
 
Abstract—3D technology can lead to a significant reduction in 

power and average hop-count in Networks on Chip (NoCs). It 
offers short and fast vertical links which copes with the long wire 
problem in 2D NoCs. This work proposes heuristic-based method 
to optimize number and placement of vertical links to achieve 
specified performance goals. Experiments show that significant 
improvement can be achieved by using a specific number of 
vertical interconnect.   
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I. INTRODUCTION 
CCORDING to the International Technology Roadmap 
for Semiconductors (ITRS), the number of transistors 

integrated on a chip continues to grow [1]. Three 
dimensional integrated circuits (3D-ICs) have emerged as a 
promising solution to continue the progress of Moore’s law. 
3D technology allows in reducing the problem of long 
interconnects lengths in 2D ICs by stacking multiple dies 
vertically. The major advantage of 3-D ICs is the 
considerable reduction in the length and number of global 
interconnects, resulting in an increase in the performance 
and decrease in the power consumption and area of wire 
limited circuits [2], [3]. It is shown that a 3D architecture 
can reduce wire length as much as the square root of the 
number of stacked layers [4]. They can be realized using 
Through Silicon Vias (TSVs), or Monolithic Inter-tier vias 
(MIVs). Recent researches have focused on TSV [5]. 
Compared with traditional wire bonding 3D integration, the 
TSV is significantly shorter and thus have a reduced delay 
and lower power consumption [6]. The TSV manufacturing 
yield and cost for 3D IC are studied in [7]. Equations for 
determining the TSV manufacturing costs per number of 
TSVs have been provided. As the number of TSVs grows, 
e.g. 10,000 TSVs per chip, the probability of a faulty chip 
die becomes higher [8]. It is obvious that the maximum 
performance can be achieved by full layer-layer connection, 
however, as the number of tiles grow, it might not be 
practical to assume that each tile will be connected with 
corresponding TSVs because of the limitation of 
manufacturing cost and chip area [9]. The number of TSVs 
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in a 3D chip should be controlled, so that the manufacturing 
cost of a 3D chip is acceptable by the market [10]. An 
emerging alternative to TSV-based 3D is monolithic 3D that 
enables orders of magnitude higher integration density 
compared to that of TSV-based technology, due to the 
extremely small size of the monolithic inter-tier vias (MIVs) 
[11]. MIVs provide better electrical characteristics (i.e., less 
parasitics, electrical coupling, etc.) than TSVs, and also 
enable higher integration densities due to their small size 
[11]. Since the MIV size is negligible, reduce the number of 
MIVs, opening up the possibility for further optimization. In 
this article, we address a greedy heuristic to optimize 
number and placement of TSVs/MIVs (vertical links) in 3D 
network on chip.  
 
   The remainder of this paper is organized as follow. 
Section 2 presents related work. In section 3, we propose 
our heuristic approach. Section 4 reports our experimental 
results. Finally, in section 5, we make some concluding 
remarks. 

II. RELATED WORK  
In recent years, a number of research efforts have 

addressed the 3D integration technology. Three dimensional 
integrated circuits can be realized using vertical 
interconnects (Through Silicon Vias -TSVs, or Monolithic 
Inter-tier vias -MIVs). Length, delay and power 
consumption between vertical and horizontal interconnects 
are typically asymmetric in nature [12], vertical 
interconnects outperforming horizontal ones [13]. Compared 
to TSV-based 3D integration, monolithic integration can 
lead to up to 8% smaller area due to smaller size of inter-tier 
via than the TSVs, 12% lower longest path delay, and 7% 
lower power [14].  

 
In [9], placements of full, half and quarter TSV number 

are compared for 4*4 3D mesh of 2 layers using hop count 
metric. They proceed by exhaustively enumerate all 
placement possibilities and output the combinations of 
lowest hop count. Nevertheless exhaustively enumerate is 
not possible for a large search space. In [13], a combined 
solution to the TSV placement and mapping of cores to 
routers in a three-dimensional Network-on-Chip (NoC) 
design is proposed. They include a constraint on the 
placement of the TSVs that no two TSVs can be within one 
hop distance of each other (minimum of two hop distance 
between the TSVs while placing them). In the two last 
works a fixed number of TSV is required. An integer linear 
programming (ILP) model is proposed in [15] to minimize 
the number of through-silicon-vias (TSVs) under both the 

Optimal Number and Placement of vertical links 
in 3D Network-on-Chip  
Nesrine Toubaline, Djamel Bennouar, Ali Mahdoum 

A



layer number constraint and the footprint area constraint; 
however the placement of TSVs is not discussed.   

 
In this paper, we consider both optimizations the 

placement and number of vertical links. The novel 
contributions of the paper are: (i) obtaining the optimum 
placement of vertical links by considering the set of 
transfers between the IPs (shortest path). (ii) For the 
obtained placement of vertical links, found the optimal 
number of vertical links in order to minimize the hop count. 
The next section explains our heuristic.   

 

III. THE PROPOSED HEURISTIC  
The problem that we are trying to solve can then be stated 

as follows: Given the placement of the set of IPs (blocks) in 
3D topology, the set of transfer between IPs, determine the 
number and location of all TSVs/MIVs that aims to finding 
a balance between performances (minimize delay, power 
and area).  

 
 It is obvious that the minimal delay can be achieved by 

full layer-layer connection; however, this will be to the 
detriment of area. To find the optimal solution, we can tray 
all possible combination of number and placement of 
TSVs/MIVs and take the best combination. It is noteworthy 
that exhaustive simulation is feasible for a small search 
space, while a heuristic-guided search is required to deal 
with the computational complexity from a larger search 
space [16]. In our paper, the hop count is selected as the 
metric in evaluating the performance of a NoC.  

 
 The inputs of the problem are the IPs configuration and a 

set of transfer between these IPs. The proposed idea is to use 
a greedy strategy: TSVs/MIVs are inserted one by one until 
we find a solution that satisfies the constraint (less than a 
max cost). A Hop Count is selected as a metric in evaluating 
the performance of a configuration. The outputs of this 
heuristic are: the number and location of all TSVs or MIVs 
(we note VL vertical link to express MIV or TSV). Below is 
the algorithm of our heuristic-based method: 

 
 
 

   A. Algorithm  
1. Determine the optimal placement of VLs 
candidates (the max number of VLs). 
2. Calculate the cost of all transfers against each 
VL candidate (even assuming that VL can be used 
for any transfer). 
3. Find the optimal solution that minimizes the 
total cost (from combinations of possible transfer 
paths). 
 

B. Explanation 
1. Determine the optimal placement of VLs 

candidates: the number of possible placement of VLs 
determines the maximum number of VLs candidates. We 
obtain the optimum placement of vertical links by 
considering the shortest path of each transfer between two 
IPs.  It was assumed initially insert two positions (VLs) to 
each transfer between two layers (VLx and VLy).  So we 
will have the maximum number of candidates VLs = 2 * 
number of transfers. The VLx and VLy positions are 
calculated from the IPs positions of a transfer. 

 
Example: Let a transfer between IP1 (position-i, position-

j) to the layer 1 and IP2 (position-i, position-j) of the layer 2 
(fig. 1): the position of VLx = (position-i IP1, position -j 
IP2) and the position of VLy = (i-position IP2, IP1 position-
j). The VLs candidates determine the possible ways to make 
a transfer between any two IPs. 

 
2. Calculate the cost of all transfers against each VL 

candidate: Knowing that VLs candidates determined in the 
previous phase can be used for any transfer. Step 2 is to 
estimate the cost of each transfer with respect to each 
candidate VL. 

 
TABLE I: TABLE OF PATHS (EACH PATH IS 

CHARACTERIZED BY A COST) 
 VL1x VL1y …. VLXy 

Transfer 1 Cost …   
… ….    
Transfer X     
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Fig. 1 Positions of VLs candidats 
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3. Seek the optimum solution: For each combination of 
paths from the previous step, calculate the total cost of 
transfers. The optimal solution is the one that gives the 
minimum cost. For N transfers, there will be (2*N)N 
possible paths combinations to calculate.  

 
For a large number of possible combinations, the 

following heuristic is proposed; the idea is to use a greedy 
strategy: VLs candidates are inserted one by one until we 
find a solution that satisfies the constraint (less than a max 
cost).  

 
Inserted VLs are sorted in ascending order of their 

transfer costs calculated from the previous step (the total 
cost of a VL is the sum of the costs of each transfer). Each 
time we insert a new VL, the candidate is assigned to a set 
of transfers (the choice of transfers and the number of 
transfer is random). The assignment is performed k times to 
change the assignment of the various candidate VL transfers 
(k parameter is also random). We take the solution 
(assignment) that minimizes the total cost. 
 

IV. EXPERIMENTAL RESULTS  
In this section, we present the experimental evaluation 

under different number of transfer (9 benchmarks) between 
32 IPs in 2*8*2 3D architecture (2 lines, 8 columns and 2 
layers). We applied the exact method (exhaustive 
enumeration) for the small size of research space to compare 
with our heuristic. Table II shows the experimental results. 

 
The column #transfer shows the number of transfer 

between IPs (for N transfers the size of research space is 
(2*N)N), the column #VL denotes the number of proposed 
VLs, for the columns cost, we calculate the minimum cost 
when using just one  VL (minimum number of VLs); the 
exact method calculates the minimum cost (all possible 
combination of number of VLs used by all transfers). For 
the heuristic, cost constraint (< cost of using one VL) can be 
specified by the user when the cost of using one VL is not 
appreciated. 

 
The exact method proves that a maximum number of LVs 

is equal to number of transfers. Remember that we have 
taken the shortest path (minimum hop count) to fixe LVs 
placement. Compared with a full layer-layer connection that 
requires 16 LVs (for a 2*8 NoC), our technique requires not 
even half VLs for all benchmarks (for 2 to 6 VLs). Assigned 
that 5 different LVs are proposed to 5 transfers, the 11 LVs 
are unused in full connection that will be in detriment of 
area.  Note that our approach guarantees minimizing the 
number of LVs.  
 

Minimize delay and area are two conflicting constraints. 
We calculate the cost (the 3rd column of table II) of 
minimum area (with 1 LV) and propose to introduce the cost 
constrain by the designer to improve delay (hop count). 
 

V. CONCLUSION 
 

In this paper, we have proposed optimal number and 
placement of vertical interconnects (TSVs or MIVs) in 3D 
networks on chip. The first phase involves determining the 
candidates’ positions of vertical interconnect using the 
shortest path between IPs of each transfer. Then, the second 
phase to reduce the number of vertical interconnects. The 
optimum number of VLS was determined by greedy 
heuristic under hop count metric. The results are compared 
for exact method, showed that our heuristic can give the 
same improvement as the exact method.  
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TABLE II: EXPERIMENTAL RESULTS  

 
 

Benchmark 
 

#transfer 
 

Cost 
(of 1 VL) 

Exact method Our heuristic 

Cost #VL Cost 
constraint  

Cost #VL 

1 2 17 9 2 15 9 2 

2 3 25 11 2 24 21 2 

20 11 3 

15 11 3 

3 4 35 11 3 30 25 2 

20 19 3 

12 11 3 

4 5 42 10 5 35 34 2 

25 20 4 
11 10 5 

5 6 46 - - 45 44 2 

35 32 4 

30 30 4 
6 8 68 - - 60 58 3 

50 46 4 

40 36 4 

7 10 92 - - 80 76 2 
70 68 4 

60 66 4 
8 20 168 - - 150 146 5 

145 138 5 

140 136 6 

9 40 330 - - 320 320 2 

310 306 3 
300 286 4 
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