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Abstract—Electromigration (EM) occurrence on through-silicon-vias
(TSVs) is a major reliability concern for Three-Dimensional Integrated-
Circuits (3D ICs), and EM can severely reduce the mean-time-to-failure
(MTTF). In this work, a novel fault tolerant technique is proposed to
increase the MTTF of the functional TSV network through the assign-
ment of spare TSVs to EM-vulnerable functional TSVs. The objective
is to meet the target MTTF with minimum spare TSVs and minimal
impact on the circuit timing. By considering the impact of temperature
variation, the proposed technique provides a more robust repair solution
for EM-induced TSV defects with minimum delay overhead, compared
to previous thermal-unaware methods.

I. INTRODUCTION

Three-dimensional integrated circuits (3D ICs) promise to over-
come interconnect bottlenecks in CMOS scaling [1]. By utilizing
vertical connections between stacked dies (i.e., through-silicon-vias
(TSVs) [2], [3]), 3D ICs can provide abundant interconnect band-
width with improved performance and less communication-energy
consumption [4]. However, concerns about reliability constitute one
of the key obstacles in the widespread adoption of TSV-based
3D IC technology in industry [5], [6]. One of the concerns is
electromigration (EM) occurrence on TSV (referred to TSV EM in
this paper) [7], [8].

EM refers to the transport of material due to the movement of
electrons. This phenomenon can be attributed to various factors,
such as geometrical shapes, current density, temperature distribution,
mechanical stress and material properties [9]. EM on a wire leads
to the accumulation of more atoms at the end of the wire towards
the source pin creating “hillocks”, while “voids” appear at the other
end of the wire. Eventually, these defects lead to open- and/or short-
circuit failures.

In 3D ICs, TSV EM becomes even more critical due to the
following reasons. First, compared to their 2D counterparts, current
densities of 3D ICs are much higher as integration densities increase.
Hence TSVs carry a large amount of current. Second, temperature
variations, especially inter-die variation, can be significant due to
the inefficient heat dissipation of 3D stacked dies. Third, the large
difference in coefficients of thermal expansion (CTE) of TSV filling
material (e.g., copper) and the surrounding silicon results in thermo-
mechanical stress in the TSV. For these reasons, TSV EM-related
reliability issue in 3D ICs is more critical, and it is imperative to
mitigate and repair EM-induced defects in TSVs.

A number of EM mitigation techniques for 2D interconnects have
been proposed in the literature [10], [11], [12], [13]. However,
due to the different characteristics and fabrication mechanisms of
2D interconnect compared to TSVs, these techniques cannot be
applied directly for TSV EM [14]. On the other hand, most of
the existing works for TSV EM mainly focus on EM modeling,
except [14] and [15]. In [14], a technique was proposed to mitigate
TSV EM by balancing the direction of current flow within it. In [15],
a reconfigurable in-field repair solution was proposed to tolerate
latent EM-induced TSV defects. However, both of these solutions
ignored the impact of temperature on EM reliability, which results in
inaccurate MTTF evaluation and ineffective repair. According to [16],
as the temperature increases from 300K and 400K, the MTTF of a
single TSV reduces by a factor of 103. Therefore, the impact of

temperature must be taken into account during TSV EM mitigation
and repair.

In this paper, an efficient thermal-aware TSV EM repair technique
is proposed to overcome the above limitation. The basic idea is to
assign spare TSVs (referred to spares in this paper) to functional
TSVs (referred to f-TSVs in this paper) in order to meet the target
MTTF of the f-TSV network. The proposed technique consists of
two stages:

• EM-vulnerable f-TSV identification: EM-vulnerable f-TSVs,
which dominate the MTTF of the f-TSV network, are identified
in this stage. The objective is to minimize the number of EM-
vulnerable f-TSVs, while satisfying the target MTTF of the f-
TSV network.

• Spare assignment: In this stage, one spare is assigned to each
EM-vulnerable f-TSV. The mapping between the EM-vulnerable
f-TSVs and the assigned spares is determined in a way that the
signal re-routing delay overhead is minimized.

Our simulation results demonstrate that

• The proposed technique can increase the MTTF of the f-
TSV network by up to 32% with the same number of spares,
compared to a random spare assignment.

• To target the same MTTF of the f-TSV network, the previ-
ous thermal-unaware techniques underestimate the number of
assigned spares and re-routing delay overhead by up to 17%
and 12% respectively, which result in infeasible repair solution
under a realistic temperature distribution.

To the best of our knowledge, this is the first work on thermal-aware
TSV repair for EM-induced defects.

The rest of this paper is organized as follows. Related prior
works and preliminaries are presented in Section II and Section III,
respectively. Section IV describes the two-stage thermal-aware TSV
repair methodology in detail. In Section V, we report simulation
results. Finally, conclusions are drawn in Section VI.

II. RELATED PRIOR WORK

A number of techniques have been proposed to address EM
robustness in 3D ICs, which can be divided into two categories.
One category focused on EM modeling and its impact on electrical
and mechanical properties of TSVs. In [8] and [17], finite element
analysis (FEA) was used to study EM on a single TSV. However,
since FEA is extremely memory- and time-consuming, it cannot be
used for chip-level analysis. In [18], a look-up table that exhaustively
investigates the impacts of stress, current, and temperature on the EM
of metal wire was set up. Based on this information, a chip-scale
EM analysis was performed. Nevertheless, only the EM occurrence
on planar metal wire was considered in this work.

The other category studied EM robustness from the perspective
of 3D IC design. In [19], an EM-aware clock tree synthesis design
flow was proposed for 3D ICs. However, only the f-TSVs located in
the clock tree were considered. In [14], TSV EM was mitigated by
some on-line circuit modules. Through balancing current flow within
TSVs, EM can be compensated by current in opposite directions [20].
In [15], a reconfigurable in-field repair solution was proposed. By
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using spares, the path delay faults introduced by EM-induced TSV
resistance change were repaired. However, both of these TSV EM
mitigation and repair techniques ignored the impact of temperature
during the evaluation of TSV MTTF. In this case, infeasible or inef-
fective solutions are likely to be generated under realistic temperature
distribution, and hence the target MTTF of the f-TSV network cannot
be guaranteed. Therefore, a thermal-aware TSV EM repair technique
is imperative.

III. PRELIMINARIES

A. TSV MTTF calculation

MTTF provides a measure of the expected lifetime of a component
in a circuit. For TSV, the MTTF can be calculated as [21]:

MTTFTSV = A · J−n · exp
(

Q

k · T
)

(1)

where A is a constant that depends on TSV fabrication technology,
J is the current density of the TSV, Q is the EM activation energy, k
is the Boltzmann’s constant and T is the temperature. For the copper
electroplating process, n is equal to 1.1 [22]. Moreover, J can be
expressed as follows:

J =
C · Vdd

S
· f · p (2)

where C is the capacitance of the TSV, Vdd is the supply voltage,
S is the cross-sectional area of TSV, f is clock frequency, and p
is the switching activity of the signal carried by the TSV. From
Equation (1) and Equation (2), we can observe that MTTFTSV is
strongly dependent on temperature and switching activity.

For 3D ICs, the MTTF of the f-TSV network, MTTFnetwork,
can be calculated as a series system using the classical analytical
technique described in [23]:

MTTFnetwork =
1∑

i

(1/MTTFfi)
(3)

where MTTFfi is the MTTF value of the ith f-TSV in the network.
At time zero, all the f-TSVs are EM-fault-free. However, during

field operation, f-TSVs with lower MTTF may fail due to EM
vulnerability. Therefore, such EM-vulnerable f-TSVs will limit the
MTTF of the f-TSV network. To solve this problem, a promising
method is to assign spares for them, as shown in Figure 1. By
inserting MUX and DEMUX, an EM-vulnerable f-TSV can be
replaced by the spare(s) once it becomes faulty due to EM-induced
defects. Assuming that we assign a spare sj to the f-TSV fi, then
the MTTF of fi becomes:

MTTFEnhnc
fi = MTTFfi +MTTFsj (4)

where MTTFEnhnc
fi

is the enhanced MTTF of fi after being assigned
sj . Note that sj will have the same current density as fi after TSV
repair since they carry the same signal. However, they experience
different temperature due to their different locations in the layout.

B. TSV placement styles

In 3D IC design, there are two different f-TSV placement styles:
regular placement and irregular placement [24]. In regular placement,
f-TSVs are placed at regular grid-like sites over the die area, and
considered as placement obstacles when logic cells (IP blocks) are
placed in the 3D placement stage. In contrast, the f-TSVs are added
to the 3D netlist as TSV cells in irregular placement, and then placed
with the logic cells (IP blocks) simultaneously during 3D placement.
In this work, we assume that the f-TSVs are placed in regular way.
However, the proposed technique can be easily extended for designs
with irregular TSV placement.
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(a) Operation when all f-TSVs are EM-robust.
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(b) Operation when the third f-TSV is EM-vulnerable.

Figure 1: Illustration of MTTF-enhancement by assigning a spare to an EM-
vulnerable f-TSV.

For the above two placement styles, the planning of spares is
realized at different stages of the design flow. For the irregular case,
since the locations of f-TSVs and logic cells need to be determined
simultaneously, spares have to be inserted after the placement stage.
For the regular case, since the locations of f-TSVs are determined
before logic cells, spares and the supporting infrastructure (i.e.,
MUXes and DEMUXes) can be inserted right after f-TSV planning
but prior to the placement of the logic cells and detailed routing [25].
In this case, there are two possible spare placement methods [26], as
shown in Figure 2. One is to place them at the edges of the f-TSV
grid with multiple rings [27]1, and the other one is to place them in
a regularly spaced array among the f-TSVs.

(a) Spares placing at the edges of
TSV block.

(b) Spares placing in a regularly
spaced array.

Figure 2: Illustration of two different approaches to place spares for regular
f-TSV placement.

IV. THERMAL-AWARE TSV EM REPAIR METHODOLOGY

A. Problem statement

In this work, we solve the thermal-aware TSV EM repair by
assigning spares to EM-vulnerable f-TSVs. The formal problem
statement is as follows:

• Input: i) A 3D IC design where all f-TSVs and spares are
already placed; ii) the target MTTF of the f-TSV network.

• Output: An optimal repair solution, i.e., the mapping between
EM-vulnerable f-TSVs and the assigned spares.

• Objective: Minimize the number of assigned spares and the re-
routing delay overhead induced by the generated repair solution.

• Constraints: i) The MTTF of the f-TSV network should meet
the target MTTF with the generated repair solution; ii) After
being assigned spare, the additional delay due to re-routing of
each EM-vulnerable f-TSV should be below an upper limit.

We propose a two-step optimization methodology to solve this
problem, as detailed below.

1Note that we only show the first spare ring in Figure 2(a).
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B. Overview of the optimization method

The proposed methodology can be divided into two parts: 1) EM-
vulnerable f-TSV identification; 2) spare assignment. However, as
an important metric of TSV EM, the MTTF of each f-TSV and
spare should be calculated first. Thus, the basic flow of the proposed
methodology is as follows: Given a 3D IC design, the MTTF of each
f-TSV and spare is calculated during the TSV MTTF calculation
step. According to the calculated MTTF, EM-vulnerable f-TSVs can
be identified next, under constraint i) in the problem statement. The
objective is to minimize the number of assigned spares. We use an
iterative method to solve this problem. Afterwards, the assignment
of spares to EM-vulnerable f-TSVs is performed under constraint ii).
The objective of this step is to minimize the average re-routing delay
overhead introduced by TSV repair solution. Next, we discuss the
three steps in more detail.

C. TSV MTTF Caclulation

The objective of this step is to calculate the MTTF of each f-TSV
and spare. To this end, the application profile (i.e, switching activity
of the signal transferred by each f-TSV) along with the thermal profile
should be taken into account. Using Equation (1) and Equation (2),
the MTTF of each f-TSV and spare can be calculated. The overall
flow is illustrated in Figure 3.
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Figure 3: Overall flow of TSV MTTF calculation.

The inputs are the gate-level netlist and layout information of each
die in the 3D design, which can be obtained using commercial tools.
Next, post-synthesis simulation is performed. With the input vectors
based on the expected circuit functionality, the application profile
can be extracted, which includes the switching activity and signal
probability of each circuit node and net. Then the application profile is
given to a power analysis tool to estimate leakage and dynamic power
consumption of each cell. The power information is then forwarded
to a temperature estimation tool along with the layout information
to estimate the thermal profile of each die. Finally, the MTTF of
each f-TSV and spare can be calculated based on the thermal and
application profiles.

D. EM-vulnerable f-TSV Identification

In this step, EM-vulnerable f-TSVs, which dominate the MTTF of
the f-TSV network, are identified. The objective is to minimize the
number of assigned spares while satisfying the target MTTF of the f-
TSV network. Since we assign the same number of spare(s) to each
EM-vulnerable f-TSV, it is equivalent to minimize the number of
EM-vulnerable f-TSVs. This problem can be formulated as follows:

• Input: i) A set of f-TSVs F; ii) A set of spares S; iii) The target
MTTF of f-TSV network MTTFtarget.

• Output: The subset of EM-vulnerable f-TSVs Fvulnerable ⊆ F.
• Objective: Minimize |Fvulnerable|.
• Constraint: The MTTF of the f-TSV network MTTFnetwork ≥

MTTFtarget.

Here, we solve this problem iteratively. The basic idea is to assign
spare(s) to the f-TSV with the lowest MTTF value in each iteration.
The reason is the following. Assuming that a spare sj with the
MTTF MTTFsj is assigned to a f-TSV fi ∈ F with the MTTF
MTTFfi , then the MTTF of fi becomes MTTFfi + MTTFsj

according to Equation (4). In this case, MTTFnetwork is increased
by ΔMTTFnetwork, which is calculated using Equation (3):

ΔMTTFnetwork =

MTTF 2
network

MTTF 2
fi
/MTTFsj +MTTFfi −MTTFnetwork

(5)

Note that, the only variable in Equation (5) is MTTFfi . Therefore, to
increase MTTFnetwork efficiently (i.e., maximize ΔMTTFnetwork

in each iteration), we should select fi with the lowest MTTF in each
iteration, and assign spare(s) to it. These selected f-TSVs are so-called
“EM-vulnerable” f-TSVs.

To identify them from all the f-TSVs, an iterative method is
used, as shown in Algorithm 1. The identification is performed until
MTTFnetwork ≥ MTTFtarget. In each iteration, the f-TSV with
the lowest MTTF, which is not identified so far as EM-vulnerable, is
selected and assigned k spare(s). In this case, one (k + 1)-to-1 MUX
and one 1-to-(k + 1) DEMUX is also required for TSV repair. Here
k is equal to 1. However, we can assign multiple spares for each
EM-vulnerable f-TSV by increasing k. Note that, since the location
of each assigned spare will be determined in the next step, its exact
MTTF cannot be obtained during this step due to the temperature de-
pendence of MTTF. Therefore, all the assigned spares are assumed to
experience the highest temperature among all the spares. In this way,
we can guarantee that MTTFnetwork ≥ MTTFtarget is still satisfied
during the subsequent spare-assignment step. Finally, the selected f-
TSVs constitute Fvulnerable. Since we maximize ΔMTTFnetwork in
each iteration, the iteration number, which is equal to |Fvulnerable|,
can be minimized for a specific MTTFtarget.

Algorithm 1 Iterative method for EM-vulnerable f-TSV identification

Input: F, S, MTTFtarget

Output: Fvulnerable

1: Fvulnerable = ∅;
2: repeat
3: select fi ∈ (F− Fvulnerable) with the lowest MTTF;
4: assign one spare(s) to fi;
5: calculate MTTFnetwork according to Equations (3) and (4);
6: Fvulnerable = Fvulnerable ∪ {fi};
7: until MTTFnetwork ≥MTTFtarget

8: output Fvulnerable;

In this work, we assume that all the spares are already placed
before TSV repair. Therefore, it is necessary to guarantee that there
are sufficient spares to satisfy MTTFtarget. This can be realized by
estimating an upper bound on the required spare number at earlier
stages of the design cycle, such as the register-transfer and behaviour
levels. To this end, we need to consider the worst-case scenario: all
f-TSVs have the lowest possible MTTF, which can be calculated
using the highest temperature Tmax across all the die and the highest
switching activity pmax among the outputs of all the macro blocks.

In [28], an efficient method was proposed to estimate switching
activity and power consumption at the register-transfer level (RTL).
With this technique, the power consumption and output switching
activity of each RTL block can be extracted. After partitioning a
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2D design into multiple dies at behaviour level, this technique is
performed for each die to extract its power and application profiles.
Using the similar method described in Section IV-C, we can obtain
Tmax and pmax. Afterwards, the lowest possible MTTF of f-TSV
can be estimated. Note that, since the detailed gate-level netlist is
unavailable, the planning of f-TSVs and spares is not performed at
this stage. The subsequent insertion of TSVs can alleviate the thermal
problem by providing additional heat dissipation paths to the heat-
sink as the TSV-fill material has much larger thermal conductivity
than silicon. Therefore, this TSV insertion can only reduce Tmax

instead of increasing it. In this case, the number of required spares
will be decreased, and hence the estimated upper bound can still
satisfy the requirement.

E. Spare assignment

The objective of this stage is to minimize the re-routing delay
overhead incurred after TSV repair by assigning appropriate spares
to EM-vulnerable f-TSVs. In this work, we use the additional wire
length when a faulty f-TSV is replaced by a spare as a metric to
evaluate the re-routing delay overhead, as it is also used in [29].
This problem can be formally stated as follows:

• Input: i) A set of EM-vulnerable f-TSVs Fvulnerable; ii) A set
of spares S.

• Output: The mapping between the EM-vulnerable f-TSVs and
the assigned spares.

• Objective: The average additional wire length of all the EM-
vulnerable f-TSVs is minimized after spares are assigned.

• Constraint: The additional wire length due to re-routing of
each EM-vulnerable f-TSV should be less than the maximum
allowable additional wire length ΔLmax, which is a user-defined
parameter.

This problem can be treated as a Minimum Weight Bipartite Matching
problem [30].

������
��

Figure 4: Assignment of spares to EM-vulnerable f-TSVs to minimize re-
routing additional wire length.

Figure 4 shows the formulation of this spare assignment problem.
In this figure, a bipartite graph G = (V,E) consists of a set V of
vertices and a set edges E of pairs of vertices. The vertex set V can
be partitioned into two disjoint sets F and S. Here, fi ∈ F is the
vertex representing the ith EM-vulnerable f-TSV to be assigned with
spare and sj ∈ S is the vertex representing the jth spare. Note that,
ΔLij is the weight for all (i, j) ∈ E, which represents the additional
wire length when EM-vulnerable f-TSV fi is replaced by spare sj .

Then this spare assignment problem can be simplified to the
problem of finding the minimum weight bipartite matching M ⊆ E
where the weight is given by w (M) =

∑
(i,j)∈M ΔLij . However,

before starting to solve this problem, the bipartite graph needs to be
pre-processed in order to satisfy the following assumptions:

• The graph is balanced: |F | = |S|.
• The graph is complete: E = F × S.

The reasons for these assumptions are as follows: First, |S| is
determined by the given layout information of 3D design, hence it
could be greater or less than |F |; Second, due to the constraint of
this spare assignment problem, some matchings M are infeasible in
which at least one of the edges e ∈ M has a weight ΔLe > ΔLmax.

However, it is always possible to reformulate the problem on a
complete balanced bipartite graph in an equivalent way.

In order to balance it, some dummy vertices are inserted in the
partition F , and no matching is affected by this operation. Moreover,
if the given graph is not complete, we can insert dummy edges with
a very large weight to make it complete. In this case, infeasible
matchings are feasible now but with very large weight. Therefore, a
maximum matching in the original graph corresponds to the matching
with the smallest number of dummy edges in the new graph, and its
optimality only depends on the weights of the original edges.

After the graph pre-processing, we can reformulate the problem as
follows: Find a minimum weight complete matching between the two
vertex subsets of a given weighted bipartite graph. This problem can
be solved by the so-called “Hungarian algorithm”, which is strongly
polynomial [31]. In this algorithm, the number of operations is upper
bounded by O

(
n3

)
where n = |V |.
V. SIMULATION RESULTS

A. Simulation Setup

For our simulations, four benchmark circuits were used. Be-
sides des perf, cf rca 16, and cf fft 256 8 selected from OpenCore
benchmark suite [32], an artificial benchmark circuit des cf fft was
also used by combining des perf and cf fft 256 8 together. All
designs are partitioned into two sets of implementation: 2-die case
and 4-die case, respectively. The simulations were performed on a
server with four AMD Opteron 6174 processors and 256GB RAM.

First, the netlist of each die was extracted using Synopsys Design
Compiler. Then Cadence SoC Encounter was used to perform place-
ment and routing for all the dies in each design separately using the
Nangate 45 nm standard cell library [33]. In the floorplan, f-TSVs
were placed regularly across each die with a 10 μm pitch to form
a grid [34], in which spares were placed at the edges with the same
pitch. The TSVs have a keep-out zone with a width of four times the
minimum-sized inverter, and the height of a standard cell [35]. The
maximum allowable additional wire length ΔLmax is set to 300μm
for all the test cases [29].

After creating a top-level Verilog netlist that instantiates the design
for each die, post-synthesis simulation was performed in Modelsim
with a testbench containing 105 random input vectors. After the
switching activity interchange format (SAIF) file was extracted, it
was forwarded to Power Compiler to obtain the power consumption
of each cell. Finally, 3D Hotspot [36] was used for temperature
estimation based on this information, in which the configuration
setting was the same as [37].

B. Temperature Variation and MTTF Distribution

Significant temperature variation (both intra-die and inter-die) is a
major issue in 3D ICs. According to Equation (1), the EM-related
MTTF of TSV is strongly dependent on its temperature. Therefore,
it is imperative to consider temperature variation during MTTF
evaluation.

The maximum and minimum steady-state temperatures for each
die are reported in Table I for the two implementations (2-die and
4-die) of benchmark des perf. Moreover, the distributions of TSV
MTTF for the two cases are also illustrated in the histogram of
Figure 5. In this figure, the x-axis represents the TSV MTTF value
of MTTFfi normalized to the lowest MTTF value among all the f-
TSVs of each design; the y-axis represents the percentage of f-TSVs
in each category.

For the 2-die case, all the f-TSVs are placed in the same die.
Hence only intra-die temperature variation affects MTTF, which is
not significant, as shown in Table I. Therefore, the MTTF of each
f-TSV is dominated by switching activity, and the distribution is non-
uniformed to some degree. However, for the 4-die case, since the
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Table I: Steady-state temperature comparison between 2-die and 4-die cases
of des perf

Implementation Die Tmax(°C) Tmin(°C) Tavg(°C)

2-die
Die0 42.12 41.91 42.01

Die1 39.11 38.99 39.04

4-die

Die0 57.88 57.76 57.82

Die1 55.16 55.02 55.09

Die2 50.36 50.23 50.29

Die3 43.90 43.97 43.84

f-TSVs are located in the different dies, inter-die variation plays an
important role on TSV MTTF, which is very significant. Combined
with the impact of switching activity, we can obtain more uniformed
and wider-ranging MTTF distribution, as shown in Figure 5.
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Figure 5: The distribution of TSV MTTF for two implementations of
benchmark des perf : 2-die and 4-die.

C. The Necessity of EM-vulnerable f-TSV Identification

Here we show the necessity of EM-vulnerable f-TSV identification
with an experiment performed on the benchmark des perf with two-
die implementation. Note that, MTTFtarget = α × MTTFworst,
where MTTFworst is the worst MTTF of TSV network without any
spare for TSV repair and α is the target enhancement factor. To satisfy
the different MTTFtarget, here spares were assigned to f-TSVs by
using two different methods, respectively:

• EM-vulnerable assignment: spares were assigned to EM-
vulnerable f-TSVs, which were identified using the proposed
algorithm in Section IV-D.

• Random assignment: spares were assigned to all the f-TSVs
randomly.

First, for a range of α from 1 to 1.8, EM-vulnerable assignment
was performed and the number of assigned spares was obtained for
each MTTFtarget. Next, with the same number of spares, random
assignment was performed, and the increased MTTF of the f-TSV
network was calculated using Equations (3)-(4).

The comparison is illustrated in Figure 6. As shown, the EM-
vulnerable assignment can achieve higher MTTFnetwork with the
same number of assigned spares, compared to the random assignment.
According to the simulation result, this improvement can be up to
32%. Therefore, it is necessary to perform an EM-vulnerable f-TSV
identification before spare assignment.

D. Comparison with prior work

In prior work, the impact of temperature variations on TSV EM
was ignored during TSV mitigation and repair [14], [15]. Here we
investigate this significant impact on the number of assigned spares,
additional wire length due to re-routing and MTTFtarget.

For both the thermal-aware and thermal-unaware scenarios,
the proposed techniques were performed to satisfy the same
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Figure 6: The comparison of satisfied target MTTF with the same assigned
spares between EM-vulnerable assignment and random assignment.

MTTFtarget. The only difference is that we consider an average
temperature across all the dies for thermal-unaware scenario. Admit-
tedly, this is an unrealistic assumption, but it is consistent with the
prior work. The number of assigned spares (#spare) and the average
additional wire length (ΔLavg) can be calculated using the techniques
proposed in Section IV-D and Section IV-E, respectively.

The results are shown in Table II. Due to its unrealistic assumption,
the thermal-unaware scenario underestimates #spare and ΔLavg.
For example, to satisfy the same MTTFtarget, only 213 spares
were required in the thermal-unaware scenario for cf rca 16 with
4-die implementation. However, when considering a realistic tem-
perature distribution in the thermal-aware scenario, 240 spares were
required; hence the error using the baseline thermal-unaware method
is 11.25%. Moreover, using the over-optimistic repair solutions
generated in the thermal-unaware scenario, MTTFtarget cannot be
satisfied under a realistic temperature distribution. As shown in
column 7 of Table II, the errors ErrMTTF between the achieved
MTTF using the thermal-unaware solution in thermal-aware scenario
and the target MTTF are significant (up to 14%).

The reason for this result is as follows: First, when we consider
an average temperature across all the dies in the thermal-unaware
scenario, the die that is closest to the heat-sink will experience
the fastest average temperature decrease. For example, as shown
in Table I, for des perf with a 4-die implementation, Die3 has
much lower temperature compared to the other three dies, and
the average temperature across all the dies is 51.76°C. In this
case, all the f-TSVs placed in Die0 and Die1 have much lower
temperatures while the temperatures of the f-TSVs placed in Die2
are increased slightly in the thermal-unaware scenario. Therefore,
the MTTF of most of the f-TSVs will be increased under this
unrealistic assumption according to Equation (1), which results in
an over-optimistic repair solution for a realistic scenario. Second,
in the thermal-unaware scenario, the only factor that affects the
MTTF value of a f-TSV is the switching activity of the signal
carried by it. Therefore, the strong temperature dependence of TSV
MTTF is ignored in this scenario. Besides the significant inter-die
temperature variation shown in Table I, the intra-die temperature can
be also noticeable for a larger benchmark. For example, for des cf fft
with the 2-die implementation, the intra-die temperature variation is
more than 4°C, according to our simulation results. Both of these
variations play a significant role in the TSV MTTF calculation and
EM-vulnerable f-TSV identification. Therefore, the baseline thermal-
unaware method is likely to misidentify the EM-vulnerable f-TSVs
without considering the impact of temperature variation, which results
in infeasible solution under a realistic temperature distribution.
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Table II: Comparison between the thermal-aware and thermal-unaware scenarios

Benchmark Implementation #f-TSV
#Spare ΔLavg (μm)

ErrMTTF
Thermal-aware Thermal-unaware [15] Thermal-aware Thermal-unaware [15]

des perf
2-die 369 42 40 149.31 145.66 4.76%
4-die 1220 216 201 113.57 101.12 6.94%

cf rca 16
2-die 582 52 48 179.03 171.44 7.69%
4-die 1451 240 213 158.93 146.75 10.78%

cf fft 256 8
2-die 1569 164 156 198.10 187.29 4.88%
4-die 2100 282 257 169.38 152.39 7.89%

des cf fft
2-die 1938 197 171 217.41 191.80 9.17%
4-die 3320 451 374 183.55 165.92 14.04%

E. Runtime analysis

To evaluate the CPU runtime for the proposed technique, the
experiments were performed on all the four benchmarks with a 2-die
implementation. This measure consists of two parts: the runtime for
EM-vulnerable f-TSV identification (identification for short) and the
runtime for spare assignment (assignment for short). As illustrated in
Table III, both of these steps can be finished within tens of seconds,
even for the largest design.

Table III: The runtime of the proposed methodology for all benchmarks.
Benchmark Identification (s) Assignment (s) Total (s)

des perf 1.01 18.93 19.94

cf rca 16 3.79 24.77 28.56

cf fft 256 8 8.31 37.85 46.16

des cf fft 10.07 57.61 67.68

VI. CONCLUSION

Three-dimensional chip stacking with TSVs has gained traction in
recent years as a promising means to continue Moore’s law. However,
electromigration (EM)-induced reliability degradation is one of the
key obstacles for industry adoption of TSV-based 3D ICs. To handle
this challenge, we have presented a fault-tolerance technique to
increase the MTTF of the functional TSV network through assigning
spare TSV to EM-vulnerable functional TSVs. By considering the
impact of temperature variation, we have presented the trade-off
analysis between the target MTTF, the number of assigned spare
TSVs, and the re-routing delay overhead. The simulation results
demonstrated that, in contrast to previous methods, the proposed
technique can generated robust repair solution under a more realistic
scenario.
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