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ABSTRACT

A closed-form worst-case IR drop model is
developed to enable projections of the wiring resource
requirements of the power supply distribution networks
of future microprocessors and ASIC’s. The model is
then used to highlight the design trade-off between I/O
requirements and global wiring area needed for power
distribution across three generations. For the 2013
technology generation, the global wiring resources
exceed 40% of the available if fewer than 10,000 V/O's
are utilized for power and ground. )

INTRODUCTION

Power supply distribution network design is an area
of growing concern for future gigascale integrated
circuits.  With each new technology generation, the
active power is expected to increase by 2.7x while the
leakage power is projected to grow at an even more
alarmung rate [1]. Coupling this with an expected 15%
reduction in supply voltage per generation [1] leads to a
commensurate increase in current density with each new
technology generation. Such an increase places a large
burden on the design of the distribution network.

Understanding the design trade-offs of the power
supply distribution network for future ASIC’s and
microprocessors is of critical importance to improving
both the performance and cost, and thus the cost
effectiveness, of the products. With supply voltages
constantly scaling downward with each new technology
generation {2], local variations in IR drop produce
performance variations in the realm of magnitude as
those seen as a result of process variations [3]. These
variations may become fractionally larger as the supply
voltage is scaled down. Local IR drop creates a source-
to-substrate bias that effectively increases the threshold
voltage and creates larger timing delays [3). In addition,
power supply variations are a root cause of clock skew,
which can further reduce performance [4]. More wiring
resources, such as metal area per metal level, number of
metal levels, and number of vias, can be used to negate
these effects, but such a conservative design sees
decreased process yield and increased cost per die [3].
The goal of an optimum power supply distribution
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network design is to minimize the wiring resources
required to maintain system performance.

The total IR drop of a network must be modeled in a
generic fashion to enable projections of network design
requirements for future gigascale integrated circuits.
Previous work in this field falls primarily in two
categories: 1) closed-form modeling and 2) simulation.
As solving for the voltage drop in even the most generic
of distribution networks is computationally expensive,
most closed-form IR drop models such as [3],[5],[6] are
based only on the percentage area used for the network.
On the other hand, simulation-based methods such as
[71.[8] are targeted for use in a design methodology and
do not result in an analytical expression which may
highlight design trade-offs more readily. The model
presented here makes use of the more complex
simulation methods to highlight more dependencies yet
results in a closed-form expression for the worst-case
voltage drop needed to enable projections for future
technology generations.

GENERIC POWER SUPPLY DISTRIBUTION
NETWORK

The power supply distribution network is modeled
after that presented in [3]. It consists of a single grid at
the global level and feeder lines in a star network at the
local level. The grid is located in the top two orthogonal
metal levels, which have equal metal and dielectric
thicknesses. Each intersecticn point of the global grid is
connected to a star network on the lowest metal level
(M1) through stacked vias that bore through the
intermediate metal levels. A star network in M1 consists
of a tree of metal lines emanating from each of the four
sides of the via contact. An illustration of such a generic
power supply distribution network is found in Figure 1.

The grid is characterized by two key design
parameters: 1) the grid fineness f,,;, the number of
parallel lines in a unit cell of the grid, and 2} the
resistance of each grid segment R,,. The number of
parallel lines in a unit cell of the grid is assumed to be
odd so that the power and ground networks can be
optimally interlaced. The metal lines used for the star
networks in M1 are assumed to have a width equal to
that of the minimum feature size F. The area serviced by
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an individual star network is defined by the grid fineness
of the global grid. Thus, the local power distribution
network design is completely defined by the design at the
global levels.
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Figure |. A generic one-grid power supply distribution network: (a)
The cross-sectional view illustraies how the global grid matches the
pad pitch 1o the via pitch. (b) The dotted rectangle in the top-down
view of the global grid represents a grid celi centered about a single 1O
pad. (c) The top-down view of a local star network shows the four
escape paths, one of which is a worst-case longest path.

WORST-CASE IR DROP MODEL

In modeling the total IR drop of a power supply
distribution network, the case in which a single global
grid is utilized at the two uppermost metal levels as
described in the previous section is considered.
Assuming a grid fineness f,, and a number Ay, of
uniformly distributed power and ground IO pads, a
complete nedal analysis would include roughly (0.5 ny,
f;.,,-f) nodes, a number that can grow enormously for
realistic future designs. Since only the worst-case IR
drop is sought, the voltage at the center of the cell at the
center of the chip is principally of interest. Based upon
simulation of a single-grid network, the cells near the
edge of the chip do not experience as severe an IR drop
as those near the center of the chip as shown in Figure 2.
Since the cells along the edge of the chip are bounded
only on 2 or 3 sides rather than 4 as for the central cells,
they experience less immediate loading and thus have
less resistive voltage drop. Likewise, those cells
adjacent o the outer cells experience less loading than
the central cells but more than the outer cells.
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Figure 2. IR drop, given in millivolts, for a single-grid power supply
distribution network with a grid fineness of three. The celis near the
center of the chip see a larger load and experience the most severe
worst-case IR drop.

Assuming that the nimber of cells is sufficiently
large, the cells near the center of the chip see a load such
that they are approximately equal to that if they were in
an infinite plane. Assuming that the grid grows toward
infinity in extent with a commensurate increase in the
number of I/O pads utilized for power and ground, the IR
drops at the nodes of each cell begin to mirror those of
its neighboring cells. As the node voltages at the edge of
a cell mirror those of its neighboring cells, the current
conducted through the grid segments connecting the cells
rapidly approaches zero, thus electrically isolating each
individual cell. Assuming that a large number of 1/Q
pads are dedicated to the power supply distribution
network, therefore, leads to approximation of the entire
system by a single cell. This reduces the number of
nodes in a nodal analysis to simply (fg,,-dz).

A single cell of the power supply distribution
network had three-fold symmetry in the Cartesian plane
referenced as in Figure 3: 1) about the x-axis, 2) about
the y-axis, and 3} about the line y=x. Taking advantage
of this symmetry, the possibility of only solving for the
voltages in a single octant as shown in Figure 3 becomes
available with nro loss in accuracy. Such use of
symmetry further reduces the number of nodes required
for nodal analysis by roughly a factor of eight.
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Figure 3. Symmetry about the x-axis, the y-axis, and the line y=x,
shown on the lefi, allows a single octant, shown on the right, to
completely describe the node voltages of a central grid cell.

Given the node naming scheme shown in Figure 4
and setting V=V, the nodal system of equations can be
expressed as
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where [;; is the sink current from the node to ground,
Ry jwn 18 the resistance directly connecting the i,j node to
the k! node, and ug(x) is the unit step function of x. In
Figure 4, I is the sink current seen at each node in a full
cell. Similarly, R,., is the resistance of a grid segment
connecting two nodes.
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Figure 4. Representation of an octant of a power supply distribution
network cefl. The diamond node represents the supply pad. The
rectangles represent grid segments with effective resistances equal to
those indicated. Each oval node represents the intersection of two grid
lines and contains the value of the effective sink current.

This system of equations in (1) can be readily solved
using a matrix solver such as Matlab. Sweeping f,.q and
normalizing the worst-case global IR drop Vg gropa to the
product of Ry, and the current supplied by each pad Z..y
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results in the plot seen in Figure 5. Using a curve-fitting
algorithm, the IR drop is found as

VlR,glnbal = (191 7fgn'd )IceHRscg (2)

—Inl
2r
with fitness parameter #’=1. The maximum deviation of
the expression to the numerical data is less than 0.2%.
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Figure 5. Numerical solution of global IR drop versus grid fineness
normalized to the product of cell current and grid segment resistance.

This curve can be accurately represented through a natural logarithmic
function.

The cell current can be expressed in terms of the
total chip current /., as

21,
cell — wotel (3)
[
The grid segment resistance can be expanded as
Pl ),
- wngh

where p is the metal resistivity, wy, is the width of the
power and ground lines, £ is the global metal thickness,
and the grid segment length is expressed in terms of the
chip area A 4;, as

[ = 1 Ay (5).
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Substituting and simplifying,
I
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The local power supply distribution network,
defined here as that which lies in M1, consists of a star
network emanating from each via boring down through
the intermediate metal levels from the global grid. The
worst-case voltage at the via contact is known from the
worst-case global IR drop model described previously.
From the via contact, the star network branches out in
four directions. Assuming that each branch sinks equal
current, only one branch must be considered. Although
the devices sinking the current from the local feeder line
may be distributed anywhere in the surrounding area, it

is assumed that they all lie at the end of the line as a
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worsl-case model. Thus, the current travels along a
minimum feature size (F) feeder line for a distance of at

most the via pitch, the distance between adjacent vias -

feeding the local star networks. Thus, the local worst-
case IR drop is

] !
ot = ——2 R ),
IR Jlocal 4 'fg”-dz ki
where the resistance of a line in the star network is
'}
R.rmr = E}?‘gg— (8)
Substituting and simplifying,
A
Vigtocat = i]"”—a;p“‘]—; ”"5 ).
2 F fgrl'd npg

Summing, the total worst-case IR drop of a power supply
distribution network is

0.5 (10).

(Ff,)

A POWER SUPPLY DESIGN CONSTRAINT

As shown in (10), two power supply design
parameters affect both the local and global IR drops
significantly: 1) the grid fineness f,. and 2} the number
of power and ground I/O pads n,,. As pointed out in [6],
wire-bonding is not a scaleable packaging solution, and
an area-array technology (e.g.. flip-chip) is required to
meet the needs of future high-power applications. Many
new packaging technologies that supply high-density
area-array 1/Q0’s at a low cost are being investigated [9].

To determine the number of I/0’s needed to meet a
target maximum IR drop Vg the model in (10) is
constrained as
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Figure 6 illustrates this constraint on the number of /O
pads versus the grid fineness for the International
Technology Roadmap for Semiconductors (ITRS)
parameters shown in Figure 7. In addition, the
percentage of the wiring resources of each global metal
level required for power distribution is plotted in Figure
8. Figure 9 combines Figures 6 and 8 to illustrate the
design trade-off between 1/O requirements and on-chip
metal resources. As demonstrated in the figure, a

reductiont in 1/O requirements results in a steep increase
of on-chip global wiring resources dedicated to power
supply distribution. For the 2013 technology generation,
the global wiring resources exceed 40% of the available
if fewer than 10,000 I/O’s are utilized for power and
ground.

CONCLUSION

A closed-form worst-case IR drop model has been
developed 1o enable projections of the wiring resources
required for power supply distribution networks of future
gigascale integrated circuits. Application of the model
highlights the design trade-off between 1/0 requirements
and global wiring area needed for power distribution
across three generations. As the number of I/Q’s
dedicated to power supply distribution decreases, the
global wiring resources needed to maintain a target IR
drop increases, highlighting the need for high-density /O
packaging solutions.
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Figure 6. The number of power and ground VVO’s required to meet a
target overall IR drop versus grid fineness for three technology nodes.

Year F Vis | Prow A"’“’g Woe
{om) | (V) | (W) | {em?) | (W)

2001 | 150 ( 1.1 | 130 3.1 1

2005 | 80 | 0.9 | 170 341 1

2013 | 32 | 0.5 | 251 3.1 1

Figure 7. Technology parameters as outlined in [2].
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Figure 8. The percentage of global wiring resources needed to meet 2
target overall IR drop versus grid fineness for three technology nodes.
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Figure 9. The number of power and ground I/0's versus the percentage
of global wirtng resources needed to meet a target overall IR drop for
three technology nodes.
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