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Abstract— This work presents effective techniques for minimizing
wiring resources and power TSVs (PTSVs) of 3-D power delivery network
design under IR drop constraints. First, a 3-D power grid topology
optimization is performed to generate power grid by utilizing locally
uniform and globally non-uniform power grid configurations. After
that, two developed power TSV planners are executed to minimize the
maximum IR drop without the full-chip power-grid analysis. Finally, the
above procedures are repeatedly performed with a rescue procedure to
remedy the violated constraints until the designed PDN is satisfied.

To further enhance the design procedure, a partition-based design flow
is proposed by dividing the entire chip into tiles, and each of them is
designed independently by the proposed procedure. The experimental
results demonstrate the effectiveness of the developed methodology and
indicate that the consideration of partition-based strategy in the design
flow is imperative.

I. INTRODUCTION

The power delivery network (PDN) design for chips has been
viewed as a challenging problem. In recent years, considerable
concern has arisen over this problem in 2-D chips. Furthermore,
reliability requirements of PDN design have become more critical
for TSV-based 3-D ICs.

Several techniques have been proposed to tackle this problem.
However, most of them focused on the power TSV (PTSV) planning
problem with the assumption of uniform grid topology. Only few
works [1]–[4] have explored these two issues simultaneously. [1]–[3]
used the uniform grid for each tier and placed PTSVs either based
on the evenly distributed method or pre-determined method, which
could result in an over-design and limit the design flexibility. [4]
proposed a sensitivity-based PTSV planning algorithm. Although it
can offer a mathematical formula to guide the PTSV planning, it
takes much of the computational cost. To insert one PTSV, it needs
to perform the full-chip power-grid analysis many times. Therefore,
we present two PTSV planner methods to minimize the maximum IR
drop without the full-chip power-grid analysis. The proposed methods
are based on a tier-based PTSV planning procedure, which enables
the complexity of PTSV planning to be reduced by simplifying the
circuit simulation and exploring the interactions among the power
supplies, current sources, and PTSV locations.

Besides, in 3-D power grid topology optimization, fewer researches
have focused on how to determine the power grid size which might
have the great impact on improving the IR drop. Hence, we present
a topology optimization to effectively modify the power grid size for
IR drop reduction. Moreover, compared with previous works using
the uniform grid topology, the proposed topology configuration is
more flexible.

II. METHODOLOGY

Given the floorplan of a 3-D IC, the module information of
design, pre-placed I/O pads, the number of tiers (t) and technology
parameters, the goal is to minimize the wiring resources and PTSVs
of 3-D PDN design under IR drop constraints.

First, a 3-D power grid design method is executed to construct
the appropriate topology without PTSVs, as described in section II-
A. Then, two PTSV planners are performed to optimize the PTSV
planning such that the maximum IR drop can be minimized as

Fig. 1. A two-tier PDN design example. The full chip is divided into four
tiles. (a) Locally uniform power grid. (b) Globally non-uniform power grid.

described in section II-B. As PTSVs are inserted, the accuracy of
designed 3-D PDN is ensured by using a circuit simulator to detect
the IR drop violations. If there is any violation, the above procedures
are repeatedly performed with a rescue procedure to assure the
circuit correctness, as described in section II-C. The described design
procedure is called the flat-based design flow. To further enhance
the design procedure, a partition-based design flow by integrating
the divide-and-conquer strategy and the developed power grid design
method and PTSV planners is described in section II-D.

A. 3-D Power Grid Topology Optimization
A.1. Combination of Locally Uniform and Globally Non-uniform
Power Grid

As shown in Fig. 1, for a two-tier design (two metal layers and two
silicon tiers) that is divided into four tiles, each tile has its individual
3-D PDN design that consists of topology and PTSV planning. The
topology of a single tile is constructed by uniform power grid, and
it has Nv vertical and Nh horizontal wires for each tier as shown in
Fig. 1(a). We define the power grid size as PGSize = Nv×Nh. Our
partition-based optimization procedure builds a non-uniform power
grid as shown in Fig. 1(b), with different power grid sizes in different
tiles. Based on the locality idea for power grid analysis [5], the
violation, as shown by the dashed rectangle in Fig. 1(b), can be
rescued by increasing power grid size locally because the faraway
regions could barely affect the local grid design. The use of the
combined structure has some advantages. The signal routing benefited
greatly by locally uniform grid, and globally non-uniform grid offers
more flexibility in optimization. Moreover, constructing the topology
locally not only reduces the design space but also results in a better
utilization of wiring resources that the more the current demand
region, the more the wires.
A.2. Power Grid Refinement

The topology is iteratively changed, so how to adjust the power grid
size efficiently is an important step in power grid design procedure.
We utilize the concept of the effective resistance of power grid in [6]
to approximately guide the adjustment in power grid size. It indicates
that the effective resistance of a single tier is the effective resistance
of the resistors in parallel. Given a rectangular tile whose the ratio
of the length to the width is 1
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TABLE I
THE POWER GRID TABLE

Power Grid Size Effective Resistance Wire Area
3 × 3 r

3 ‖ 2r
3 = 0.22r 9a

4 × 3 r
4 ‖ 2r

3 = 0.18r 10a
3 × 4 r

3 ‖ 2r
4 = 0.2r 11a

4 × 4 r
4 ‖ 2r

4 = 0.16r 12a

horizontal and vertical wire resistance can be assumed to be 2r and
r, respectively, since they are proportional to the wire length. Then,
the horizontal and vertical wire area are assumed to be 2a and a,
respectively. Assuming the initial power grid size IniPGSize to be
3 × 3, when the IR drop violation is found, three kinds of power
grid size are considered. The effective resistance and the wire area
is summarized in Table. I. Theoretically, using 4 × 4 as the input
of PTSV planner can achieve the greatest improvement in IR drop
reduction due to the least effective resistance of power grid. However,
it also has to pay the most wiring resource penalties. Therefore,
selecting 4 × 3 as the new power grid size would provide a faster
convergence for PTSV planning and use less wiring resource penalty.

B. Power TSV Planner

Given PGSize and the number of PTSVs between tiers NTSV =
{Ntsv(i), i = 1 ∼ t− 1}, our goal is to optimize PTSV planning so
that the maximum IR drop can be minimized. In our implementation,
the PTSV planner is applied to an uniform power grid, but the
same procedure can be easily extended to design a non-uniform
power grid. We propose an idea that each PTSV planning of inter-
tier is determined separately. The tier-based procedure leads to less
computation cost than traditional PTSV planning flow dealing with
full chip problem. Also, by exploring the interactions among the
power supplies, current sources, and PTSV locations, the effect of IR
drop and the current sources on the PTSV insertion can be captured.
Two different PTSV planners based on the tier-based procedure are
described in the following subsection in detail.
B.1. BU-TP: Bottom-Up Procedure based TSV Planner

First, the bottom tier (tier 1) is selected and its equivalent circuit
model is shown in Fig. 3(b). We assume the node without PTSV
as the candidate PTSV node ni,k, where ni,k is the node i in
tier k. Then, the weight of each candidate PTSV node is deter-
mined by two factors: a) maximum_IRdrop-induced weight and b)
maximum_current_load-induced weight. It is formulated as:

W i,k
BU−TP

def
= α1

MaxIRi,k

∑N
i=1 MaxIRi,k

+ α2
R(ni,k, nm,k+1)

∑N
i=1 R(ni,k, nm,k+1)

,

(1)
where α1 and α2 are the constant coefficient and N is the number of
nodes in tier k. MaxIRi,k is maximum IR drop, which is determined
by inserting a PTSV into node ni,k and then calculating IR drop of
each node. R(ni,k, nm,k+1) is the effective resistance between node
ni,k and node nm,k+1, where nm,k+1 is the node with the maximum
current source in tier k+1. As shown in Fig. 3(b), the system equation
of power grid of the tier k with n nodes can be represented as

GV = I+ ITSV, (2)
ITSV = [0, . . . , Ii,ktsv, 0, . . . , I

n,k
tsv ]

T , (3)

where G is an n×n conductance matrix, V is an n×1 nodal voltage
vector, I is an n×1 current source vector and ITSV is an n×1 TSV-
induced current vector. Ii,ktsv is the current drawn from node ni,k to
node ni,k+1, which is called the equivalent current source of PTSV
node ni,k. The concept of TSV-induced current is used to simplify the
circuit for getting IR drop without the full circuit analysis. As shown
in Fig. 3(b), there are two PTSVs. They can be replaced with the
equivalent current sources. We define the equivalent current source
of the ith PTSV as Itsv(i). Before solving ITSV, another problem
needs to be concerned. Since PTSV between tier 2 and tier 3 has not

Fig. 2. A three-tier design example of the PTSV planner. (a) The equivalent
circuit model of 3-D uniform topology without PTSVs. (b) An illustration of
current projection process.

existed yet, the current effect of tier 3 on tier 2 can not be considered
when we perform tier 1 procedure of PTSV planning. Therefore, we
apply the concept of locality to the current projection process by
projecting the current distribution of tier 3 onto tier 2. As shown in
Fig. 2(b), the current of node nj,3 is projected onto the node ni,2

In
i,2

proj = In
j,3

load
g(ni,2, nj,3)

∑N
j=1 g(n

j,2, nj,3)
(4)

where g(ni,2, nj,3) is the equivalent conductance between ni,2 and
nj,3, In

i,2

proj is the projected-current of node ni,2 and In
j,3

load is the
current load of node nj,3. By this way, each current load in tier 3
can be projected onto the tier 2, and the new current load of node ni,2

becomes In
i,2

new_load = In
i,2

proj+In
i,2

load . We use the example in Fig. 3(a),
where there are two PTSVs and four current loads, to illustrate the
equivalent current source of ith PTSV computation. There are three
cases of equivalent current source:

1) One PTSV: The equivalent current source of the PTSV is
equal to total current loads of upper tier. No matter where the
candidate PTSV is inserted, the equivalent current source is
constant. This case is applied for determining the first PTSV
insertion.

2) Multiple PTSVs and one current load: The current of
each individual PTSV contributes to the load depends on
the effective resistance between ith PTSV node ntsv(i) and
the node with current load nload. For Ntsv PTSVs and one
current load, the equivalent current source of the ith PTSV is
approximately

Itsv(i) = Iload
g(ntsv(i), nload)

∑Ntsv
j=1 g(ntsv(j), nload)

(5)

3) Multiple PTSVs and multiple current loads: For Ntsv

PTSVs and m current loads, the equivalent current source of
ith PTSV is

Itsv(i) =

m∑

j=1

Itsv(i,j) (6)

where Itsv(i,j) is the current contribution of the ith PTSV to
the jth current load by (5). Since the total current sourced by
the PTSVs is equal to the total current sunk by the current
loads, the following expression is satisfied:

Ntsv∑

i=1

Itsv(i) =

m∑

j=1

Iload(j) (7)

where Iload(j) is the jth current load. This case is used to the
circuit like Fig. 3(a).

After determining ITSV, according to the system equation using
MNA (Modified Nodal Analysis) in (2), V and MaxIRi,k can be
obtained. Note that there is no need to re-stamp G during the weight
computation of each candidate PTSV due to the use of the TSV-
induced current, which saves the runtime. Then, let’s describe the
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Fig. 3. The equivalent circuit model for PTSV planning in (a) TD-TP method
and in (b) BU-TP method.

computation of R(ni,k, nm,k+1). It is used to reveal the effect of the
maximum current load on the PTSV insertion. According to current
projection process, the node nm,k+1 with the maximum current load
can be found. The effective resistance between node ni,k and node
nm,k+1 is obtained by R(ni,k, nm,k+1) = R(ni,k, nm,k) + Rtsv ,
where Rtsv is the resistance of PTSV.

After getting the weight of each candidate PTSV node, the node
with minimum weight is selected, and a PTSV is inserted into it.
Then, the weight of the selected node is set to be infinite and the
weight of the rest of candidate PTSV nodes are updated for the next
round of PTSV insertion. When deciding the second TSV location,
the second or the third case of equivalent current source computation
is used to update ITSV to solve V without re-stamp G. The PTSV
insertion and the update procedure are iteratively processed until no
PTSVS need to be inserted. After accomplishing the PTSV planning
of tier 1, tier 2 is selected. The above processes are repeated until
the tier (t-1) is reached.
B.2. TD-TP: Top-Down Procedure based TSV Planner

We explore the effectiveness of PTSV insertion for a node with
the maximum current source and the location of voltage source
in this method. First, the top tier (tier 3) is selected first and its
equivalent circuit model is shown in Fig. 3(a). Then, the weight of
each candidate PTSV node ni,k is determined by two factors: a) max-
imum_current_load_induced weight and b) voltage_source_induced
weight. It is defined as:

W i,k
TD−TP

def
= β1

Ii,kload∑n
i=1 I

i,k
load

+ β1
G(ni,k, nm,1)∑n
i=1 G(ni,k, nm,1)

,(8)

G(ni,k, nm,1) = G(ni,k, nm,k) +Gtsv × (k − 1) (9)

where Gtsv is the conductance of PTSV and G(ni,k, nm,1) is the
shortest path conductance between node ni,k and node nm,1, where
nm,1 is the node with voltage source which is closest to node ni,k.
G(ni,k, nm,1) is used to reveal the effect of voltage source. It also
helps to avoid that most of PTSVs are grouped around the node
with the maximum current load. Because the voltage source is at the
bottom tier only and the lower tier of tier 3 has no PTSV, the shortest
path conductance can not be obtained directly. Based on the concept
of the architecture for power network in 3-D IC in [1], we assume
that PTSV is likely to go through each tier. Hence, the shortest path
conductance is determined by equation (9).

We select the node with the maximum weight to insert a PTSV
and then update the weight of the rest candidate PTSV nodes. Since
the PTSV not only decrease the IR drop of selected node directly
but also affect the neighbor node of the selected node locally, the
current load of other nodes can be released by the inserted PTSV.
The current load of the selected node is set to be zero; others are
modified based on the locality concept. The decrement is proportional
to the effective conductance between the selected node and the other
nodes. The PTSV insertion and the update procedure are iteratively
processed until no TSVs need to be inserted. Finally, all PTSVs in
tier 3 are abstracted with the equivalent current sources. The current
load of each node in tier 2 is updated by adding the equivalent current

Algorithm 1 Flat-Based Optimization Algorithm
1: Initialize: PGSize← IniPGSize, NTSV ← N ini

TSV ;
2: ε = old_ε = 0, γ = 1;
3: Construct 3-D uniform power grid with PGSize;
4: PTSV Planner(PGSize,NTSV );
5: Solve circuit and update ε;
6: while violation do /*Begin Rescue Procedure*/
7: if fabs(ε− old_ε)/old_ε > σ then
8: if γ = t− 1 then Ntsv(γ)++; γ = 1;
9: else Ntsv(γ)++; γ++;

10: end if
11: old_ε = ε;
12: PTSV Planner(PGSize,NTSV );
13: Solve circuit and update ε;
14: else
15: Update power grid size PGSize by II-A.2;
16: Go to step 3;
17: end if
18: end while/*End Rescue procedure*/

source to the original current load. As shown in Fig. 2(a), the current
load of node n9,2 is equal to I9,2load + I9,2tsv . After accomplishing the
PTSV planning of tier 3, tier 2 is selected. The above processes are
repeated until the 3-D PDN is connected.

C. Flat-Based Optimization Algorithm
The flat-based design flow is summarized in Algorithm 1. First,

given PGSize and NTSV , we construct a power grid without PTSVs
and then execute the PTSV planner. The initial number of PTSVs
is assumed to be N ini

TSV = {Ntsv(i) = 1, i = 1 ∼ t − 1}. Circuit
analysis is executed to find ε (the maximum IR drop of the circuit). If
violation is found, Rescue Procedure is performed to fix the violated
design. We increase the number of PTSVs from the bottom to the
top tier (line 8 to 9), which is iteratively processed until no further
decrease of ε can be made or no violation can be found. The value γ
parameter, to flag the number of tier for PTSV planning, was set to
be 1 initially (line 2). If increasing more PTSVs can not remedy the
violated design, we increase PGSize by the proposed power grid
refinement method in II-A.2. The above procedures are iteratively
processed until there are no IR drop violations.

D. The Proposed Partition-Based Optimization Algorithm
A partition-based design flow is proposed by dividing the entire

chip into s tiles, and each of them is designed independently by
algorithm 1. Before construct each tile’s PDN design, the interaction
between tiles needs to be considered. We distribute a amount of
estimated boundary current to each tile in advance as the additional
current demand for the tile. The boundary current of tile is determined
by its total current loads. Since the currents tend to flow in the
high current demand region, it is reasonable that the tile with the
high current demand is likely to get more boundary currents from
adjacent tile. Topology Refinement is executed to reduce the number

Algorithm 2 Partition-Based Optimization Algorithm
1: Divide the 3-D circuit into s tiles.
2: for each tile i do
3: Construct 3-D PDN of tile i by Algorithm 1;
4: end for
5: Full chip analysis by Macromodeling-based approach;
6: while violation do
7: Select the tile with the maximum IR drop;
8: Fix the violated tile by Rescue Procedure;
9: Full chip analysis by MA-OMPt;

10: end while
11: Post tuning by Topology Refinement;
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TABLE II
COMPARISONS OF DIFFERENT PTSV PLANNING METHODS WITHOUT TOPOLOGY OPTIMIZATION IN FLAT-BASED OPTIMIZATION FLOW

Circuits BU-TP TD-TP UF-TP [4]
PG Area # Max Time PG Area # Max Time PG Area # Max Time PG Area # Max Time
(mm2) PTSV IR (v) (s) (mm2) PTSV IR (v) (s) (mm2) PTSV IR (v) (s) (mm2) PTSV IR (v) (s)

n300.txt 0.2473 89 0.0998 70.66 0.2473 86 0.0994 6.36 0.2782 118 0.1000 5.23 0.2473 86 0.1000 151.30
n200.txt 0.1238 61 0.0987 1.87 0.1238 57 0.0985 0.62 0.1238 59 0.0995 0.42 0.1238 57 0.0992 5.68
n100.txt 0.1250 70 0.1000 1.97 0.1250 68 0.0999 0.63 0.1250 66 0.0998 0.38 0.1250 72 0.0993 6.71
n50.txt 0.1840 60 0.0986 16.62 0.1578 101 0.0997 1.88 0.1578 103 0.0998 0.90 0.1578 104 0.0997 24.15
n30.txt 0.1868 63 0.0948 19.40 0.1868 65 0.0995 2.60 0.1868 78 0.0957 1.32 0.1868 60 0.0987 50.77
Avg. 0.1734 68.6 0.0984 22.10 0.1681 75.4 0.0994 2.42 0.1743 84.8 0.0990 1.65 0.1681 75.8 0.0994 47.72

TABLE III
COMPARISONS OF DIFFERENT PTSV PLANNING METHODS WITH TOPOLOGY OPTIMIZATION IN FLAT-BASED OPTIMIZATION FLOW

Circuits BU-TP TD-TP UF-TP [4]
PG Area # Max Time PG Area # Max Time PG Area # Max Time PG Area # Max Time
(mm2) PTSV IR (v) (s) (mm2) PTSV IR (v) (s) (mm2) PTSV IR (v) (s) (mm2) PTSV IR (v) (s)

n300.txt 0.2318 124 0.0994 98.55 0.2318 101 0.0999 8.77 0.2318 132 0.0996 5.59 0.2318 108 0.0997 179.98
n200.txt 0.1238 61 0.0987 2.74 0.1238 57 0.0985 1.05 0.1238 59 0.0995 0.49 0.1238 57 0.0992 9.30
n100.txt 0.1250 70 0.1000 2.79 0.1250 68 0.0999 1.01 0.1250 66 0.0998 0.42 0.1250 72 0.0993 9.84
n50.txt 0.1691 79 0.0999 20.85 0.1691 64 0.0992 3.17 0.1691 93 0.0984 1.79 0.1578 104 0.0997 37.70
n30.txt 0.1727 63 0.0995 18.98 0.1727 61 0.0987 2.71 0.1727 77 0.0993 1.65 0.1727 63 0.0999 58.01
Avg. 0.1645 79.4 0.0995 28.78 0.1645 70.2 0.0992 3.34 0.1645 85.4 0.0993 1.99 0.1622 80.8 0.0996 58.97

TABLE IV
COMPARISONS BETWEEN FLAT AND PARTITIONING-BASED OPTIMIZATION

Circuits Partition-based flat-based
BU-TP TD-TP [4]

PG Area # Max Time PG Area # Max Time PG Area # Max Time
(mm2) PTSV IR (v) (s) (mm2) PTSV IR (v) (s) (mm2) PTSV IR (v) (s)

n300.txt 0.2163 87 0.0999 3.69 0.2163 82 0.1000 3.36 0.2318 108 0.0997 179.98
n200.txt 0.1158 38 0.0998 0.51 0.1158 37 0.0996 0.46 0.1238 57 0.0992 9.30
n100.txt 0.1234 36 0.1000 0.65 0.1234 36 0.1000 0.59 0.1250 72 0.0993 9.84
n50.txt 0.1350 63 0.0999 1.22 0.1350 58 0.1000 1.12 0.1578 104 0.0997 37.70
n30.txt 0.1452 61 0.1000 1.39 0.1452 61 0.1000 1.27 0.1727 63 0.0999 58.01
Avg. 0.1471 57.0 0.0999 1.49 0.1471 54.8 0.0999 1.36 0.1622 80.8 0.0996 58.97

of PTSVs with least IR drop penalty. We devise two PTSV elim-
ination strategies: 1) Min_Diff_PTSV: eliminate the PTSV with the
minimum voltage difference between two end nodes of the PTSV. 2)
Highest_PTSV_Voltage: eliminate the PTSV with the highest voltage
that is the lower voltage of the voltage values of two end nodes of
PTSV. The optimization flow is described in Algorithm 2.

III. EXPERIMENTAL RESULTS

The proposed method has been implemented in C++. All test
circuits, four-tier 3-D floorplan, were generated by a set of GSRC
benchmarks. The supply voltage was set to 1V, and the maximum
allowable IR drop was set to 0.1V. To demonstrate the effectiveness
of the proposed PTSV planners, we compare our methods, BU-
TP and TD-TP, with [4] (a sensitivity-based method) and UF-
TP (uniform PTSV planning). Although thermal effect is considered
in [4], the PTSV planning algorithm is independent of it. Hence, we
implemented the algorithm without considering thermal effect to our
proposed design flow.

Table II summarizes the comparisons of the proposed flat-based
optimization flow among different PTSV planning methods without
topology optimization. The adjustment of power grid is determined
by increasing Nv and Nh by 1 instead of the proposed power grid
refinement, which is called without topology optimization. The exper-
imental result shows that our two approaches result in a comparable
(or even better) performance as [4] and provide a better performance
than UF-TP on average. Moreover, TD-TP results more time-saving
than [4]. This indicates that our strategy to avoid full circuit analysis
in PTSV planning works well.

Compared to the result of Table II, the optimization results of
proposed flat-based algorithm shows that using power grid refinement
method can save 4.11% of the total wiring resources with 4.04%
additional PTSV inserted on average.

The optimization results of proposed partition-based algorithm is
compared with [4], as shown in Table IV. It indicates that a significant

saving of wiring and PTSV resources, compared to the results of flat-
based algorithm. Experimental results also show that the proposed
methods lead to a great improvement over [4] not only in wiring
resource and PTSV minimization but also in run time reduction.

IV. CONCLUSIONS

This work presents effective techniques for minimizing wiring
resources and power TSVs (PTSVs) of 3-D power delivery network
design under IR drop constraints. The experimental results demon-
strate the effectiveness of the developed methodology and indicate
that the consideration of partition-based strategy in the design flow
is imperative.
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