling capacitor configurations [28]. The floorplan of these
circuits is illustrated in Fig. 6. More than 15 000 individual cir-
cuit blocks exist in these circuits. As shown in Fig. 6, a signifi-
cant portion of the floorplan is occupied by several large circuit
blocks. To reduce the complexity of the proposed optimization
problem, only the large circuit blocks are considered in the pro-
posed co-design methodology. The actual and reduced number
of circuit blocks are listed in Table II. Although the reduced
number of blocks corresponds to less than 0.5% of the actual
number of blocks, these fewer number of blocks occupies more
than 82% of the total active circuit area.
The size of the power distribution networks and total number

of nodes in these benchmark circuits are listed in Table II. Each
circuit block is modeled as a single current load where the max-
imum current demand is proportional to the size of the circuit

TABLE III
FIVE DIFFERENT POWER SUPPLY AND DECOUPLING

CAPACITOR ARRANGEMENTS

block. Each current load, representing a circuit block, is con-
nected to the power grid from the node physically closest to the
center of that particular circuit block.
The general algebraic modeling system (GAMS) is used as

the optimization tool [29]. The proposed optimization method-
ology is modeled as a mixed integer nonlinear programming
problem. The location of the power supplies and decoupling
capacitors that minimizes the maximum voltage drop is deter-
mined for a different number of power supplies and decoupling
capacitors for four different ISPD’11 benchmark circuits. These
results are listed in Tables IV–VII, respectively, for superblue5,
superblue10, superblue12, and superblue18. The total area of
the power supplies and decoupling capacitors is maintained the
same for all of the test cases to provide a fair comparison.
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TABLE IV
OPTIMUM LOCATION OF POWER SUPPLIES AND DECOUPLING CAPACITORS THAT MINIMIZE THE AVERAGE VOLTAGE DROP FOR SUPERBLUE5

TABLE V
OPTIMUM LOCATION OF POWER SUPPLIES AND DECOUPLING CAPACITORS THAT MINIMIZE THE AVERAGE VOLTAGE DROP FOR SUPERBLUE10

TABLE VI
OPTIMUM LOCATION OF POWER SUPPLIES AND DECOUPLING CAPACITORS THAT MINIMIZE THE AVERAGE VOLTAGE DROP FOR SUPERBLUE12

TABLE VII
OPTIMUM LOCATION OF POWER SUPPLIES AND DECOUPLING CAPACITORS THAT MINIMIZE THE AVERAGE VOLTAGE DROP FOR SUPERBLUE18

The voltage dropmaps of the ISPD’11 circuits with the power
supplies and decoupling capacitors distributed throughout these
circuits, as listed in Tables IV–VII, are, respectively, shown
in Figs. 7–10. The maximum and average voltage drop for
five different cases [i.e., five different arrangements of power
supplies and decoupling capacitors (see Table III)] is listed
in Table VIII. The maximum voltage drop is greatest for
each circuit when only one power supply and two decoupling
capacitors are included within the power delivery network.
Increasing the number of power supplies and/or decoupling
capacitors significantly reduces the maximum and average
voltage drops. When the number of decoupling capacitors

increases from two to ten with one power supply, the reduction
in the maximum voltage drop is, respectively, 21.6%, 45.2%,
30%, and 23.7% for superblue5, superblue10, superblue12,
and superblue18. Alternatively, the reduction in the maximum
voltage drop is, respectively, 22%, 8.1%, 10%, and 35% for
superblue5, superblue10, superblue12, and superblue18 when
the number of decoupling capacitors increases from ten to
20 with three power supplies. The greatest noise reduction is
achieved when the 20 power supplies and supported by 32
decoupling capacitors, as illustrated in Table VII.
The average voltage drop throughout the power distribution

network for five different cases is also listed in Table VIII.When
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Fig. 7. Map of voltage drops within superblue5 for five different cases. Themaximum and average voltage drop is reduced when the power supplies and decoupling
capacitors are distributed.

Fig. 8. Map of voltage drops within superblue10 for five different cases. The maximum and average voltage drop is reduced when the power supplies and decou-
pling capacitors are distributed.

the number of power supplies and decoupling capacitors in-
creases, the power sources can be locally distributed throughout
the large power distribution network, providing local current to
the load circuits. Both the maximum and average power noise
are therefore significantly reduced for different circuits with di-
verse floorplans.

VI. DISCUSSION

With the introduction of ultra-small on-chip voltage regula-
tors [6], [22], the number of voltage regulators on a single die
will increase significantly to maintain the increasingly stringent
noise and power constraints in sub-20 nm ICs. Delivering a ro-
bust power supply voltage to circuits with varying noise and
voltage constraints is crucial to maintaining the performance
of next generation ICs. Local supply voltages are generated
and regulated by point-of-load voltage regulators within a dis-
tributed power delivery system. The physical distance among
the power sources and load circuits is less with a distributed
power delivery system. Since the power source is placed phys-
ically closer to the load circuits, the inductive and re-
sistive IR power noise is reduced.
In the proposed optimization methodology, minimizing the

maximum voltage drop and response time for certain blocks is
the primary optimization constraints. Other design constraints
can also be incorporated within the proposed algorithm such

as minimizing the power consumption and on-chip area. The
distinctive properties of the on-chip power supplies and de-
coupling capacitors should be further exploited to satisfy these
constraints, while using limited system resources. Although the
power supplies and decoupling capacitors both provide local
charge to the load circuitry, a decoupling capacitor requires
a power source to recharge after each clock cycle [3]. The
decoupling capacitors provide a faster response with minimal
power consumption (i.e., power is only consumed by the ESR
of the decoupling capacitor). Alternatively, the power supplies
dissipate significant power during voltage down conversion and
regulation. A power supply, however, can provide continuous
charge and does not need to be recharged after each clock cycle.
Additionally, the proposed optimization techniques can handle
a system with a maximum 20 power supplies and 32 decoupling
capacitors, as listed in Table III, with the available computing
resources and memory in feasible time (i.e., less than three
hours). Heuristic algorithms will significantly increase the
number of power sources that the proposed technique can
handle.

VII. CONCLUSION

Distributed power delivery holds the promise of a significant
paradigm shift, which will become necessary to achieve next
generation power efficient systems. Circuit blocks with different
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Fig. 9. Map of voltage drops within superblue12 for five different cases. The maximum and average voltage drop is reduced when the power supplies and decou-
pling capacitors are distributed.

Fig. 10. Map of voltage drops within superblue18 for five different cases. The maximum and average voltage drop is reduced when the power supplies and
decoupling capacitors are distributed.

TABLE VIII
MAXIMUM AND AVERAGE VOLTAGE DROP WITH 1 V POWER SUPPLY VOLTAGE WITHOUT ANY INCREASE IN AREA

voltage and noise constraints are commonly integrated onto a
single die. With the introduction of ultra-small on-chip voltage
regulators, a distributed on-chip power delivery system has be-
come feasible. Novel techniques, however, are required to de-
sign and optimize this highly sophisticated and complex system.
The similarity between the facility location problem and the de-
sign of heterogeneous ICs is exploited to determine the optimum
number and location of the many distributed on-chip power sup-
plies and decoupling capacitors in high performance ICs. An
objective function based on the effective resistance among the
power supplies, decoupling capacitors, and load circuits is pro-
posed that minimizes the maximum voltage drop and response
time throughout a high performance IC. This objective function
considers the current contribution from the multiple power sup-
plies and decoupling capacitors to each circuit block as well as
the size of the individual circuit blocks. The optimal location

of the on-chip power supplies and decoupling capacitors is de-
termined for four different ISPD’11 benchmark suite circuits.
By exploiting the distributed nature of the local on-chip power
supplies and decoupling capacitors, the local voltage fluctua-
tions within a system with multiple power supplies and decou-
pling capacitors are minimized. The proposed methodology and
techniques to determine the optimum location of the local power
supplies and decoupling capacitors provide a means to realize
more robust and efficient power delivery systems.
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