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Abstract—Through Silicon Via (TSV) is a critical enabling technique in 
three-dimensional integrated circuits (3D ICs). However, it may suffer 
from many reliability issues. Various fault-tolerance mechanisms have 
been proposed in literature to improve yield, at the cost of significant 
area overhead. In this paper, we focus on the structure that uses one 
spare TSV for a group of original TSVs, and study the optimal 
assignment of spare TSVs under yield and timing constraints to minimize 
the total area overhead. We show that such problem can be modeled 
through constrained graph decomposition. An efficient heuristic is 
further developed to address this problem. Experimental results show 
that under the same yield and timing constraints, our heuristic can 
reduce the area overhead induced by the fault-tolerance mechanisms by 
up to 38%, compared with a seemingly more intuitive nearest-neighbor 
based heuristic.  
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I. INTRODUCTION 
While three-dimensional integrated circuits (3D ICs) can 
provide smaller footprint, higher speed, lower power 
consumption [1], their reliability has become one of the 
primary concerns. The Through Silicon Via (TSV), which 
provides vertical connection in 3D ICs, may suffer from 
various reliability issues such as undercut, misalignment or 
random open defects [15][16]. Considering the large number 
of TSVs in a chip, these issues in turn translate into low chip 
yields: For example, [15][17] reported a 70% chip yield for a 
chip with 10,000 TSVs and only 20% yield for 55,000 TSVs in 
IMEC process technology, which would be a primary concern 
in 3D ICs design. 

To enhance reliability, many fault-tolerance mechanisms 
have been proposed in literature such as 
[9][14][15][16][18][19]. Most previous works focus on 
innovative structures of spare TSVs and the corresponding 
control circuits, which will be reconfigured to reroute the 
signal in the presence of TSV failure. In this paper, we focus 
on a classical fault-tolerance structure, where a number of 
original TSVs and one spare TSV are grouped together to 
provide redundancy. Such a structure can be implemented with 
very simple control logic. Figure 1 shows one such structure 
with four original TSVs and one spare TSV. Seven 
multiplexers serve as the control circuit. Figure 1(a) shows the 
original configuration where all TSVs are good and each signal 
passes through their corresponding TSV. If TSV T1 is faulty, 
the new configuration is shown in Figure 1(b). 

There are two types of design constraints when building 
such a fault-tolerant structure. First, the chip yield imposes a 
limit on the maximum number of original TSVs N that can be 
in a group. It also sets a lower bound for the distance between 
the TSVs in the same group due to the clustering effect of TSV  

   

Figure 1. A fault-tolerance structure and the signal routing when (a) 
all TSVs are good and (b) T1 fails. 

faults [7][19]. Second, neighboring TSVs in a group should not 
be topologically far away to avoid timing violation when the 
signal is rerouted. These distance constraints prevent us from 
randomly grouping TSVs to form a TSV fault-tolerance 
structure. 

Fault-tolerance structures incur significant area overhead, 
which is used by spare TSVs, control logics, and rerouting 
wires [14][18][19]. To reduce cost, recently a few efficient 
spare TSV allocation algorithms were proposed [18][19]. With 
detailed example given in Section II, we argue that it is the 
flexibility to place spare TSVs that provides maximum room to 
minimize design overhead.  

 In this paper, we formulate the interesting problem of 
optimal spare TSV assignment for irregular TSV placement, 
considering both yield and timing constraints, such that the 
total area overhead is minimized. We show that the problem 
can be cast into a constrained graph decomposition problem. 
We then devise an efficient heuristic to address this NP-hard 
problem. Experimental results show that under the same yield 
and timing constraint, our heuristic can reduce the area 
overhead induced by the fault-tolerance mechanisms by up to 
38% compared with a seemingly more intuitive nearest-
neighbor based heuristic. 

The remainder of the paper is organized as follows. 
Section II describes background and motivation of our work. 
Section III discusses the assumptions and formulates the 
problem. Section IV proposes an efficient heuristic to address 
it. Experimental results are presented in Section V and 
concluding remarks are given in Section VI. 

II. BACKGROUND AND MOTIVATION 
It is clear that employing spare TSVs in 3D IC designs can 
significantly increase the yield, yet extra area overhead may 
become an inevasible cost. Appropriately assigning spare 
TSVs can dramatically reduce the number of spare TSVs 
needed (and accordingly the extra area overhead). 

Therefore, Ye et al. [18] proposes an ILP based algorithm 
to group pre-placed original TSVs and spare TSVs to minimize 
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total wirelength overhead during re-routing. However, the 
work assumes that original TSVs and spare TSVs are already 
placed, which lacks flexibility. We argue that the design 
overhead can be maximally reduced by optimally allocating 
the spare TSVs at appropriate locations to form redundancy.  

We use Figure 2 as an example to demonstrate why for 
cases with irregularly placed TSVs, the appropriate assignment 
of spare TSVs can significantly reduce the number of fault-
tolerant structures and therefore, the overall design cost. Figure 
2 (a) shows a tier in 3D IC with nine original TSVs. A hollow 
circle stands for an original TSV and a solid circle for a spare 
TSV. For yield constraint, we assume that each fault-tolerance 
structure can have no more than three original TSVs. For 
timing constraint, a maximum distance is set between two 
neighboring TSVs. Figure 2 (b) and Figure 2 (c) show two 
different grouping results for inserting spare TSVs. Obviously, 
a better solution is shown in Figure 2 (c): Only three spare 
TSVs are needed in Figure 2 (c) instead of five used in Figure 
2(b), a 40% reduction. 
 

Figure 2. An example for spare TSVs assignment for (a) nine 
original TSVs, and the fault-tolerant structures formed with (b) five 
spare TSVs and (c) three spare TSVs. 

III. PROBLEM FORMULATION 
Before we present our problem formulation, it is important to 
clarify the following five assumptions we use. 
1) We assume that the original TSVs are placed without 

consideration of fault-tolerance since the stringent yield and 
timing constraints may result in significant distortion to the 
routing of signal nets. 

2) Following the assumptions in [5][8][10][12][18], in this 
work we assume that spare TSVs can be placed irregularly. 
This will allow more flexibility and show better wirelength 
[8][10]. 

3) The spare TSVs placed following our formulation may 
overlap with logic cells, IP blocks or macro cells. This can 
be addressed by performing an extra step of local 
legalization, similar to the method used in [3]. 

4) If any fault tolerance structure formed by our algorithm 
cannot be implemented due to blockage, we will remove it 
and use double TSV technique [14] for each TSV in that 
structure. This step may increase the number of spare TSVs 
needed, however, it can guarantee the routability. 

5) We assume that in each fault-tolerant structure, only one 
spare TSV is inserted. This significantly simplifies the 
related control logic. 
As such, our problem can be stated as follows: Given (i) a 

chip with all original TSVs are already placed, (ii) the 
target yield of a chip, (iii) the timing slacks of the signals 
that go through TSVs, determine an optimal spare TSV 

assignment such that total area overhead induced by the 
fault-tolerance mechanisms is minimized.  

Literature has pointed out that the size of TSVs is typically 
much larger than that of standard cells (about 5-10x in 45nm 
technology) [11]. As a result, we simply reduce the objective 
from minimizing the total area overhead to minimizing the 
number of spare TSVs. Experimental results show that the 
latter objective can indeed significantly reduce the total area 
overhead significantly.  

To explicitly consider the chip yield and timing 
constraints, however, we need a formal method to represent 
them.  

A. Chip Yield Constraint 
Assume the failure rate for a single TSV is F, and to simplify the 
discussion we assume each TSV fails independently1.  Consider 
the fault-tolerant structure with N original TSVs and one spare 
TSV. The structure will be good if all N+1 TSVs are good, or 
if only one of them fails. The yield of the structure can be 
calculated as            ௦ܻ௧௥௨௖௧௨௥௘ ൌ  ሺ1 െ ሻேାଵܨ ൅ ሺܰ ൅ 1ሻ ൈ ሺ1 െ ሻேܨ ൈ  ܨ

    ൌ  ሺ1 െ ሻேܨ ൈ ሺ1 ൅  ሻ.                              (1)ܨܰ
It is clear that a chip fails if any of the fault-tolerant 

structures fails. Therefore, the yield of the entire chip, Ychip, can 
be calculated as                                      ௖ܻ௛௜௣ ൌ ሺ ௦ܻ௧௥௨௖௧௨௥௘ሻ#ௌ௧௥௨௖௧௨௥௘,                 (2) 
where #Structure denotes the number of fault-tolerance 
structures in a chip. 

Given the yield constraint of a chip, Ychip_constraint, we can 
use (1) and (2) to estimate N, the number of original TSVs in a 
fault-tolerance structure as                     ሾሺ1 െ ሻேܨ ൈ ሺ1 ൅ ሻሿಾಿܨܰ ൒ ௖ܻ௛௜௣_௖௢௡௦௧௥௔௜௡௧,        (3) 
where M denotes total number of original TSVs in the chip.  

Due to traditional semiconductor manufacturing, TSV 
faults may have clustering effect rather than random 
distribution [7][19]. Since we focus on the fault-tolerance 
structure with only one spare TSV, it is important to avoid 
grouping very close TSVs in the same structure [7][18]. 
Therefore, we impose a minimum distance constraint, Dmin, to 
any two TSVs that can be in the same fault-tolerance structure, 
as suggested by [6][18]. 

B. Timing Constraint 
As for the timing constraint, given the slack of the signal 
passing through a TSV, the maximum rerouting distance of the 
TSV i, Dmax,i, is defined as the maximum distance between this 
TSV and its neighbor (the TSV used to re-route its signal when 
it fails). The maximum rerouting distance can be easily 
calculated, either through simple RC delay model, or through 
detailed SPICE simulation. The delay induced by control 
logics such as MUX is also included when calculating 
maximum rerouting distance. Note that such maximum 
rerouting distance can be different for different TSVs.  
       One potential issue here is the asymmetry of the maximum 

                                                           
1 This may not be the case as TSV faults tend to be clustered in some cases. With proper 
model, the yield can still be calculated but in a much complicated manner. We omit the 
details here in the interest of space. 
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distance: For example, T1 is within the maximum distance of 
T2, but not vice versa. Accordingly, T1 can be used to reroute 
the signal for T2, but T2 cannot be used for T1. This 
significantly increases the problem difficulty. In this paper, as 
an initial exploration, we will only put two TSVs as neighbors 
when they are within the maximum distance of each other, and 
leave the asymmetric distance constraints as our future work. 
        Based on the above discussion, to form a TSV fault-
tolerant structure while considering both yield and timing 
constraints, the maximum number of original TSVs in the 
group and distance constraints, Dmax,i and Dmin, between 
neighboring TSVs must be held. As such, our problem can be 
stated as follows: 
Formulation 1 (Yield and Timing Constrained Spare TSV 
Assignment): Given (i) the locations of all original TSVs, (xi, 
yi) on a tier from placement result, (ii) the maximum number of 
original TSVs in a group, N, (iii) the routing distance 
constraint, Dmax,i, for each TSV i, and (iv) the minimum 
distance constraint, Dmin, between neighboring TSVs, 
determine an optimal spare TSV assignment such that the total  
number of spare TSVs m is minimized. 

IV. ALGORITHM  
In this section, we first model our problem in Formulation 1 to 
the constrained decomposition problem, and then propose an 
efficient polynomial-complexity heuristic to tackle the problem. 

A. Problem Modeling 
It is interesting that Formulation 1 has a close relationship 
with graph theory. To see this, we first define an assignment 
graph as follows. 
Definition 1: An assignment graph is an undirected graph 
constructed as follows.  

1) Each vertex, si, represents an original TSV Ti. 
2) There are two types of edges in the graph: Primary 

edges and second edges defined as follows. 
3) There is a primary edge between vertices si and sj if 

their distance is greater than Dmin and within the 
maximum rerouting distance of each other, i.e., Dmin ≤ 
dij ≤ min (Dmax,i, Dmax,j), otherwise 

4) There is a secondary edge between vertices si and sj if 
they are within the sum of maximum rerouting distance 
of each other, i.e., dij ≤ Dmax,i + Dmax,j. 

      A primary edge implies the two TSVs can be connected 
directly as neighboring TSVs, while a secondary edge means 
that they can only be joined through a spare TSV in the middle. 
For the primary edge, we have imposed the symmetric 
constraint as discussed in Section III. As an example, Figure 3 
shows the assignment graph constructed from Figure 2(a) 
where primary edge is represented by solid lines and secondary 
edge by dashed lines.  

 

Figure 3. An example of assignment graph constructed from Figure 
2 (a). 

With the assignment graph, our problem can be casted as 
follows. 
Formulation 2 (Constrained Decomposition of Assignment 
Graph): Given an assignment graph Gassignment and an integer N, 
decompose the graph into a minimum number of disjointed 
sub-graphs, such that 

1) each sub-graph contains no more than N vertices; 
2) all the vertices in each sub-graph can be connected by a 

spanning tree, and 
3) the spanning tree contains no more than one secondary 

edge. 
Each resulting sub-graph will be used to form a fault-tolerant 
structure by inserting a spare TSV This problem can be proved 
as an NP-hard problem by reducing to the well-known Exact 
Cover by 3-Sets (X3C) problem [2]. Due to the space 
limitation, we omit the detailed description. 

B. Our Heuristic 
This section describes our proposed heuristic for the 

constrained decomposition problem as described in 
Formulation 2. In our heuristic, we decompose the assignment 
graph by constructing disjointed sub-graphs iteratively, and 
eventually output all the sub-graphs and the spanning tree in 
each sub-graph.  

Our heuristic is based on two simple observations. First, a 
vertex with lower degree (fewer edges) has fewer choices to 
form a sub-graph. This implies that a higher priority should be 
given to vertices with lower degrees. Second, when forming 
sub-graphs, we should always try to first include the vertices 
that are connected to the sub-graph by primary edges, because 
once a secondary edge is included, we have less flexibility in 
selecting the remaining vertices. 
      Based on the two observations, we start with an empty sub-
graph, find a vertex with the lowest degree in the graph, and 
add it to the sub-graph. We then search all the candidate 
vertices to find one with lowest residual degree2, and add it to 
the sub-graph. The way to determine candidate vertices is 
explained later. This process continues until N vertices have 
been added, or no more candidate vertices can be found. The 
vertices in the sub-graph now form a fault-tolerant structure. 
These vertices, along with all the edges connected to them, are 
removed from the graph. And the same process repeats to form 
the next sub-graph. 
        To keep track of the spanning tree in the sub-graph, when 
expanding the sub-graph we will only keep the edges that form 
the spanning tree. The following rules are used to decide which 
edge to keep.  

E1) A secondary edge will always be removed before a 
primary edge. 

E2) When both edges are of the same type, the longer 
edge will always be removed before the shorter 
edge. 

E3) Randomly select the edge to be removed if still tied 
after E1 and E2. 

With the above edge deletion technique, a vertex is a 
candidate during sub-graph expansion if 

                                                           
2 The residual degree of a vertex is defined as the number of edges between the vertex 
and all other vertices not in the sub-graph.  



Table 1. Comparison between nearest-neighbor based heuristic and our heuristic in terms of area overhead induced by spare TSVs, control logics, 
rerouting wires, and the overall area overhead (in μm2)  
   

C1) no secondary edge exists in the sub-graph, and the 
vertex is connected to at least one of the vertices in 
it; or 

C2) one secondary edge exists in the sub-graph, and the 
vertex is connected to at least one of the vertices in 
it with a primary edge. 

V. EXPERIMENTAL RESULTS  
We implement our algorithm in C, and perform experiments on 
10 circuits, which are obtained by applying 3D-Craft [4] to five 
2D industrial designs in 45nm technology. Original TSVs and 
their locations in each case are extracted from layouts as our 
inputs. Target yields are set depending on the size of each 
circuit. Maximum distance constraint for each TSV is obtained 
from timing analysis results, and ranges between 20μm and 
50μm. Minimum distance constraint is set to 10μm, as [6][18] 
suggested. We also consider the Tezzaron design rule [13] for 
TSV density. After our algorithm completes, we check for 
routing congestions. If any fault tolerance structure formed by 
our algorithm cannot be implemented, we remove it and use 
double TSV technique [14] for each TSV in that structure, as 
discussed in Section III. 

Since no prior art exists, we implement another heuristic 
that sounds more intuitive and simpler. Instead of using an 
assignment graph, each time a sub-graph is constructed, we 
iteratively select the vertex that has the smallest distance to the 
current sub-graph3, and add that vertex to it. The process is 
continued until no more vertices are within the maximum 
rerouting distance of any vertex in the sub-graph, or the limit 
of the vertices number N has reached. We call it nearest-
neighbor based heuristic.  

We compare the area overhead induced by spare TSVs, 
control logics and rerouting wires as well as the overall area 
overhead of the two algorithms as shown in Table 1. 
Apparently, the majority of the overall area overhead is 
contributed by the spare TSVs. This validates our reduction in 
the problem formulation from minimizing the overall area 
overhead to minimizing the number of spare TSVs. From the 
table we can find the overall area overhead is reduced by up to 
38%. We also present the number of spare TSVs with 
secondary edges needed for each circuit. This actually shows 
the proposed heuristic gets much better result mainly because it 
can insert spare TSVs between two TSVs that form a 
secondary edge. The corresponding runtimes of our heuristic 
are also reported in Column 12. They are quite short if we take 
into account the NP-hardness of the problem. 

VI. CONCLUSIONS 
 

                                                           
3The distance between a vertex and a sub-graph is defined as the minimum distance 
between that vertex and all the vertices in the sub-graph. The distance must satisfy 
distance constraints (iii) and (iv) in Formulation 1. 

In this paper, we study the optimal spare TSV assignment 
problem under yield and timing constraints to minimize design 
cost. We show that such problem can be modeled through 
constrained graph decomposition. An efficient heuristic is 
further developed to address the problem. Experimental results 
show that under the same yield and timing constraint, our 
heuristic can reduce the overall area overhead by up to 38% 
compared with the nearest-neighbor based heuristic. 
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