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Power Supply Pads Assignment for
Maximum Timing Yield

Kian Haghdad, Member, IEEE, and Mohab Anis, Senior Member, IEEE

Abstract—The design of power distribution networks signifi-
cantly impacts the timing of very large scale integrated chips.
Process variations induce uncertainty in the current drawn off
the network and, therefore, impose statistical measures on the
supply voltage. This brief presents an optimization methodology
for assigning power supply pads across the chip for maximizing the
timing yield. A mixed-integer nonlinear programming optimiza-
tion problem subject to the voltage drop and current constraints is
efficiently solved to find the optimum number and location of the
pads. The experimental results for ISCAS89 benchmark circuits
demonstrate as much as a 30% improvement in the timing yield.

Index Terms—Leakage current, pad assignment, very large
scale integration, voltage variations, yield optimization.

I. INTRODUCTION

POWER distribution networks must be designed with great
care to ensure the delivery of the correct functionalities

within a limited time. The increasing process variations, lower
noise margins, and high electromigration in modern technolo-
gies make it even more challenging to design a robust power
distribution network. The high number of power supply pads in
such a design and the significant impact of their assignments to
different nodes call for a robust solution.

The analysis and verification of power grids start from the
early design phases [1], [2]. In recent years, the design of a
power grid has been investigated in different areas and design
stages. A wire-sizing optimization is discussed in [3], where
the locality of the power grid is utilized to optimize the parti-
tioned grid. The authors of [4] explained their method for floor
planning and power network cosynthesis. Here, the area and the
wire length are minimized while fixing the IR drop violations.

The authors of [5] and [6] optimized the topology of the
power distribution network by including the routing congestion
and area in their cost function. The optimization of a multilayer
topology is studied in [7] and [8]. The objective is to minimize
the IR drops by optimizing the wire width and reducing the
mesh layer impedance. The authors of [9]–[11] optimized the
number and location of the supply pads in order to bound
the IR drop within its constraint. The optimization of the wire
width in a power grid is discussed in [12] while addressing the
reliability and the current density of the circuits.
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The deterministic approaches in the aforementioned work are
no longer reliable under process variations. These variations
impose statistical measures on the voltage drop due to the
variations in the power consumption of the chip blocks [13].
The variations in supply voltage Vdd then introduce new sources
of variations in the circuits’ delay. The impact of the IR drop
on the circuits’ timing is examined in [14] and [15]. Here, the
timing analysis is carried out to investigate the effect of the
supply voltage variations on the critical path delay.

The location of the power supply pads, pins, and voltage
regulators, hereafter referred to as pads, substantially affects the
design. The magnitude of the voltage drops and their variations
depend on the number and location of the pads. Consequently,
the delay of the gates on a critical path can change with the
pads’ location. Therefore, it is critical to take into account the
chip timing yield while assigning the pads on the power grid.
Ignoring such dependence, under process variations, leads to
unreliable designs that do not meet their timing objectives.

This brief formulates the pad assignment optimization as
a mixed-integer nonlinear programming (MINLP) problem.
Here, the objective is to minimize the timing yield loss. To the
best of our knowledge, this is the first paper on pad assignment
in presence of process variations. The constraint on the voltage
drop ensures a sufficient noise margin and correct function-
ality. In addition, the maximum current constraints limit the
current of the voltage regulator and guarantee the mean time
to failure (MTTF) due to electromigration. The well-known
macromodeling technique [17] is chosen in our method to
increase efficiency, specifically for large power grids.

The proposed optimization methodology can be employed
for finding either the best pad number and location at the
chip level or for the pad/pin assignment at the block level. In
addition, both wire-bond and flip-chip packages can use the
methodology for locating the optimal pads on the peripheral
power ring in the former case or for the over-the-block supply
pins in the latter.

The rest of this brief is organized as follows. Section II
explains the extraction of the voltage drop statistical moments.
In Section III, the optimization constraints are detailed, and
the timing yield loss is elaborated on as the objective function,
respectively. The results are discussed in Section IV, followed
by the conclusion in Section V.

II. VOLTAGE DROP AND SUPPLY CURRENT STATISTICS

The objective of this section is to model the supply voltage
variations across the power grid. This is to accurately map the
process variations to the statistics of the voltage drop across the
power grid.
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Fig. 1. Macromodel schematic.

In this brief, an RC network that is distributed over the die
in multiple metal layers is considered. Each branch of the grid
is modeled with a resistor, and all the nodes have a capacitor
to the ground. In addition, an ideal current source is assumed
to be connected to the nodes in the first metal layer (M1). The
modified nodal analysis governs the relationship between the
current and the voltage of each node, and it is expressed as

GV (t) + C
V (t)
dt

= −i(t) + GVdd (1)

where V (t) is the vector of the voltages at each node, and i(t)
is the vector of the current sources. G and C are the conduc-
tance and capacitance matrices, respectively. An alternating-
current (ac) analysis of the power grid provides more detailed
information regarding the voltage drop waveform. It is useful
to include the transient behavior of the power grid, specifi-
cally for studying the package, inductive noise, and decoupling
capacitance. However, an ac analysis for pad assignment is
expensive and can introduce error in the absence of detailed
circuit information. Here, the supply pad currents follow the
changes in power consumption at a lower frequency than the
clock cycle [16]. In fact, for the reliable operation of the chip
and in presence of a sound decoupling capacitance, the dynamic
voltage of a power grid node remains close to the direct-
current (dc) voltage level [9]. In addition, including transient
data requires assumptions that can lead to inaccurate results.
This occurs because there are various modes that the circuits
can operate in. Therefore, a dc analysis is considered in this
brief. Nevertheless, the methodology is flexible enough to take
the trace of the dynamic power as the input and use the
transient data for the ac analysis. To account for the temporal
fluctuation in the currents, the methodology can be extended
by applying the backward Euler integration formula [17]. Here,
the macromodel idea can be extended by applying the backward
Euler integration formula.

The matrix format of (1) is

GV = −I + GVdd (2)

where V is the vector of supply voltages, and I is the vector of
the currents drawn off the power grid.

However, solving (2), as a part of an optimization problem,
is very expensive due to the large number of nodes. Therefore,
the macromodel idea in [17] is applied to reduce the number
of nodes to a subset of selected nodes referred to as ports. The
transfer characteristic of the macromodel, as shown in Fig. 1,
is given by

I = A · V + S, I, V, S ∈ Rm, A ∈ Rm×m (3)

where A is the port conductance matrix, S is the vector of
all current sources connected to the ports, I is the vector of
currents flowing into the model through the ports, V is a
vector representing the port voltages, and m is the number
of ports. In the macromodel, the internal nodes of the local
grids are abstracted, and the current sources connected to these
nodes are moved to the ports. In the proposed optimization, all
the ports of the multiport model are considered as candidates
for assigning the supply pads. The relationship between the
components of the macromodel and those of the modified nodal
system is determined by rearranging the original equations [17],
such that [

G11 G12

GT
12 G22

] [
U
V

]
=

[
J1

J2 + I

]
(4)

where Gij is the submatrix of the conductance matrix, U is the
vector of the internal nodes’ voltage, and V is the vector of the
ports’ voltage. In addition, J1 is the vector of current sources
connected to the internal nodes, and J2 denotes the current
sources connected to the ports. A and S are obtained from

A = G22 − GT
12G

−1
11 G12 S = GT

12G
−1
11 J1 − J2. (5)

To avoid computing the inverse of a large matrix in the
previous equation, as explained in [17], the submatrices of
the Cholesky factors are used. The ports of the macromodel
are partitioned to the assigned and observation ports. It is
assumed that the assigned ports have an ideal voltage of Vdd.
By rearranging the matrices, (3) is restated as follows:[

A11 A12

AT
12 A22

] [
V
Vdd

]
+

[
S1

S2

]
=

[
0
I

]
(6)

where Aij are the submatrices of A, V is the vector of the
voltages at the observation ports, and S1 and S2 are the vectors
of the current sources connected to the observation ports and
the supply pads, respectively. In addition, I is the vector of the
currents flowing into the model through the supply pads. Note
that no current flows into the model through the observation
ports. Let ν = Vdd − V be the vector of the voltage drops at the
observation ports. From (6)

A11ν = A11Vdd + A12Vdd + S1

I = AT
12Vdd + A22Vdd + S2 − AT

12ν. (7)

By applying the E[.] and Var[.] operators, as similarly
done in [19], the statistical moments of the voltage drop are
extracted by

E[ν] =A−1
11 (A11Vdd + A12Vdd + E[S1])

Var(ν) = A
−1(2)
11 Var(S1) (8)

where A
−1(2)
11 denotes a matrix whose elements are the square

of each element in the inverse of A11. In addition, from (7),
the statistical moments of the currents, flowing into the model
through the supply pads, are given by

E[I] =AT
12Vdd + A22Vdd + E[S2] − AT

12E[ν]

Var(I) = Var
(
S2 − AT

12ν
)
. (9)
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The locality of the grid problem (see [20]) states that the
voltage drop is closely related to the variations in the neighbor-
ing current sources. Therefore, it is safe to assume that the two
components in (9), i.e., S2 and AT

12ν, are not highly correlated.
Here, S2 is the vector of the current sources connected to the
power pads, and ν denotes the voltage drops at the observation
ports. Consequently

Var(I) = Var(S2) + A
T (2)
12 Var(ν). (10)

The statistics of the voltage drops and currents are used
in the next section to put an upper bound on their respective
constraints.

III. DESIGN CONSTRAINTS AND YIELD OPTIMIZATION

Assigning the power pads changes the voltage drop profile
across the chip. The delay of the gates on the critical paths is
sensitive to these voltage drops. Under process variations, the
voltage drops have statistical measures, which, in turn, intro-
duce new sources of uncertainty in the delay. Therefore, the
pad assignment impacts the delay, such that a noncritical path
can become critical.

To optimally assign the supply pad to the correct ports, the
die area is discretized into tiles. The candidate pads are selected
from each tile, where the selection depends on the package
design. For example, in a flip-chip package, the C4 bump
locations determine the candidate power pads. In a wire-bound
package, the location of the terminals, routed to the peripheral
power ring, determines where the candidate pads should be
located.

To capture the impact of the voltage drop variations on
the delay, the objective function is formulated by the linear
regression

f =
n∑

j=1

ajwj(μνj
+ rσνj

) (11)

where n is the number of tiles, wj is the weighting factor,
aj is the delay sensitivity to the voltage drop in tile j, μνj

is
the expected value, and σνj

is the standard deviation of the
voltage drop distribution in tile j. In addition, r is determined
by the distribution confidence level in the ν upper bound.
For minimizing the delay, all the potential critical paths are
taken into account. Many of them pass through different tiles.
Assigning a supply pad in a tile with a larger number of
critical paths has a larger effect on the delay. Therefore, in
the cost function, a weighting factor, which is given to each
tile, is used to take this point into consideration. In addition,
note that cumulative distribution function and its inverse are
monotonically increasing functions, and therefore, minimizing
the upper confidence level of the delay distribution is equivalent
to maximizing the timing yield.

In regard to the constraints, for the limited number of pads,
the power grid should meet the maximum voltage drop con-
straint (μνj

+ rσνj
<= νt). This ensures valid functionalities,

as well as acceptable noise margins across the chip.
In addition, the current that flows through the supply pad

must not exceed the threshold value (μIj
+ rσIj

<= It). This
constraint guarantees that the MTTF, due to electromigration,

Fig. 2. Discretized die area, tiles that share the critical paths, and candidate
pads. The darker color represents a larger weighting factor for the respective
tile, where it shares a larger number of critical paths.

in the respective wires and contacts, meets the requirement.
In addition, the upper bound on the supply current leads to a
more uniform current density profile and, thus, more reliable
circuits [23]. Note that, because the currents have statistical
measures, we have to constrain their upper bound. In addition,
not all candidate nodes are connected to a pad. Therefore,
integer variable yj is used to enforce this requirement. This
only suggests increasing the number of pads if required, where
the location of the pads is mainly suggested by the other
constraints.

Moreover, the expected values and variance of the voltage
drops and the currents must satisfy (8) and (9). Finally, the
number of pads is limited.

In the optimization problem, the following MINLP problem
is formed:

min
n∑

j=1

ajwj(μνj
+ rσνj

)(1 − yj), yj ∈ {0, 1}

subject to:
μνj

+ rσνj
<= νt(1 − yj)

μνj
=

[
A−1

11 (A11Vdd + A12Vdd + μS1)
]
j
(1 − yj)

σ2
νj

=
[
A

−1(2)
11 σ2

S1

]
j
(1 − yj)

μIj
+ rσIj

<= Ityj

μIj
=

[
AT

12Vdd + A22Vdd + μS2 − AT
12μν

]
j
yj

σ2
Ij

=
[
σ2

S2
+ A

T (2)
12 σ2

ν

]
j
yj

n∑
j=1

yj <= N

μνj
, σνj

, μIj
, σIj

>= 0
∀k, l ∈ {1, 2} :

Akl = {A}y
kl

μSk
= {μS}y

k, and
σSk

= {σS}y
k (12)

where N is the number of candidate pads. The output of
the MINLP problem consists of the values for the continuous
variables, i.e., μνj

and σνj
, as well as the integer variable yj

for ∀j = 1, . . . , N . The use of yj and 1 − yj in the respective
constraints enforces port partitioning to the assigned ports
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TABLE I
TIMING YIELD AND STATISTICS OF DELAY, COMPARING THE OPTIMAL AND RANDOM SUPPLY PAD ASSIGNMENTS

(y = 1) and to the observation ports (y = 0) and ensures the
feasibility of the solution. The submatrices of A and subvectors
of μS and σS change during the optimization process by
repartitioning their elements using the integer variables in y.
Here, {.}y denotes partitioning a matrix/vector according to
vector y. In addition, [.]j represents mapping of an element in
the partitioned vector back to the original vector.

IV. RESULTS AND DISCUSSION

The proposed method is implemented in C++ and MATLAB
and executed on a 3.4-GHz Pentium-4 personal computer with
2-GB random access memory. The experiments are performed
on edge-triggered ISCAS89 benchmarks by using 65-nm tech-
nology parameters. The process parameters are adapted from
[21]. In regard to the power grid, the metal layers, pitch, and
width per layer are selected according to the IBM benchmarks
[22], scaled for 65-nm technology.

To set up the MINLP problem and test it on the benchmark
circuits, the following steps are adhered to.

Step 1. Place and route the circuits. They are initially
placed by using Capo [24], and a global routing
is performed for all the nets. Then, the die area is
discretized into a number of tiles by the tool for
both the delay calculation and pad assignment. The
number of tiles is selected according to the size of
the circuits.

Step 2. Estimate the statistical moments of the current
sources in each tile. The simulation data are chosen
for the benchmark circuit instead of random current
sources (see [15]). This makes the results more
accurate. This step is performed by using an in-house
tool set.

Step 3. Extract the potential critical paths. Monte Carlo sim-
ulations are executed for each circuit under process
variations, and the critical paths are stored in each
run. In the end, the tiles’ weighting factors are calcu-
lated, based on the total number of the critical paths
in all the runs, for each tile. Fig. 2 reflects an example
of the discretized die area, the tiles that share critical
paths, and the candidate pads. The darker color
represents a larger weighting factor for the respective
tile, where it shares a larger number of critical paths.

Step 4. Reduce the size of the problem by employing the
macromodel technique, where the components of
the macromodel are extracted according to (5). We

TABLE II
RUNTIME OF THE PAD ASSIGNMENT OPTIMIZATION

AND MACROMODEL EXTRACTION

assume that only one connection exists per tile. For
larger number of pad candidates, the number of tiles
must be increased.

Step 5. Solve the optimization problem with additional
partitioning, as described in the previous section.
TOMLAB is used as the optimization engine, where
its minlpBB solver utilizes the branch-and-bound
search scheme.

Step 6. Estimate the timing yield for the optimal supply pad
assignment. Here, the statistical timing analysis is
carried out for the circuits by taking into account the
statistical moments of the voltage drop in each tile.

The previous steps are followed for different circuits and
power grids. Table I demonstrates the delay statistics for the
optimal and random pad assignments. The number of candidate
pads is chosen according to the size of the circuit. In addition,
the target delay is assumed to be the upper bound (μ + 3σ) of
the circuit delay, where each node has an ideal supply voltage.
It is observed that the optimal pad assignment can significantly
improve the timing yield. For example, the yield increases by
30.6% in the case of the s38417 circuit.

The runtime of the optimization method consists of the time
spent on macromodel extraction and the time required to solve
the MINLP problem. As summarized in Table II, the compo-
nents of the macromodel are efficiently extracted by using the
submatrices of the Cholesky factors [17]. However, for a large
number of pad candidates, a few minutes is needed to find the
optimal pad assignment. This can be improved by defining the
priority order in which the noninteger variables are selected.

The magnitude of the yield enhancement depends on several
parameters, including the number of pads, size of the power
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Fig. 3. Timing yield sensitivity of two test circuits as a function of the number
of supply pads.

grid, and current sources. In addition to the pads, a larger
yield is observed for the larger power grids. When the size of
the power grid increases, the effective impedance of the grid
is reduced such that the voltage drop decreases. However, as
depicted in Fig. 3, the circuits demonstrate a different yield
sensitivity in respect to the total number of supply pads. How-
ever, for all the circuits, the effectiveness of the pad assignment
decreases as the number of pads increases.

The most effective fixes must be made early in the design
cycle to utilize the higher degrees of freedom. The supply
pad assignment can be performed as early as floor planning.
However, the assignment greatly depends on the power density
map. Therefore, in the absence of the detailed information, the
designer must deal with some uncertainties. Here, there is a
large number of working modes for the circuit blocks to be
considered. One can conduct a worst case analysis and assume
that all the blocks are on simultaneously. To avoid the false
alarm due to the pessimistic assumption, as explained in [1] for
the power grid, a set of power and synchronization constraints
can be specified. The power constraints limit the blocks’ power,
as well as the total design power, and the synchronization
constraint demands that two blocks work together. According
to these constraints, the distributions of the block’s current
are approximated, and the optimal pad locations are selected.
Subsequently, as more information becomes available, routing
paths, wire sizes, and the power grids are modified. As a result,
the fine-grain power density map is obtained, and the locations
of the pads are adjusted so that the timing yield is enhanced.

Note that, to find the optimal pad assignment considering the
temporal fluctuation in the current, the macromodel idea is used
to model the system with matrix A in the first time step. Then,
the extracted matrix A is rearranged in the subsequent time
steps to find the local optimal solution. Here, the optimization
problem is extended to a number of successive time steps where
the global optimal pad assignment is found.

V. CONCLUSION

The supply pad assignment significantly impacts the chip
performance and reliability. Under process variations, a nonop-
timal pad selection can result in a design that does not meet its
set objective. This brief has proposed an optimization method-
ology for supply pad assignment. Here, the statistics of the
currents, drawn off the power grid, have been used to bound the
voltage drops and supply currents across the die. An MINLP
problem is formed to maximize the timing yield while address-
ing the noise margin and electromigration concerns. The results

demonstrate large yield improvements. Finally, by utilizing the
macromodel technique, the optimal solution converges in a few
minutes.
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