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Scaling Analysis of On-Chip Power Grid Voltage Variations in Nanometer Scale ULSI
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Abstract. This paper presents a detailed scaling analysis of the power supply distribution network voltage drop in
DSM technologies. The effects of chip temperature, electromigration and interconnect technology scaling (including
resistivity increase of Cu interconnects due to electron surface scattering and finite barrier thickness) are taken into
consideration during this analysis. It is shown that the voltage drop effect in the power/ground (P/G) distribution
network increases rapidly with technology scaling, and that using well-known countermeasures such as wire-
sizing and/or decoupling capacitor insertion which are typically used in the present design methodologies may be
insufficient to limit the voltage fluctuations over the power grid for future technologies. It is also shown that such
voltage drops on power supply lines of switching devices in a clock distribution network can introduce significant
amount of skew which in turn degrades the signal integrity.
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1. Introduction

Recent advances in CMOS process technology towards
90 nm regime and below have highlighted the impor-
tance of signal integrity as one of the main challenges
facing today’s chip designers. With increasing operat-
ing frequencies and elevating power consumptions in
VLSI circuits, the design and analysis of on-chip power
distribution networks has become a critical design task
[1, 2]. Aggressive interconnect scaling has increased
the average current density and the resistance per unit
length of wires. Since the supply voltage level is also
reduced with the technology scaling, the power sup-
ply noise becomes even more pronounced because the
ratio of the peak noise voltage to the ideal supply volt-
age level increases with each scaled technology node.
The power supply noise mainly manifests itself as a
voltage drop in the power distribution networks and
can adversely influence the performance of the signal
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nets, especially the clock distribution networks [2, 3].
Any kind of voltage drop in the on-chip power distri-
bution network should be bounded to the pre-defined
device noise-margin limits. An excessive voltage drop
in the power grid may result in a functional failure in
dynamic logic and a timing violation in static logic. For
example, it has been shown that a 10% voltage drop in
a design with technology feature size of 0.18 µm, in-
creases the propagation delay of the switching devices
by up to 8% [1, 4]. As a result, the main challenge
in the design of the power distribution network is to
achieve a minimum acceptable voltage fluctuation
across the chip (about 10% of the nominal supply volt-
age) while satisfying the electromigration (EM) relia-
bility rules for the power network segments and to re-
alize such a power distribution network with minimum
routing area of the interconnect metal layers [5–7].

The effective voltage drop on a chip is attributable
to two factors: (a) the resistive voltage drop (“on-
chip IR drop”) which is mostly due to the voltage
drop due to on-chip interconnect line resistances and
(b) the inductive voltage drop (or the di/dt noise) which
is mostly caused by the pin-package inductances. The
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di/dt, also referred to as simultaneous switching noise
(SSN) or ground bounce, is caused by rapid changes
in the current passing through the parasitic inductors
in the power network. It should be noted that solving
for IR and di/dt drop separately and adding them to de-
termine the worst-case voltage drop tends to be overly
pessimistic because the worst-case corner for these two
contributing factors seldom occurs. Hence, integrated
package and chip level power supply network models
are needed to accurately analyze the voltage fluctu-
ations caused by each factor [8]. The main issue in
the analysis of power distribution network is the huge
size of the problem. Simulating all the nonlinear de-
vices in the chip together with the entire power grid
is computationally infeasible. Thus, simulation is usu-
ally carried out in two separate steps. First, all devices
are simulated with an accurate non-linear simulator as-
suming a perfect supply voltage for each device. As
a result, the current drawn by each device connected
to the supply voltage is calculated. Next, devices are
modeled as independent time-varying current sources.
The problem of power grid analysis is thereby reduced
to that of solving a linear resistive network [6, 7]. The
error incurred by ignoring the non-linearity of devices
is usually negligible after a few iterations [3, 7]. No-
tice that because the actual voltage supplied to each
device is lower than the perfect voltage assumed dur-
ing the non-linear simulation step, this methodology
overestimates the currents drawn by each device, and
therefore, tends to overrate the voltage drop. Model of
the power grid in this methodology is fairly simple; it
comprises of a linear network of resistances that mod-
els the power grid interconnect segments and, constant
current sources that model the peak current of devices
that are connected to the power grid nodes. Numerous
methods have been proposed to either determine the
peak voltage drop in the power supply network effi-
ciently [3, 5, 7, 9, 10], or to reduce the peak voltage
drop in the power distribution network [5, 6, 11].

Wire-sizing is probably the most common method to
reduce the overall peak voltage drop by reducing the re-
sistivity of interconnect lines. Although with up-sizing
of the widths of power network lines, one should be able
to reduce the peak voltage drop, the amount of wire seg-
ment up-sizing in the power network is limited by the
routing areas that are allocated to the power network
in each routing layer (assuming that the EM rules are
satisfied) [6]. In addition to the wire-sizing technique,
in order to reduce the effect of switching noise on the
power distribution network, decoupling capacitors are

often added near the switching devices. These capaci-
tors act as local charge reservoirs for switching circuits
and reduce the effect of the power supply glitches and
ground bounce. Determining the optimal values and lo-
cations of the on-chip decoupling capacitors is essential
in maintaining a robust power supply network [11, 12].
Similar to the wire-sizing, the portion of the substrate
area assigned to the decoupling capacitances is lim-
ited and designers should always consider the tradeoff
between the reduction of the switching noise and the
increase in chip area due to insertion of the decoupling
capacitors.

It is well-known that through technology-scaling and
as a result of reduction of the minimum interconnect
widths, the resistance per unit length of the metal layers
increases rapidly. However, additional physical effects
such as electron surface scattering and finite barrier
thickness contribute significantly to the overall metal
resistivity of the local thin lines. In fact these effects
become even more pronounced by scaling down of the
technology feature size (especially in the Cu intercon-
nects). Furthermore, it has been shown that as the tech-
nology feature size is reduced, the peak chip temper-
atures that occur on the global metal layers increase
rapidly due to the self-heating effect [13]. This will
cause a further increase in the metal resistivity. Any in-
crease in the metal resistivity would be translated to an
increase in the voltage drop in the power distribution
network through the IR-drop effect.

Most of the recent research reports on the voltage
drop effect have focused on the methodology for effi-
cient computation of the voltage drop values for each
gate in the power distribution network [3, 5, 9, 10].
In contrast, this paper studies the effects of technol-
ogy scaling and temperature on the power supply net-
work voltage drop. It is shown that the voltage drop in
the power distribution network increases rapidly with
technology scaling and that using well known counter
measures such as wire-sizing and decoupling capaci-
tor insertion with resource allocation schemes that are
commonly used in the present design methodologies
may not be sufficient to limit the voltage fluctuations
over the power grid for future technologies and new
guidelines should be introduced.

The remainder of this paper is organized as follows.
An overview of global and local power grid distribu-
tion network topologies is described in Section 2. In
Section 3 the methodology of calculating the mini-
mum number of necessary power tracks in the global
and semi-global grids in order to satisfy EM rules is
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discussed. In Section 4 the effects of technology scal-
ing, including the thermal effects, and barrier and thin-
film effects, on the worst-case voltage drop are studied.
It is also shown that how thermal effects due to sub-
strate hot spots on the global interconnect may affect
the worst-case voltage drop. Section 5 examines that
how the technology scaling affects the performance of
the cell switching activities due to the power network
voltage drops. Finally, concluding remarks and sum-
mary are presented in Section 6.

2. Topology of Power Distribution Networks for
Voltage Drop Analysis

Function of the power distribution network is to carry
current from the chip power pads to all the cells in the
design. In addition, power supply network has many
complex and tight electrical specifications, making its
design a challenging task. It often consists of a top-
level grid network that distributes current from the chip
power pads (which are uniformly distributed over the
chip area) to the local power trunks and low-level distri-
bution structures that distribute the current from these
trunks to the cells. The top-level grid itself is made
of global and/or semi-global wire lines that are con-
nected together through vias or stack of vias. Initially,
the number and width of the orthogonal metal lines
in the global/semi-global power grids are determined
based on the EM rules. Simulating the power grid re-
quires solving a set of differential equations that are
formed through a typical approach like the modified
nodal analysis (MNA) as follows:

G · x(t) + C · ẋ(t) = u(t) (1)

where G is the grid conductance matrix, C consists of
the grid capacitive (including the decoupling capaci-
tances) and inductive terms, x(t) is the time-varying
vector of grid node voltages and currents through the
inductors, and u(t) is the vector of time-varying current
sources attached to the grid nodes. In case of having a
simplified RC model of the power distribution network,
the grid conductance matrix G will be a symmetric pos-
itive definite sparse matrix. As a result, the system of
(1) can be solved very efficiently by various methods
like Cholesky factorization or the incomplete Cholesky
conjugate gradient technique [14]. When the package
model is also included in the analysis, the presence of
package pin-to-pad segments necessitates the inclusion
of the current through the inductors as variables in the

grid conductance matrix G. Hence, to solve the system
of equations of (1), a more general solution technique,
albeit with much lower computational efficiency, e.g.,
the LU-decomposition for solving the RLC networks,
should be used. Figure 1 shows the simplified RLC net-
work model which can be used to extract system (1).
Time-varying current sources and decoupling capaci-
tances are connected to each intermediate node in the
global/semi-global grid. The amount of the current and
decoupling capacitance can be derived by examining
the power consumption profile and the device count
of the underlying functional blocks on the substrate
connected to each grid node. By solving system (1),
the voltages of all nodes in the global and semi-global
grids become known values.

In standard-cell based designs, by planning a power
trunk adjacent to a cell row, power can be distributed
among the cells in that row (Fig. 2). Accordingly, a
number of cells (∼50 to 100 cells) that belong to the
same row of the same functional block in the design are
connected to a single power trunk. The power trunks are
usually routed in Metal1 and are connected together on
one side by using a strip of Metal2, making a comb-like
structure as shown in Fig. 2. To achieve better results
both in terms of the local voltage drop and EM relia-
bility, one can use out-of-block extensions and connect
both sides of the power trunks together. Without loss
of generality, we use inverters to represent the cells
that are powered by the local power trunk. A circuit
model of the local power trunk is depicted in Fig. 3
where we assume that N − 2 identical inverters are
connected to a power trunk. Capacitors Cdi ’s repre-
sent both the drain diffusion capacitances and the add-
on (thin-oxide) decoupling capacitances. The total on-
chip n-well decoupling capacitor is determined by the
area, depth and perimeter of each n-well. To achieve
high speed switching devices, the thin-oxide decou-
pling capacitors should be placed in close proximity of
the highly active switching devices. Assuming that the
trunk as a purely resistive network for the time being,
given voltages V1 and VN and modeling the current
drawn by each inverter as a current source Ii , voltage
Vi at each intermediate node in Fig. 2 can be calculated
as follows:

Iei+1 = Iei − Ii , Iei =
N−2∑

i=1

∑N−1
j=i+1 R j∑

Ri
Ii ,

(2)
Vi+1 = Vi − Ri∑

Ri
(V1 − VN ) − Ri Iei
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Fig. 1. RC model of a top-level global/semi-global power grid distribution network. Each intermediate node is connected to underlying circuit
blocks modeled as time-varying current sources, Is ’s, and on-chip decoupling capacitances Cdecap’s. The square nodes are the power pad pins
connected by to the package pins through the RLC model of the package (RP , L P , CP ). Assuming a ball grid type of pin assignments in the
package, the power pads are uniformly distributed over the chip area in our problem setup.

Fig. 2. A local power distribution network for a typical standard cell
design consisting of power trunks in a comb-like structure connecting
to the semi-global power grid through metal2.

Note that the resistive voltage drop derived in (2)
is the worst-case scenario since the current sources
I ′
i s are dependent on the magnitude of Vi+1′s (Fig. 3).

For calculating the actual voltage drop, one must use
the nonlinear voltage-dependent current source by us-
ing Ids of the switching device and repeatedly solve
(1) until the solution converges. Notice that effects
of the decoupling capacitors and interconnect capac-
itance per unit length have been neglected in deriving
(2). Using this model and by solving the linear net-

Fig. 3. Magnified view of a trunk segment, containing the resistive
network of local power supply network to a series of inverters con-
nected to the intermediate nodes and the decoupling capacitances
Cd ’s.

work matrix coefficient for the power grid through (1),
one can derive the voltage drop for the entire network
in an iterative manner. The degree of voltage drop is
design-dependent and varies based on the location of
cells connected to the grid, the switching activity of
each cell, and the location of power pad connections
on the grid. As a result, in our experimental setup, we
examine the voltage drop in a local power trunk by
inserting a reasonable number of inverters in it. To em-
phasize the worst-case scenario, it is assumed that all
inverters connected to the grid segment switch at the
same time. It is also assumed that by considering a ball
grid type of pin assignments in our problem setup, the
power pads are uniformly distributed over the chip area
(Fig. 1).



Scaling Analysis of On-Chip Power Grid Voltage Variations 281

To alleviate the large transient current flowing
through the inductance of the global/semi-global grid
and limit the voltage drop, we must place decoupling
capacitances throughout the chip. Nominally, the stored
charge on these capacitors will supply the required tran-
sient current for 10% of the clock period. The charge
will be replenished during the remaining 90% of the
clock cycle time. To calculate the amount of necessary
decoupling capacitances in order to maintain a limited
voltage drop, one can use the following:

P = CT V 2
dd f γ (3)

where P is the total chip power consumption, Vdd de-
notes the supply voltage, f is the clock frequency, CT

is the effective chip capacitance, and γ is the probabil-
ity that a 0–1 transition occurs. Assuming a maximum
voltage variation of 10%, the computed decoupling ca-
pacitance needed for future technologies varies in a
range of 39 to 72 nF/cm2 (for 0.18 to 0.07 µm, respec-
tively) [15]. Heuristically, the amount of decoupling ca-
pacitance needed to accomplish a limited voltage swing
(∼10%) can be calculated as follows [16]:

Cdecap = 9P

f V 2
dd

(4)

For a metal-insulator-metal (MIM) capacitor hav-
ing a dielectric with thickness Toxeq = 1 nm, the de-
coupling capacitance is about 34.5 fF/µm2. Using this
value and (4), one can calculate the amount and the
area of total decoupling capacitance needed in each
technology [17]. These values are presented in Table 1
for different technologies.

3. Methodology of the Power Distribution
Network Planning

A key concern for the power supply network design
is the large amount of current that flows through the
interconnect lines which gives rise to EM-induced fail-
ures. EM is the transport of mass in the metal under an
applied current density and is widely regarded as a ma-
jor failure mechanism for VLSI interconnects. When
current flows through the interconnect metal, an elec-
tric wind is set up opposite to the direction of current
flow. These electrons upon colliding with the metal
ions, transfer sufficient momentum and cause displace-
ment of the metal ions from their lattice sites, thereby,
creating vacancies. These vacancies condense to form

Table 1. Technology parameters used in this work based on
ITRS’01 roadmap data for Cu interconnects.

Node (µm) 0.18 0.13 0.1 0.07

j0 (A/cm2) 5.8E5 9.6E5 1.4E6 2.1E6

Chip size (mm2) 450 450 622 713

Vdd (V) 1.8 1.5 1.2 0.9

Frequency (MHz) 1000 1700 3000 5000

P (W) 90 130 160 170

On Chip C Decap (nF) 250 305 333 377

Tmax (◦C) 120 140 150 175

# of P/G pads 1536 2018 2018 2560

Global pitch (nm) 1050 765 560 390

Semi-global pitch (nm) 640 465 340 240

Global layer line ar 2.2 2.5 2.7 2.8

Semi-global line ar 2.0 2.2 2.4 2.5

R-local (K�/m) 76.23 125.96 219.56 435.5

voids that result in increase of interconnect resistance or
even open circuit condition. The EM lifetime reliability
of metal interconnects is modeled by the well-known
Black’s equation [18], stated as:

TTF = A · j−n · exp

(
Q

kB Tm

)
(5)

where TTF denotes the time-to-failure (typically for
0.1% cumulative failure), A is a constant that is de-
pendent on the geometry and microstructure of the in-
terconnect line, and j is the average current density.
Typically, exponent n is 2 under nominal conditions,
Q is the activation energy for grain-boundary diffu-
sion (∼0.5 eV for 0.1 µm Cu), kB is the Boltzmann’s
constant, and Tm is the metal temperature. The charac-
teristic goal is to achieve a 10-year lifetime at 100◦C,
for which Eq. (5) and accelerated testing data produce a
design rule value for the acceptable current density, j0,
at the reference temperature, Tref. However, this design
rule value does not account for the interconnect self-
heating [19]. Based on the technology roadmap values
provided by the ITRS’01 [21], values for the maximum
allowable current density, j0, at a specific temperature,
Tref, for different technologies are given in Table 1.

On the other hand it is has been shown that inter-
connects at different metal layers experience different
temperatures and global interconnects get hotter than
the local interconnect lines [13]. The metal self-heating
is mainly due to the interconnect power dissipation
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caused by the current flow in the interconnect lines.
Although interconnect self-heating constitutes only a
small fraction of the total power dissipation in the chip,
the temperature rise of the interconnect lines due to the
self-heating can be significant. This is due to the fact
that interconnects are located far away from the sub-
strate and the heat sink, and are separated by several
layers of insulating materials that have lower thermal
conductivities compared to the substrate. In fact, full-
chip thermal analysis using finite element simulations
has shown that the maximum temperature in the chip
increases rapidly with scaling due to increased self-
heating of the interconnects [20], despite the fact that
per ITRS’01 roadmap guidelines [21], chip power den-
sity (power per unit area) remains nearly constant over
a wide range of technology nodes. Based on the values
of j0 and Tref given in ITRS’01 roadmap for different
technologies, we can easily calculate the new values for
acceptable amount of current density jm such that the
EM lifetime rule still remains satisfied at a new tem-
perature Tm by using the following relationship (which
can be deduced from (5)):

jm = j0

(
exp

(
Q

kB

(
Tm − Tref

Tm Tref

)) −1
n

(6)

3.1. Power Network Electromigration
Rule Satisfaction

Table 1 lists the different parameters for future CMOS
technologies based on ITRS’01 roadmap guidelines
[21]. The maximum allowable current density jm for
global/semi-global tiers at the maximum temperature
has been calculated using (6) and is provided in Ta-
ble 2. With the knowledge of total power consumption
and power supply voltage, one can calculate the max-
imum current drawn from the power supply. Dividing
this value by the number of the power pads, which is
usually half of the given value of the P/G pads in the
ITRS’01 roadmap guideline (and is usually 2/3 of the
total number of I/O pads in today’s IC technologies),
one can approximately calculate the average current
drawn from each power pad. Note that a ball grid type
of I/O packaging has been assumed in this analysis.
The maximum current drawn from each power pad is
a limiting factor on the EM rule for the power grid
interconnects in the area surrounded by that pad. In
general, the minimum number of the minimum-width

Table 2. Minimum number of (minimum-width) power tracks
needed to be routed on the power grid at global/semi-global tiers
for different technology nodes (in order to satisfy the EM rules) for
T = 105◦C and Tmax.

Node (µm) 0.18 0.13 0.1 0.07

Tmax global (◦C) 120 130 162 170

Tmax semiglobal (◦C) 117 126 150 160

jm/ j0 0.74 0.62 0.36 0.33

# global tracks @ 105◦C 526 796 1451 2346

# global tracks @ Tmax 705 1281 3964 7230

# semiglobal tracks @ 105◦C 1559 2448 4429 6940

# semiglobal tracks @ Tmax 2050 3600 10016 18385

gridlines required in a global power network in order to
satisfy the EM rules can be approximately calculated
as follows:

#Tracks = 1

w

(
1

ar
× P/Vdd

Npad jm

)0.5

(7)

where w is the minimum width of each power track
at the corresponding metal layer (i.e. global or semi-
global and it is usually half of its defined pitch), ar
is the aspect ratio, P is the total power consumption,
Vdd is the supply voltage, Npad is the number of power
pads, and jm is the maximum allowable current den-
sity to satisfy the EM rule at the corresponding layer
(i.e. global or semi-global). Using (7) and Table 1, the
minimum number of minimum-width gridlines needed
for different technologies in order to satisfy EM rules
in global and semi-global tiers is shown in the Table 2.
From Table 2, it can be seen that by going from global to
semi-global lines, the power grid gradually gets denser
which is expected due to a decrease in the line pitch.

4. Effects of Technology Scaling
on the Voltage Drop

4.1. Effects of Thin-Film, Barrier Thickness and
Interconnect Temperature

In VLSI interconnects, metal resistivity begins to in-
crease as the minimum dimension of the metal line
becomes comparable to the mean free path of the elec-
trons. This is because surface scattering begins to have a
considerable contribution to the resistivity compared to
the contribution due to the bulk scattering. The surface
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scattering-governed resistivity ρ of a thin-film metal
can be expressed in terms of the bulk resistivity ρ0 as
[22]:

ρ0

ρthin film
= 1 − 3

2k
(1 − p)

∫ ∞

1

(
1

x3
− 1

x5

)
1 − e−kx

1 − pe−kx
dx

(8)

where k = d/λm f p, d is the smallest dimension of the
film (width in our case), λm f p is the bulk mean free path
of electrons and p is the fraction of electrons which
are elastically reflected at the surface. The dominance
of the surface effect depends on the parameter k. For
Copper p = 0.47 and λm f p = 421 Å at 0◦C. Moreover,
since the temperature alters the mean free path of the
electrons, the temperature coefficient of resistivity α of
the thin film is also different from its bulk temperature
coefficient α0 [23].

Another effect, which is responsible for increased re-
sistivity, is the presence of a finite cross-sectional area
consumed by the higher resistivity metal barrier ma-
terial which encapsulates the Cu interconnects. Since
the resistivity of the barrier material is extremely high
compared to Cu, it can be assumed that Cu carries all
the current. Therefore, the effective area through which
the current conduction takes place is reduced, or equiv-
alently, the effective resistivity of the metal line of the
same drawn dimension increases. Since barrier thick-
ness cannot scale as rapidly as the interconnect dimen-
sion, it would increasingly occupy higher fraction of
the interconnect cross section area while restricting the
current flow only to the lower resistivity Cu [23]. The
effective resistivity and temperature coefficient ratios
for the global, semi-global and local tier metal for var-
ious technology nodes are given in Table 3.

It is also well known that interconnect resistance

Table 3. Effective resistivity ratio, ρ/ρ0, (barrier thick-
ness plus scattering) and temperature coefficient of resis-
tivity ratio, α/α0, for the global, semi-global and local tiers
for various technology feature sizes.

Node (µm) 0.18 0.13 0.1 0.07

(Global) ρ/ρ0 1.066 1.090 1.125 1.186

(Semi-global) ρ/ρ0 1.113 1.158 1.222 1.334

(Local) ρ/ρ0 1.158 1.222 1.315 1.485

(Global) α/α0 0.953 0.935 0.912 0.875

(Semi-global) α/α0 0.923 0.895 0.858 0.803

(Local) α/α0 0.902 0.867 0.82 0.752

changes linearly with its temperature. This relationship
can be written as R = r0(1 + β · �T ) where r0 is the
unit length resistance at reference temperature and β

is the temperature coefficient of resistance (1/◦C). By
including the effects of surface scattering and barrier
thin-film, interconnect resistance can be re-written as:

R = r0

(
ρ

ρ0

)

thin barrier eff

(
1 + β

α

α0
�T

)
(9)

The incorporation of such technological constraints
in addition to the technology scaling effects on metal re-
sistivity, leads to a more realistic line resistance per unit
length than the predicted bulk resistivity. As we will see
later, in order to reduce the maximum voltage drop, the
global and semi-global tier metals usually have widths
that are many times larger than the minimum width.
As a result the barrier-thickness effect should only
be considered for the local lines. On the other hand,
the global/semi-global tiers are the hottest lines inside
the chip [13]. As a result, for global/semi-global lines
the effect of line temperature should be considered.

4.2. Voltage Drop in Global/Semi-Global
Power Network

Based on the minimum required number of the power
gridlines as calculated from (7) for both the global
and semi-global grids at each technology node, we can
build the system of Eq. (1) for combined global/semi-
global power grids and solve it to find the voltage at
each node. Nodes at the semi-global power grid dis-
tribute the power to the local power trunks through via
or a stack of vias and/or metal2. Hence, by finding the
worst-case voltage drop over the nodes at the semi-
global level and accounting for the drop over the vias,
one can find the voltage at the power pin of the drivers
in the local blocks. In this way one can quantify how
severely the global and semi-global power grids can
affect the voltage drop in the worst case scenario. To
examine the effect of decoupling capacitors, two cases
are analyzed as detailed next.

Case I. No decoupling capacitors. Using the num-
ber of the tracks provided in Table 2, the result-
ing voltage drop values will be severe. Ideally, we
need to have less than 10% voltage drop in or-
der to ensure correct circuit functionality. Using the
minimum-sized tracks will result in a huge and un-
acceptable voltage drop. As a result, an optimization
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procedure should be used that (while satisfying the
EM rules), attempts to minimize the voltage drop
such that a fixed percentage of the total routing
area is allocated to the power network [6]. A max-
imum allocation of 5 to 10% of the routing area
to the power network is a common policy in cur-
rent technologies. Figure 4 shows the worst-case
voltage drop in different technologies for 5% and
10% allocation of the routing area to the power
network, respectively. The data in this figure is for
the case without considering the on-chip decoupling
capacitances.

Case II. Uniformly distributed decoupling capacitors.
From Fig. 4, it can be observed that even with wire-
sizing up to the allowed budget of the routing area,
the voltage drop will be more than the maximum al-
lowable margin of 10%. Insertion of on-chip decou-
pling capacitors near the switching devices on the
substrate decreases the peak magnitude of the volt-
age drop. The total decoupling capacitor can be cal-
culated by (4) and is reported in Table 1. It is assumed
that the decoupling capacitors are uniformly dis-
tributed over the substrate surface. Figure 5 shows
the worst-case voltage drop in global/semi-global
grids while using projected amount of on-chip de-
coupling capacitor and 10% of routing area for the
power network. Figure 5 shows that by using the

Fig. 4. Worst-case percentage of voltage drop increase as a function
of technology node for combined global/semi-global power grids
considering the effects of self-heating, while allocating 5% and 10%
of the routing area to the power distribution network, respectively.

Fig. 5. Worst-case percentage of voltage-drop increase as a func-
tion of technology node for combined global/semi-global power
grids considering the effects of self-heating, while allocating 10%
of the routing area to the power network and assuming uniformly
distributed on-chip decoupling capacitors.

suggested on-chip decoupling capacitors, the worst-
case voltage drop reduces to an acceptable mar-
gin for 0.18 µm technology. However, as the sub
130 nm technology nodes, the maximum voltage
drop violates the 10% voltage swing rule. In the
above experiments the area of the total on-chip
decoupling capacitors is 5% of the total substrate
area.

Observations made in two previous cases highlight
the fact that in current and future technologies, assign-
ing 10% of the routing area to the power network and
5% of the substrate area to the decoupling capacitors
will not be sufficient in order to limit the maximum
voltage drop to the desired value of 10%. As a result,
for these technologies, new resource allocation limita-
tions should be determined. Figure 6 shows the min-
imum required percentage of the allocated resources
to ensure a worst-case of 10% voltage drop for future
technologies.

4.3. Voltage Drop in Local Power Network

One can impose the worst-case voltage drop figures
from the previous section on the two sides of each
power trunk to examine the voltage drop in the local
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Fig. 6. Minimum required percentage of the allocated resources
(global layer routing area for wire sizing and substrate area for de-
coupling capacitances) to ensure a worst-case 10% voltage drop
for future technologies, considering the maximum temperature of
global/semi-global interconnects.

Fig. 7. Worst-case percentage of voltage-drop increase as a func-
tion of technology node in the presence of maximum interconnect
temperature (T ) and surface scattering/barrier effects (S), in the local
power trunk lines. Notice that in this graph (Vdd − Vdd′ ) is the actual
voltage over the two sides of the local power trunks, and N is the
number of standard cells connected to the power trunk.

power supply network (Fig. 3). Figure 7 shows the
worst-case voltage drop increase as a function of
various technology nodes in the local power trunks.
Note that the actual voltage applied at the two
ends of the power trunk are at (Vdd − Vdd′) where
Vdd′ can be extracted from Fig. 5 for different

Fig. 8. Total worst-case voltage-drop increase as a function of tech-
nology node in the presence of maximum interconnect temperature
(T ) and surface scattering/barrier effects (S), while allocating 10%
of the routing area to the power network and 5% of the substrate area
for decoupling capacitors.

technologies. To extract the total worst-case voltage
drop, one must combine the results of the two previous
steps. By using data of Figs. 5 and 7, Fig. 8 summa-
rizes the total voltage drop increase as a function of
technology node in the presence of surface scattering,
barrier thickness, and temperature effects on intercon-
nect resistivity. Note that the worst-case voltage drops
for different technologies are based on the assump-
tion of uniformly distributed power pads all over the
chip area, which is the emerging trend in the indus-
try. By using the periphery-only power pad distribu-
tion scheme, the worst-case voltage drop is going to be
much more severe than the results projected by Figs. 5
and 8.

4.4. Effect of Hot Spots on the Worst-Case
Voltage Drop

In reality, the magnitudes of the current sources con-
nected to the power grid are not uniformly distributed
over the chip area. Due to different switching activi-
ties and/or sleep modes of various functional blocks,
the distribution of current sources over the power net-
work is generally non-uniform. As a result, one should
distribute the decoupling capacitances non-uniformly
according to the activity profiles of the different blocks
over the substrate. Existence of such non-uniformly
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distributed switching activities on the substrate results
in substrate thermal gradients and in extreme cases
leads to the creation of hot spots.

The existence of such hot spots in the substrate
surface introduces non-uniform temperature profiles
along the lengths of the long global interconnects. More
specifically, the power distribution network spans over
the entire substrate area and is thereby exposed to the
thermal non-uniformities of the substrate. It has been
shown that thermal non-uniformities on the substrate
surface may seriously affect the performance of global
interconnect lines [25]. Having the power consump-
tion profile of the cells and/or blocks on the substrate,
one can easily determine the substrate thermal profile
[24]. To derive the thermal profile of a long global in-
terconnect passing over the substrate, one can use the
following [25]:

d2Tline(x)

dx2
= λ2Tline(x) − λ2Tsub(x) − θ (10)

where Tline(x) and Tsub(x) are the interconnect thermal
profile and substrate thermal profile along the length of
the interconnect, respectively, and λ and θ are constants
which can be derived by using the physical dimensions
of the interconnect line and the insulator and thermo-
electrical properties of the interconnect. It is also well
known that resistivity of a metal line has a linear re-
lationship with its thermal profile. As a result, due to
the non-uniformity of the substrate temperature, resis-
tance profile of the power network would distribute
non-uniformly. Specifically, resistances of those seg-
ments right above the hot spots are going to be higher
than the rest of the power network segments. It is
expected that by considering the actual temperature-
dependent resistivity of the global interconnect, the
voltage drops at nodes in the proximity of the hot spots
become worse. To model a hot spot, a Gaussian dis-
tribution thermal profile with a constant peak at Tmax,
i.e. T (x) = Tmax · exp(−(x − µ)2/2σ 2), is assumed.
Figure 9 shows the variation of the worst-case voltage
drop as a function of the magnitude of thermal gradient
of a hot spot over the substrate surface. It is seen that
by neglecting the thermal effects of hot spots on the
resistivity of the global layers, the worst-case voltage
drop of hot devices cannot correctly be predicted, and
consequently, the amount of the inserted decoupling
capacitance proposed by existing heuristic rules may
be insufficient.

Fig. 9. Worst-case voltage-drop (VIR/Vdd) increase (based on
Fig. 5) in the presence of hot spots modeled by constant-peak
Gaussian distribution as a function of thermal gradient magnitudes
(◦C), shown for two different technology feature sizes.

5. Effect of the Voltage Drop on the Clock Skew

Performance of each cell connected to the local trunk
segment is strongly dependent on the fluctuations of
power supply voltage (Vdd). For deriving the sensitivity
of the gate delay as a function of the changes in Vdd,
we can use a simple short-channel model for transistors
in the saturation region. The Ids can be expressed as
follows [26]:

Ids = w · vsat · Cox · (Vgs − Vt − Vds) (11)

where Cox is the oxide capacitance, Vgs is the gate to
source voltage, vsat is the carrier saturation velocity, Vds

is the drain to source voltage and Vt is the threshold
voltage. The gate delay sensitivity, SD

V dd, to the power
supply voltage fluctuations can be written as follows:

SD
V dd = VddVT − V 2

T + Ec LVdd + Ec LVT

(Vdd − VT + Ec L)(Vdd − VT )
(12)

where EC is the critical electric field, L is the chan-
nel length (EC L = 1.4 V), and VT is assumed to be
Vdd/5. As shown in Fig. 10, with technology scaling,
the dependency of the gate delay on the power sup-
ply voltage fluctuations becomes more severe. Notice
that Fig. 10 depicts the sensitivity of the power supply
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Fig. 10. Sensitivity of the cell delay (SDVdd) to the fluctuations of
the supply voltage Vdd for different technology nodes. Y-axis values
show the percentage increase in cell delay for each percent decrease
in Vdd at the specific technology node.

Fig. 11. Maximum percentage of the delay difference among
drivers in a clock tree connected to a local power trunk for differ-
ent technologies at room temperature, and at maximum interconnect
temperature.

voltage variations as a function of technology node.
As an example, Figure 10 shows that for each 10%
decrease in the power supply voltage in the 0.18 µm
technology, we expect to see an 8.5% increase in the
gate delay. Figure 11 shows the maximum percentage

of delay difference among the devices connected to a
semi-global grid for different technology feature sizes.
This delay difference will appear as skew among the
devices in a clock circuitry. It is seen that technology
scaling can introduce a considerable amount of skew
into a clock tree by changing the switching speeds of
the clock buffers through non-uniform voltage drops
over the power grid network.

6. Conclusion

In this paper we highlighted the growing importance
of the voltage drop effects with technology scaling.
The effects of temperature, electromigration reliability
and interconnect technology scaling including resistiv-
ity increase of Cu interconnects due to electron surface
scattering and finite barrier thickness were taken into
consideration for power supply voltage drop analysis. It
was shown that barrier thickness and scattering effects
must carefully be considered in local interconnect lines,
while for global/semi-global tiers, temperature plays an
important role in increasing the metal resistivity. Severe
performance degradation and/or functional alterations
due to power network voltage drop suggests that volt-
age drop issue is going to become an increasingly im-
portant factor in determining the interconnect design
policies and signal integrity guidelines. It was shown
that new resource allocation guidelines for power sup-
ply network metal area and on-chip decoupling capaci-
tors should be provided for future technologies in order
to limit the maximum voltage swing in the power net-
works. It was also shown that by considering the non-
uniform temperature effects of the substrate hot-spots
on the resistivity of global interconnects, the allocated
decoupling capacitances to the hot spot region should
be modified accordingly. Finally, it was observed that
non-uniform voltage drops on power supply lines of
switching devices in a clock distribution network, in-
troduces a significant amount of skew which in turn
degrades the signal integrity.

References

1. R. Saleh, S.Z. Hussain, S. Rochel, and D. Overhauser, “Clock
skew verification in the presence of IR-Drop in the power distri-
bution network.” IEEE Trans. on Computer-Aided Design, vol.
19, no. 6, pp. 635–644, 2000.

2. A. Chandrakasan, W.J. Bowhill, and F. Fox, Design of High-
Performance Microprocessor Circuits. IEEE Press, 2001.



288 Ajami, Banerjee and Pedram

3. A. Dharchoudhury, R. Panda, D. Blaauw, and R. Vaidyanathan,
“Design and analysis of power distribution network on PowerPC
microprocessor.” in Proc. of Design Automation Conference,
1998, pp. 738–743.

4. M. Iwabuchi, N. Sakamoto, Y. Sekine, and T. Omachi, “A
methodology to analyze power, voltage drop and their effects
on clock skew/delay in early stages of design.” in Proc. of Int’l
Symposium on Physical Design, 1999, pp. 9–15.

5. A. Dalal, L. Lev, and S. Mitra, “Design of an efficient power
distribution network for the UltraSPARC-ITM microprocessor.”
in Proc. Int’l. Conf. on Computer Design: VLSI in Computers
and Processors, 1995, pp. 118–123.

6. X. Tan, C.J.R. Shi, D. Lungeanu, J. Lee, and L.
Yuan, “Reliability-constrained area optimization of VLSI
power/ground networks via sequence of linear programming.”
in Proc. of Design Automation Conference, 1999, pp. 78–83.

7. T. Mitsuhashi and E.S. Kuh, “Power and ground network topol-
ogy optimization for cell-based VLSI.” in Proc. of Design Au-
tomation Conference, 1992, pp. 524–529.

8. H.H. Chen and J.S. Neely, “Interconnect and circuit model-
ing techniques for full-chip power supply noise analysis.” IEEE
Trans. on Components, Packaging, and Manufacturing, vol. 21,
no. 3, pp. 209–215, 1998.

9. S.R. Nassif and J.N. Kozhaya, “Fast power grid simulation,”
in Proc. of Design Automation Conference, 2000, pp. 156–
161.

10. R. Chaudhry, D. Blaauw, R. Panda, and T. Edwards “Current
signature compression for IR-drop analysis,” in Proc. of Design
Automation Conference, 2000, pp. 162–167.

11. M.D. Pant, P. Pant, and D.S. Wills, “On-chip decoupling ca-
pacitor optimization using architectural level current signature
prediction,” in Proc. Int’l. ASIC/SOC Conference, 2000, pp 288–
292.

12. H.H. Chen and D.D. Ling, “Power supply noise analysis method-
ology for deep-submicron VLSI chip design,” in Proc. Design
Automation Conference, 1997, pp. 638–643.

13. S. Im and K. Banerjee, “Full chip thermal analysis of planar
(2-D) and vertically integrated (3-D) high performance ICs,”
Technical Digest Int’l Electron Device Meetring, pp. 727–730,
2000.

14. D. Luenberger, Linear and Nonlinear Programming, 2nd edi-
tion, Addison-Wesley Pub. Company, 1984.

15. P. Chahal, R.R. Tummala, M.G. Allen, and M. Swaminathan, “A
Novel integrated decoupling capacitor for MCM-L technology.”
IEEE Trans. on Components, Packaging, and Manufacturing,
vol. 21, no. 2, pp. 184–193, 1998.

16. C.S. Chang, A. Oscilowski, and R.C. Bracken, “Future chal-
lenges in electronics packaging.” IEEE Trans. on Circuits and
Devices, vol. 14, no. 2, pp. 45–54, 1998.

17. Applications of Metal-Insulator-Metal (MIM) Capacitors, In-
ternational SEMATECH, Technology transfer 00083985A-
ENG.

18. J.R. Black, “Electromigration—A brief survey and some recent
results.” IEEE Trans. on Electron Devices, vol. ED-16, pp. 338–
347, 1969.

19. K. Banerjee, A. Mehrotra, A. Sangiovanni-Vincentelli, and C.
Hu, “On thermal effects in deep sub-micron VLSI intercon-
nects,” in Proc. Design Automation Conference, 1999, pp. 885–
891.

20. S. Rzepka, K. Banerjee, E. Meusel, and C. Hu, “Characteriza-
tion of self-heating in advanced VLSI interconnect lines based on
thermal finite element simulation.” IEEE Trans. on Components,
Packaging and Manufacturing Technology-A, vol. 21, no. 3,
pp. 406–411, 1998.

21. International Technology Roadmap for Semiconductors. ITRS,
2001.

22. J.C. Anderson, The Use of Thin Films in Physical Investigation.
Academic Press, 1966.

23. K. Banerjee, S.J. Souri, P. Kapur, and K.C. Saraswat, “3-D ICs:
A novel chip design for improving deep-submicrometer inter-
connect performance and systems-on-chip integration.” in Proc.
of the IEEE, Special Issue, Interconnections—Addressing The
Next Challenge of IC Technology, vol. 89, no. 5, pp. 602–633,
2001.

24. C.H. Tsai and S.M. Kang, “Cell-level placement for improving
substrate thermal distribution.” IEEE Trans. on Computer Aided
Design, vol 19, no. 2, pp 253–265, 2000.

25. A.H. Ajami, K. Banerjee, M. Pedram, and L.P.P.P. van
Ginneken, “Analysis of non-uniform temperature-dependent in-
terconnect performance in high performance ICs.” in Proc. De-
sign Automation Conference, 2001, pp. 567–572.

26. K. Toh, P. Ko, and R. Meyer, “An empirical model for short-
channel MOS devices.” IEEE Journal of Solid-States Circuits,
vol. 23, pp. 2950–2957, 1988.

Amir H. Ajami received his B.S. degree in electri-
cal engineering from the University of Tehran, Tehran,
Iran in 1993. He received his M.S. and Ph.D. de-
grees in electrical engineering from the University of
Southern California, Los Angeles, CA, in 1999 and
2002, respectively.

He is currently a member of consulting staff in re-
search and development division at Magma Design Au-
tomation, Inc., Santa Clara, CA. He has previously held
positions at Cadence Design Systems, Inc., and Magma
Design Automations, Inc., in 1999 and 2000, respec-
tively. His research interests are in the area of technol-
ogy scaling issues in high-performance VLSI designs
with emphasis on full-chip thermal analysis, thermal-
aware timing and power optimization methodologies,
and signal integrity. He has coauthored several papers
on the modeling and analysis of the effects of sub-
strate thermal gradients on performance degradation



Scaling Analysis of On-Chip Power Grid Voltage Variations 289

and development of thermal-aware physical-synthesis
optimization algorithms.

Dr. Ajami is a member of Association of Computing
Machinery (ACM) and IEEE. HE serves on the techni-
cal program committee of the 2005 IEEE International
Symposium on Quality Electronics Design.

Kaustav Banerjee received the Ph.D. degree in
electrical engineering and computer sciences from the
University of California at Berkeley in 1999. He was
with Stanford University, Stanford, CA, from 1999 to
2002 as a Research Associate at the Center for Inte-
grated Systems. In July 2002, he joined the faculty
of the Electrical and Computer Engineering Depart-
ment at the University of California, Santa Barbara,
as an Assistant Professor. From February 2002 to
August 2002 he was a Visiting Professor at the Cir-
cuit Research Labs of Intel in Hillsboro, Oregon. In
the past, he has also held summer/visiting positions
at Texas Instruments Inc., Dallas, Texas, Fujitsu Labs
and the Swiss Federal Institute of Technology (EPFL).
His present research interests focus on a wide va-
riety of nanometer scale issues in high-performance
VLSI and mixed-signal designs, as well as on cir-
cuits and systems issues in emerging nanoelectronics.
He is also interested in some exploratory interconnect
and circuit architectures including 3-D ICs. At UCSB,
Dr. Banerjee mentors several doctoral and masters stu-
dents. He also co-advises graduate students at Stanford
University, University of Illinois at Urbana-Champaign
and EPFL-Switzerland. He has co-directed two doc-
toral dissertations at Stanford University and the Uni-
versity of Southern California. Dr. Banerjee served
as Technical Program Chair of the 2002 IEEE In-
ternational Symposium on Quality Electronic Design
(ISQED ’02), and is the General Chair of ISQED ’05.
He also serves or has served on the technical program
committees of the IEEE International Electron Devices
Meeting, the IEEE International Reliability Physics

Symposium, the EOS/ESD Symposium and the ACM
International Symposium on Physical Design. His re-
search has been chronicled in over 100 journals and ref-
ereed international conference papers and a book chap-
ter. He has also co-edited a book titled “ Emerging Na-
noelectronics: Life with and after CMOS” by Kluwer
in 2004. Dr. Banerjee has been recognized through the
ACM SIGDA Outstanding New Faculty Award (2004)
as well as a Best Paper Award at the Design Automa-
tion Conference (2001). He is listed in Who’s Who in
America and Who’s Who in Science and Engineering.

Massoud Pedram received a B.S. degree in
Electrical Engineering from the California Institute
of Technology in 1986 and M.S. and Ph.D. degrees in
Electrical Engineering and Computer Sciences from
the University of California, Berkeley in 1989 and
1991, respectively. He then joined the department of
Electrical Engineering, Systems at the University of
Southern California where he is currently a professor.

Dr. Pedram has served on the technical program
committee of a number of conferences, including
the Design automation Conference (DAC), Design
and Test in Europe Conference (DATE), Asia-Pacific
Design automation Conference (ASP-DAC), and
International Conference on Computer Aided Design
(ICCAD). He served as the Technical Co-chair and
General Co-chair of the International Symposium on
Low Power Electronics and Design (SLPED) in 1996
and 1997, respectively. He was the Technical Program
Chair and the General Chair of the 2002 and 2003
International Symposium on Physical Design. Dr.
Pedram has published four books, 60 journal papers,
and more than 150 conference papers. His research has
received a number of awards including two ICCD Best
Paper Awards, a Distinguished Citation from ICCAD,
a DAC Best Paper Award, and an IEEE Transactions
on VLSI Systems Best Paper Award. He is a recipient



290 Ajami, Banerjee and Pedram

of the NSF’s Young Investigator Award (1994) and the
Presidential Faculty Fellows Award (a.k.a. PECASE
Award) (1996).

Dr. Pedram is a Fellow of the IEEE, a member of the
Board of Governors for the IEEE Circuits and systems
Society, an associate editor of the IEEE Transactions
on Computer Aided Design, the IEEE Transactions
on Circuits and Systems, and the IEEE Circuits and
Systems Society Distinguished Lecturer Program

Chair. He is also an Advisory Board Member of the
ACM Interest Group on Design Automation, and an
associate editor of the ACM Transactions on Design
Automation of Electronic Systems. His current work
focuses on developing computer aided design method-
ologies and techniques for low power design, syn-
thesis, and physical design. For more information,
please go to URL address: http://atrak.usc.edu/∼
massoud/.


