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Abstract
Electromigration (EM) is one of the major reliability issues for

IC designs. The EM effect is observed as the shape change of metal
wires under uni-directional high density current. Such metal wire
distortions could result in open-circuit failures or short-circuit fail-
ures for the interconnects in integrated circuits. The current density
on power supply network is usually the highest one among all the
on-chip interconnects, and the current direction on power rails sel-
dom changes. Consequently, the power supply network is the most
EM-vulnerable component on a chip. We propose a novel solu-
tion based on the electromigration AC healing effect to extend the
lifetime of power supply networks. This solution uses simple con-
trol logics to apply balanced amount of current in both directions
of power rails. Therefore, power wires can perform self-healing
during function mode. This technique can be easily integrated into
different package plans with small area and performance overhead.
The post layout simulation shows 3X-10X increase of the mean
time to failure (MTTF) for the power rails.1

Categories and Subject Descriptors: B.8.1 [Performance and Re-
liability]:Reliability, Testing, and Fault-Tolerance

Keywords:Electromigration, power supply network, reliability.

1 Introduction
Electromigration (EM) is one of the key reliability concerns

in modern VLSI circuit designs. Electromigration occurs when a
surge of current going through metal wires. The drift of metal atoms
along with the flow of electrons causes a depletion of the metal up-
stream and a deposition of metal downstream along the current flow
direction. The upstream thinning increases the wire resistance and
ultimately results in open-circuit failures; while the downstream de-
position may cause short-circuit failure to the nearby metal. Con-
sequently, EM effect slows down the circuit through time, and in
the worst case can lead to the eventual loss of one or more connec-
tions and an intermittent failure of the entire circuit. As technology
scales, EM is aggravated with the ever-decreasing wire width and
rising temperature [1] [2].

Power supply network is one of the most vulnerable intercon-
nects among all the on-chip wires, due to two reasons. First, the

1This work is supported in part by NSF grants 0643902,
0916887 and 0903432

current flow direction on power supply network does not change
as often as that in regular signal interconnects; Second, the current
density on power networks is usually significantly higher than that
of signal wires. Since high current density and uni-directional cur-
rent flow are the two major contributors for the EM effect, mitigat-
ing the EM damage on power supply networks is one of the critical
reliability concerns for IC designers.

Electromigration problem has been well recognized and many
methods have been proposed to mitigate the EM effects in intercon-
nects [3, 4, 5, 6, 2]. For example, Abella et al. proposed a method
to switch he power/ground supply wires by off-chip and on-chip
switches [3]. Lienig and Jerke [4] summarized a number of useful
design rules for preventing EM hazard. Xuan proposed an approach
by increasing the most vulnerable wire width [5]. Dasgupta and
Karri proposed a technique to mitigate EM by minimizing the maxi-
mum switching activity [6]. Other approaches include using copper
instead of aluminum, and covering bottom and sides of copper lines
with Tantalum liner [2]. Majority of the proposed solutions usually
result in large area/performance overhead, and usually become less
effective with increased on-chip temperature.

In this paper, we propose a circuit-level current compensation
method to make the metal wires “repair” themselves against the EM
effect. We also present an efficient algorithm for our EM-aware de-
sign, so that it can be integrated into the standard-cell place and
route flow. Compared to prior work, the reliability improvement
from this work does not diminish as temperature increases. To the
best of our knowledge, the proposed work represents the first de-
sign methodology for self-healing EM for power supply network
design.

2 Motivation and Background
The physical principle of EM is the motion of ions under the

influence of electric field [7]. This motion changes the shape of thin
metal wires under high current, and result in open-circuit failures or
short-circuit failures. EM-aware optimization is an important part
of high reliability circuit design.

The EM effect can be modeled by Black Equation [8] as follows
(MTTF is used to characterize the severity of EM):

MT T FEM ∝ J−n × e
EaEM

kT (1)

While technology scaling improves circuit performance, it dete-
riorates the EM effect. Smaller feature size leads to higher current
density. Suppose the scaling factor is z, technology scaling will
make EM z2 times worse. Metal 1 does not scale as large as before,
but the supply voltage is almost constant these days. The real EM
problem can be more severe than z2.

2.1 EM Effects on Power Supply Network
Different parts of a power network have their own EM severe-

ness. The power grid uses very wide high layer metals for whole
chip power delivery. The standard cell power rails convey current to
all transistors in each small block. The current density on these rails
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Figure 1. (A) A vertical Power/Ground strip (compensation strip) is
added in the middle of the layout with two working modes (normal
mode: power is supplied to the block from the P/G ring with the com-
pensation strip in high-impedance state; compensation mode: the
PAD supplies the compensation strip, with the regular P/G ring in high-
impedance state); (B) chip layout divided into regular or irregular sizes
with power grid.

are significantly higher than on power grids, because they usually
use minimum width metal-1 layer.

The EM time to failure is found to increase with line width for
long wires [9], which is usually the case for power rails and grids.
On the other hand, if the metal length is under 10 um, narrow wires
EM time to failure was observed to be long [10]. The power sup-
ply wires inside the standard cells meet this length requirement and
are safe. After considering all the on-chip wires, the standard cell
power rail has the highest risk of the EM failure.

2.2 Healing Effect
EM happens when long durations of uni-directional current ap-

plied. AC stress can provide healing effect in metal wires [11]. The
experimental results of the time-to-failure under AC stress was dis-
cussed by Tao et al. [12]. Their result showed that uni-directional
current will increase the resistance of metal wires. If opposite direc-
tional current is applied on wires, some but not all of the damage
can be healed. The healing effect depends on the AC frequency.
Given |J̄|m=J+− J−, where J+ and J− are the current densities in
opposite directions, the EM MTTF of a wire can be expressed as
γ(1−η) |J̄|m [13]. In the AC mode, η changes with frequency. The
AC MTTF is high, when the frequency exceeds a threshold.

3 Electromigration Enhancement Design
Since EM influences the standard cell power rail most, we aim at

reducing EM on power rails with AC stress self-healing. We change
the topology of power networks to produce balanced bidirectional
current on power rails.

3.1 Design Mechanism
An IC chip may have a complex power grid structure, but they

can be divided recursively to the power ring structure. Conse-
quently, our baseline design is a structure with a power ring and
an array of standard cell rails.

Our mechanism is to apply a vertical power/ground (P/G) strip
in the middle of the layout, which uses a different metal layer from
the P/G ring as shown in Figure 1. This additional strip is a com-
pensation power strip, which has similar width with the P/G ring.

This strip is connected to each standard cell power rail but is dis-
connected with the P/G ring.

There are two operation modes in this design: the normal mode
and the compensation mode. The current flow directions on power
rails are shown in Figure 1A. Both modes are driven by the same
set of PADs to prevent PAD number increase. In the normal mode,
power is supplied to the block from the P/G ring. The transistors
connecting PADs and the compensation strip are off, thus the strip is
in high-impedance state. In the compensation mode, the PAD sup-
plies the compensation strip, and the P/G ring is in high-impedance
state. If a block is too big to meet the IR drop requirement, it can be
divided into regular or irregular sub-blocks with their compensation
strips connected together as illustrated in Figure 1B. The sub-blocks
switch into the normal or the compensation mode simultaneously.

3.2 Design Consideration
In the circuit implementation, several facts should be consid-

ered. The package plan, the switching performance overhead, and
control gating overhead are essential to ensure the design to fit in
all situations with minimum performance overhead.

3.2.1 Package plan influence on power grids
Two widely-used chip package methods are wire-bonding and

flip-chip. For wire-bonding method, all the input signals includ-
ing power supply sources are from the four edges of the chip. For
flip-chip method, the minimum PAD pitch requirement is about 20
PADs/mm [14]. If half of the PADs are used for power supply, the
distance between two power PADs is 200 um. Similar power grid
spacing is designed to ensure reasonable IR drop for both package
plans. Thus our proposed compensation grids should comply with
these spacing constraint.

3.2.2 Switching performance overhead
Under the power grid spacing requirement, we investigated the

power supply switching of the most power hungry circuit type - in-
verter chain. The P/G supply is at the two ends of the inverter chain.
Signals ctrl1 and ctrl2 determine the on and off of power gating
transistors. Signal integrity of output nodes during ctrl switching is
a major concern.

The healing effect requires an AC frequency above 20 kHz for
copper [12]. It is safe to use a 100 kHz switching frequency for
the ctrl signals. The circuit frequency is around 1 GHz, then ctrl
switches every 10k cycles.

We use an example circuits of a 128-inverter chain with 260 um
power rail length under 130nm technology to evaluate the perfor-
mance overhead. Simulation results show that non-overlap ctrl1
and ctrl2 can result in 10% latency overhead for rising edge and
4% latency overhead for falling edge. Having both ctrl1 and ctrl2
on for one additional cycle eliminates performance degradation at
switching with 0.1% overlap.

3.2.3 Sizing the power-gating transistor
The size of the gating transistor determines the maximum cur-

rent that can pass through it. However, larger transistors consume
more chip area. For the 128-inverter chain, the gate size for control
switching transistors should be above 3 um to achieve minimum
performance impact and above 2 um to make the circuit functional
under 130nm technology node.

3.3 Optimize MTTF with current balancing
The proposed mechanism is based on the principle of applying

bidirectional current, but fully balanced AC stress at all nodes is not
practical. Even if the current is balanced, EM still cannot be fully
healed. Therefore, AC plus DC model is applied to estimate the
best EM MTTF [15] under an unbalanced situation.

The healing effectiveness γ is described as:

γ = 1−2

(
f0
f

)1/n
(2)
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Figure 2. A single diagram of inbalanced placement. Approach 1 and Approach 2 simulation results.

where f0 can be described as:

1

2 f0
=

A
JDC

n eEa/kT = MT T FDC (3)

The higher the frequency is, the closer γ will approach to one.
The current duty ratio r modifies the overall AC MTTF as:

MT T FAC =
A

rJ+− γ(1− r)J−n eEa/KT (4)

J+ and J− stands for the current density in opposite directions.
We fully understand that the different input pattern will affect

the current, but the most severe EM parts keep the same current
direction all the time. Moreover, it is impossible to perform lay-
out level simulaiton on architecture level benchmark/application.
Consequently, the inbalanced placement of the standard cells be-
comes the main concern for the inbalanced bi-directional current,
during the chip design stage. Based on this fact, we propose two
approaches to optimize the EM MTTF.
•Approach 1: Change the compensation power strip locations,
while keeping the duty ratio r of ctrl1/ctrl2 signal at 50%. This
method provides better MTTF and keeps the control logic simple.
However, there are many blocks within a chip, such that a large
number of compensation strip locations are required to be deter-
mined. Changing the strip locations to find the optimal solution
will lead to repeated re-place and re-route, which increases the total
design time significantly.
•Approach 2: Change the duty ratio r of AC stress, while fixing
the compensation power strip in the middle of the power ring. The
MTTF of the whole chip is a continuous function of r. However,
this function is not derivable because it is a piecewise function con-
structed by choosing the worst single nodes’ MTTF(r). Thus, EDA
tools cannot derive the duty ratio for best MTTF. Sweeping r should
be a time efficient algorithm. The step size of sweeping depends on
the preciseness requirement of the MTTF optimization. We sug-
gest sweeping no more than 16 points from 40% to 60% of r for
reasonable design time and simple control logic.

We use an example benchmark circuit to evaluate the effec-
tiveness of these two approaches(The simulations are based on a
554×554 um2 MUL unit using the 130nm GLOBALFOUNDRIES
technology at 25oC). The MTTF results are shown in Figure 2. It
shows that the best MTTF of approach 1 have a similar value to the
MTTF when placing the compensation strip in the middle of the
chip. Meanwhile, the maximum MTTF in approach 2 is about two
times the 50% duty cycle design. Consequently, we can conclude
that the optimization for MTTF should place the compensation strip
in the middle of the layout and sweep the duty cycle ratio for best
MTTF.

(A) (B)

Figure 3. EM damage in an EM compensation design. Red parts are
the most severe parts. (A) EM damage map in the normal mode; (B)
EM damage map in the compensation mode.

4 Results
Three different units from OpenSparcT1 [16] are used to ver-

ify the proposed EM healing method. These units are Floating
Point front-end Unit (FFU), Multiplex Unit (MUL) and Stream Pro-
cessing Unit (SPU). They are chosen because they exhibit different
functionality and have reasonable sizes.

The technology libraries used in this paper are the 130nm
GLOBALFOUNDRIES process with 1.5 V supply voltage and the
45nm NCSU FreePDK process with 1.1 V supply voltage. The sim-
ulations were performed with the ambient temperature of 25oC, and
the on-chip temperature of 55oC.

4.1 Experiment and Data Analysis
Our experiments and comparison are based on four sets of setup.

• The normal mode: the chip is driven by power ring.

• The compensation mode: the compensation strip drives the chip.

• The coarse bidirectional mode: half of the time the chip is driven
by the power ring and another half by the compensation strip.

• The balanced bidirectional mode: the ratio of time driven by the
power ring and the compensation strip is modified to balance the
current in each directions.

Uni-directional current (DC) MTTF can be calculated from
Black equation. For an AC stress with different forward and back-
ward current density, its MTTF is related to the DC MTTF as: (use
M to stand for MTTF. n=1.1 [1])

(MAC)
− 1

n =
1

2
(MDC,+)

− 1
n − γ

2
(MDC,−)−

1
n (5)

In the balanced bidirectional method with optimized duty ratio
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Figure 4. EM healing results. (left) The coarse bidirectional mode
result; (right) the balance bidirectional mode result.

Table 1. Area (um×um) and the Overhead

tech spu ffu mul
45nm area 980×980 837×837 418×418

overhead 4% 4.70% 5.50%
130nm area 1310×1310 1100×1100 554×554

overhead 3% 3.60% 4.50%

r:

MAC =
1

(r(MDC,+)
− 1

n − (1− r)γ(MDC,−)−
1
n )n

(6)

The control signal has 0.1% overlap to prevent performance degra-
dation, which is small and treated as no overlap during calculation.

We use IR drop plot to determine the current directions. The
locations that have the most severe EM issue do not change their
current directions by input patterns. Figure 3A, B show the most
severe EM locations in red. The goal is to improve EM MTTF at
these locations. An example of coarse and balance bidirectional
mode EM healing results for the FFU block is shown in Figure 4.
The previous lowest MTTF points are healed.

When the feature size shrinks, finer power grid division is used
for the same design to maintain reasonable IR drop. We compared
designs under two processes. For example, MUL keeps the sin-
gle power ring structure under 130nm process. A division into
two blocks is used for 45nm process to meet IR drop requirements.
Two compensation strips are applied and driven together. The area
overhead for all experiment cases are no more than 5.5%(Table 1).
Power grids will consume more area for smaller chips, but this trend
is observed in all chip designs and is not an artifact of our mecha-
nism.

We compared the MTTF of these 3 functional blocks under
four experiment modes. The MTTF for different designs under
the same technology and temperature are shown in Figure 5. It
can be observed that for the normal mode (base-line design), the
MTTF of these 3 designs are very close even though their physical
design (floorplanning/placement/routing) are quite different. How-
ever, with the adding of compensation strip and bidirectional AC
stress, MTTF can be improved dramatically. Comparing the two
schemes applied self-healing, the balanced mode can achieve better
improvement than the coarse mode. This improvement variation is
related to power density and placement.

The trend for temperature and technology scaling also follows
the theoretical analysis, as shown in Figure 5. For these two tech-
nologies comparison (130nm versus 45nm), the EM difference is
about 10 times for all designs. The 45nm process is three genera-
tions smaller than the 130nm process (z = 3). This result is close to
9 times EM MTTF scaling assumption (z2). A 30 degrees rising in
temperature decreases the MTTF by ten times.
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Figure 5. EM enhancement result for different design/technology
node/temperature. The MTTF is based on hours.

5 Conclusion
Electromigration (EM) on the power supply network is one of

the major reliability issues for IC designs. In this paper, we have
proposed a novel solution based on the electromigration AC healing
effect with compensation strip insertion. The proposed method uses
simple control logics to apply balanced amount of current in both
directions of power rails and therefore mitigate the EM effects. The
post layout simulation on multiple designs with two technologies
nodes (130nm and 45nm) shows 3X-10X increase of the mean time
to failure (MTTF) with a small (3%-5.5%) area overhead.
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