
IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 22, NO. 10, OCTOBER 2014 2145

Exploiting Die-to-Die Thermal Coupling
in 3-D IC Placement
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Abstract— In this paper, we propose two methods used in
3-D IC placement that efficiently exploit the die-to-die thermal
coupling in the stack. First, through-silicon vias (TSVs) are
spread on each die to reduce the local power density and
vertically aligned across dies simultaneously to increase thermal
conductivity to the heatsink. Second, we move high-power logic
cells to the location that has higher conductivity to the heatsink
while moving TSVs in the upper dies so that high-power cells
are vertically overlapping below the TSVs. These methods are
employed in a force-directed 3-D placement successfully and
outperform several state-of-the-art placers published in recent
literature. We obtain 3-D placement results with shorter routed
wirelength at similar temperature. We also obtain 3-D placement
results with lower temperatures at similar routed wirelengths.

Index Terms— 3-D IC, placement, temperature, through-silicon
vias (TSV).

I. INTRODUCTION

INCREASING functionality while miniaturizing the foot-
print of integrated circuits (ICs) is today’s trend of elec-

tronic industry. Moving to a smaller technology node is a
traditional approach toward that goal; however, investing in
new production lines needs to be economically justified.
3-D stacking of thinned dies provides feasibility to keep the
trend while staying at the current technology node. Polymer
adhesive is a popular material used to bond thinned dies
together [1]. Interleaving layers of thinned dies and polymer
adhesive are, therefore, commonly found in 3-D ICs.

Stacking thinned dies in 3-D ICs results in increasing
power density, thus rising temperature, which leads to other
reliability problems, such as electromigration and negative-
bias-temperature instability. Because of low-thermal conduc-
tivity, polymer adhesive exacerbates the problem. Moreover,
if the thinned dies are silicon on insulator, an extremely high
temperature can be expected. Heat must be removed from the
die quickly; otherwise, reliability problems may arise.

A few recent works on temperature-aware placement for
3-D ICs have been published. In [2], Chen et al. provide an
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overview of thermal modeling and simulation for 2-D and 3-D
placement. Cong et al. [3] proposed an algorithm to transform
2-D placement to 3-D placement. Yan et al. [4] proposed a
quadratic placement for unified cell distribution and thermal
dissipation for 3-D ICs. In [5], a force-directed approach
was proposed for 3-D thermal placement; however, it did
not include through-silicon vias (TSVs), which are commonly
found in 3-D ICs. In [6], a partitioning-based approach was
proposed for 3-D thermal placement. The work considered
the impact of parasitic resistance and capacitance of signal
TSVs on power, but failed to include thermal properties of
TSVs. Failing again to acknowledge TSV area, it also reported
unreasonably large numbers of TSVs even for small circuits.
The work in [7] considered TSV thermal properties; however,
it assumed that adhesive is an ideal insulator. In reality, heat
can still flow through (silicon and) adhesive because of its
thinness. Based on the assumption, the work balanced only
the number of TSVs in a bin to heat dissipated from cells
in the same bin and bins vertically below. The challenge for
3-D Design, especially physical design, has been addressed
in [8]. All of this papers failed to address the important of TSV
dimension and its thermal property (e.g., thermal conductivity
and power white space).

The contributions of this paper are as follows.
1) We propose two effective heuristics, namely TSV

spread and alignment method (TSA) and thermal
coupling-aware placement (CA), that exploit the die-
to-die thermal coupling in 3-D ICs in force-directed
temperature-aware placement. We present new forces,
and discuss how to manage them to obtain high-quality
placements.

2) We present our framework to evaluate the impact of
TSVs on temperature of 3-D ICs. The main components
of the framework are power analysis and GDSII-level
thermal analysis for 3-D ICs.

We perform extensive experiments to show the trade-off
among wirelength, delay, power, and temperature results
obtained from GDSII layouts. Our placers outperform several
state-of-the-art placers published in recent literature [5]–[7],
[9], [10]. We obtain 3-D placement results with shorter
routed wirelength at similar temperature. We also obtain 3-D
placement results with lower temperature at similar routed
wirelength.

The rest of this paper is organized as follows. We explain
our motivation in Section II. The two effective heuristics
proposed in this paper are described in Section III. We present
our framework to evaluate the impact of TSVs on temperature
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Fig. 1. Die-to-die heat coupling from TSVs. TSVs are shown in white. The
top die is closer to heatsink. The cold spot C is caused by the TSVs in spot
A on the same die. The hot spot D is caused by the TSVs in spot B from the
bottom die.

of 3-D ICs in Section IV. Experimental results are shown in
Section V, and we conclude in Section VI.

II. MOTIVATION

Because of their occupied area and high-thermal conductiv-
ity of copper, widely used fill material, and TSVs have signif-
icant impact on temperature. In a 3-D IC layout, logic gates
cannot overlap with TSVs. Area occupied by TSVs becomes
“power whitespace” because no power is consumed and thus
no heat is generated. In addition, TSVs conduct majority
of heat through polymer adhesive between dies toward the
heatsink as shown in Fig. 1. In the figure, the hotspot D on
the top metal layer of the top die is caused by the TSVs in spot
B from the bottom die. Heat flows through TSVs so intensely
that its effect still remains on the top die. Thus, the temperature
distribution of the top die results from the combination of
power profile of the top die and heat flowing from the bottom
die through TSVs. Our TSA presented in this paper, exploits
these thermal properties of TSVs by distributing TSVs evenly
to reduce power density in local power hotspots and vertically
aligning TSVs of adjacent dies to establish direct paths to the
heatsink.

III. GLOBAL PLACEMENT ALGORITHMS

In this section, we describe our two 3-D temperature-aware
global placement algorithms that are based on the force-
directed methodology [11]. We extend this placer in two
ways to perform thermal optimization in 3-D ICs. In the first
algorithm, we laterally spread TSVs in each die to form even
thermal conductivity while perturbing TSV position to increase
vertical overlap among TSVs across the dies in a 3-D stack. In
the second algorithm, the logic cells on each die are positioned
by using thermal conductivity-based force while TSVs are
positioned by using power density-based force.1

A. Design Flow

Fig. 2 shows the overall flow of our placement, where
the position of cells and TSVs is determined simultaneously.

1We attempted combining these two methods, but the results were not
consistent.

Fig. 2. Design flow for our 3-D IC global placement.

Given a netlist, we partition cells into dies if the partition
is not also given. Then, we insert the minimum number of
TSVs required to connect cells on different dies. Once this
die partitioning is fixed, we do not move cells across dies
during placement. The reason is that changing cell partition
results in change in the number of TSVs, and this change
causes the complexity of problem to become unmanageable.
Next, we minimize wirelength to obtain initial placement,
which may contain high overlap among cells and TSVs. The
initial placement is obtained by minimizing the quadratic
wirelength over a few iterations as in [11]. The quadratic
wirelength is computed from the 3-D netlist [10], that includes
both cells and TSVs. TSVs are treated as cells because they
occupy placement area. This initial placement has a minimal
wirelength, however, it contains significant overlap between
cells, between TSVs, and between cells and TSVs. In the
main loop to resolve the overlap, we use TSV density and TSV
position to compute target point for TSVs in the first algorithm.
In the second algorithm, we periodically perform 3-D power
analysis (explained in Section IV-A) based on current cell and
TSV position. Then, we use the cell power, TSV density, and
average thermal conductivity of bulk silicon obtained from the
simulation results in Section II to compute target points for
cells and TSVs to move toward. After updating force equations
and solving them, we update the position of cells and TSVs.
This loop continues until the overlap is sufficiently reduced.2

B. Overview of Kraftwerk Framework

In a quadratic placement [11], quadratic wirelength �x and
�y along x- and y-axis are separately minimized to obtain the
placement result. Treated �x as spring energy, its derivative
can be regarded as net force fnet

x . By setting fnet
x to zero,

the minimum �x and the corresponding placement are found,
however, cells may overlap in few small areas. Hold force fhold

x

2Timing is not explicitly optimized in our flow. But, wirelength minimiza-
tion indirectly affects path delays. We do report longest path delay in the
experimental result section, not as the primary objective but to show the
impact from thermal optimization. One quick way to optimize timing is to
assign timing-based weights to each net and minimize weighted wirelength,
but this may cause temperature increase.
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prevents fnet
x from pulling cells back to the initial placement.

In addition, density-based force fden
x reduces the overlap by

spreading cells in high-density region.
To extend [11] for 3-D ICs, cells are not moved across dies

during placement in [10] because they are already assigned
into dies by the partitioner. In addition, fden

x is computed die-
by-die based on the placement density Dd of each die d , which
is defined as

Dd (x, y) = Dcell
d (x, y) − Ddie

d (x, y) (1)

where Dcell
d is the cell density on die d , and Ddie

d is the die-
capacity scaled to match the total cell area on the die. Then,
the placement potential �d is computed by solving Poisson’s
equation

��d(x, y) = −Dd(x, y). (2)

The target point x̊d
i to connect density-based spring of cell i

is computed by

x̊d
i = x ′

i − ∂

∂x
�d (x, y)

∣
∣
∣
(x ′

i ,y′
i )

(3)

where x ′
i is the x-position of cell i on die d from the last

iteration. The negative gradient of �d indicates in which
direction and how fast the cell at that position should move.
We model fden

x by connecting cell i to its target point x̊d
i with

a spring of spring constant ẘd
i . Therefore, for cell i , density-

based force f den
x,i = ẘd

i (xi − x̊d
i ), where xi is the x-position of

cell i being placed. Finally, fden
x is defined for 3-D ICs by

fden
x = C̊d

x(x − x̊d) (4)

where C̊d
x is a diagonal matrix of ẘd

i , x = [x1, . . . , xN ]T is
a vector representing the x-position of N cells being placed,
and x̊d = [x̊d

1 , . . . , x̊d
N ]T is a vector representing the target

x-position of the cells. We set ẘd
i proportional to the area

of each cell so that big cells are moved by strong spring.
Lastly, for each placement iteration, the placement result can
be obtained by setting total force fx to zero, and solve

fx = fnet
x + fhold

x + fden
x = 0. (5)

For each iteration, if no overlap remains in the placement, fden
x

becomes 0. Then, fhold
x balances out fnet

x , and the position of
all cells does not change. However, if some overlap remains in
the placement, fden

x perturbs the balance of fhold
x and fnet

x . The
position of all the cells changes to balance out the perturbation,
resulting in the new placement with decreasing overlap.

Equation (5) is solved once in each iteration during the
global placement stage. The dimension of the equation is the
number of cells and TSVs (recall that TSVs are treated as cells
because they occupy placement area). The resulting x contains
the new x-position of all the cells and TSVs on all the dies.
By solving (5), the new x-position of all the cells and TSVs
on all the dies is obtained simultaneously [10], [11].

C. TSV Spread and Alignment

In this algorithm, we exploit one of thermal properties of
TSVs to help alleviate thermal problems as shown in Fig. 3(a).

Fig. 3. (a) TSV spread and (b) TSV align forces.

TSVs occupy placement area, but do not dissipate power.3 The
existence of TSVs among cells with high-power dissipation
reduces local dissipated power density, which in-turn helps
reduce local temperature. Therefore, for gate-level placement
of cells with similar power density, spreading TSVs evenly
on each die should help reduce intradie thermal variation in
3-D ICs.4 We propose this algorithm because it is simple yet
effective. It can be viewed as a method to mimic uniform
TSV position. Instead of moving TSVs based on the placement
density computed from both TSV and cell area, we move TSVs
based on TSV density only. In other words, we compute Dcell

d
in (1) from TSV area only, and scale Ddie

d to match the total
TSV area on the die.

In addition to TSV spread, we exploit another thermal
property of TSVs to help alleviate thermal problems as shown
in Fig. 3(b). TSVs conduct majority of heat through polymer
adhesive between dies, causing local hot spots on the adjacent
die between the TSVs and heatsink. Therefore, aligning TSVs
on each die to TSVs on the adjacent die should help prevent
this kind of hot spots, and direct the heat toward the heatsink
quickly, resulting in overall temperature decrease. To align
TSVs during global placement, we introduce an additional
force for TSVs, alignment force denoted falign

x , into (5). This
force can be represented by alignment springs connected to
TSVs, and defined as

falign
x = C̊a

x(x − x̊a) (6)

where vector x̊a represents the x-position of target points
to connect alignment springs to TSVs, and diagonal matrix
C̊a

x collects spring constants ẘa
x,i of the alignment spring

connected to TSV i .
We align each TSV on a die to another TSV on the adjacent

die below. The forces that move TSVs on a die are fden
x

and falign
x . The placement density of the same die as the

TSVs determines fden
x while TSV position on the adjacent die

below determines falign
x . The two forces compete with each

other. In the early placement iterations, fden
x dominates because

of highly uneven placement density. In the late placement

3The percentage of total TSV landing pad area depends on die partitioning,
TSV dimension, and keep-out-zone size. In our study [12], the ratio ranges
from 1% to 34%.

4Note that this strategy may not be applicable for mixed-size placement,
where there exists a significant size unbalance between large macros and gates.
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iterations, fden
x becomes weak because of leveled placement

density, allowing falign
x to impact TSV position. If a TSV on a

die overlaps (even very slightly) the nearest TSV on the adja-
cent die below, we set the target point of the alignment spring
of the TSV to the position of the nearest TSV. Therefore, the
TSV is moved toward the nearest TSV in the next iteration
of global placement, improving the alignment of both TSVs.
In the case that the adjacent die below has fewer TSVs, it is
possible that some TSVs on a die cannot find another TSV on
the adjacent die below to align to. We do not apply falign

x to
these TSVs in such case. In other words, we apply alignment
force to TSV i only when its closest TSV j on the adjacent
die farther from the heatsink is within a certain range so that
we do not excessively increase wirelength. The range is set to
the size of TSV because of the high probability of aligning
the TSVs in few iterations. We balance falign

x against other
forces by setting ẘa

x,i to density-based spring constant ẘd
x,i of

fden
x and setting alignment target point x̊a

i to x ′
j , the x-position

from last iteration of TSV j (on the adjacent die farther from
heatsink) closest to TSV i . This method naturally balances
falign
x against fden

x .
In other words, we set the weight of alignment spring to

the same weight as density-based spring, and balance falign
x

against fden
x by setting the target point of alignment spring and

density-based spring differently. The target point of density-
based spring is determined by solving Poisson’s equation and
taking the gradient of electrical potential, whereas the target
point of alignment spring is determined by the position of the
nearest TSV on the adjacent die below (if they overlap even
very slightly). The intuition is that because of the high-cell
overlap in the early placement iterations, the target point x̊d

i is
farther away from TSV i than the alignment target point x̊a

i .
Thus, fden

x dominates. When cells are evenly distributed in the
late iterations of placement, x̊d

i is closer to TSV i . Then, fden
x

becomes weaker, and falign
x affects the TSV position more.

D. Thermal Coupling-Aware Placement

In this algorithm, we consider the die-to-die thermal cou-
pling during placement. Recall that the steady-state temper-
ature of a point p = (x, y, z) inside a 3-D structure can
be obtained by solving the heat equation ∇ · (k(p)∇T (p)) +
Sh(p) = 0, where k is thermal conductivity, T is temperature,
and Sh is volumetric heat source. In other words, the temper-
ature of a region depends on the power density and thermal
conductivity of the region. Therefore, the basic approach is
to introduce two new forces, the first that moves cells and
the second that moves TSVs, both in an attempt to place
high-power cells closer to the TSV-to-heatsink path. Since
the heat dissipated by a cell must flow toward heatsink, we
place cells based on their power density and the effective
thermal conductivity computed using the same die and the dies
above. In addition, since TSV conducts heat without raising
temperature too much, we place TSVs based on the total power
density of the same die and the dies below.

Our basic approach is that the area with high-power density
and low-thermal conductivity leads to high temperature. Thus,
the temperature at a certain position depends on the difference

TABLE I

NOTATIONS USED FOR THERMAL COUPLING-AWARE PLACEMENT

(or imbalance) between power density and thermal conductiv-
ity. The force that moves cells (TSVs) on a die also changes the
power density (thermal conductivity) distribution of the die.
Our goal is to use these forces to balance the power density
and the thermal conductivity at each position on the die. The
force in an area with high difference should be stronger than
the force in an area with low difference. The strength of a
spring force depends on the distance to the connection point,
so we set the strength based on this difference. Based on this
concept, we first build a map of the difference, and smooth
the map in an iterative fashion. Table I shows the notations
used in this section.

1) For Cell Movement: We introduce the thermal
conductivity-based force fcond

x as illustrated in Fig. 4(a). It
moves high-power cells toward the position with high-thermal
conductivity to heatsink, and is defined as

fcond
x = C̊c

x(x − x̊c) (7)

where the vector x̊c represents the x-position of target points
to connect thermal conductivity-based springs to cells, and the
diagonal matrix C̊c

x contains spring constants ẘc
x,i of the spring

connected to cell i .
We compute fcond

x die-by-die by balancing the cell power
density Pcell

d of each die d against its effective thermal con-
ductivity to heatsink, denoted K sink

d . Under the demand-supply
system of the force-directed framework in [11], Pcell

d and K sink
d

represent the demand and supply to remove the heat from
die d in the 3-D stack. We regard Pcell

d as demand because
it represents the heat that needs to be removed, and regard
K sink

d as supply because it represents the thermal conductivity
to heatsink, which is the way to remove such heat. We define
the thermal conductivity-based balance factor Bcond

d for die d
as (see Fig. 5)

Bcond
d (x, y) = Pcell

d (x, y) − scond
d · K sink

d (x, y) (8)

where scond
d is a scaling factor to match K sink

d to Pcell
d across

the die. We use scond
d to balance the total supply

(

K sink
d

)

and
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Fig. 4. Thermal conductivity-based versus power density-based forces.
(a) Thermal conductivity-based force for cells and (b) power density-based
force for TSVs.

Fig. 5. Illustration of Bcond
d . (a) Pcell

d , (b) scond
d · K sink

d , (c) Bcond
d , and

(d) potential for Bcond
d after solving Poisson’s equation.

the total demand
(

Pcell
d

)

, and compute it by

scond
d =

∫ ∫

Pcell
d (x, y) dx dy

∫ ∫

K sink
d (x, y) dx dy

. (9)

Here, K sink
d is computed as

K sink
d (x, y) = 1

∑Ndie
j=d

1
K die

j (x,y)

(10)

where K die
j is the thermal conductivity of die j , and die Ndie

is the die closest to the heatsink (see Fig. 6). Here, K die
Ndie

includes the thermal conductivity of the thick substrate and
heatsink, and K die

j is computed based on the TSV density at
each position on the die and the average thermal conductivity
of bulk silicon with and without TSVs, obtained from the
simulation results in Section II. We do not consider lateral
thermal conductivity in (10) because of complexity. To con-
sider it accurately, the lateral conductivity from each position
to the entire placement area (and the vertical conductivity of
all the dies above the surrounding area) must be included in
the equation. We may reduce the scope to the area nearby

Fig. 6. Computation of K sink
d . (a) K die

j and (b) K sink
1 .

each position; however, the scope itself may not be clearly
defined because lateral conductivity also changes with layout.
In addition, the impact of vertical conductivity of nearby
area of each position is already indirectly considered by
smoothening Bcond

d .
The potential �cond

d for Bcond
d is computed by solving

Poisson’s equation

��cond
d (x, y) = −Bcond

d (x, y). (11)

The target point x̊c
i of cell i is computed by

x̊c
i = x ′

i − ∂

∂x
�cond

d (x, y)
∣
∣
∣
(x ′

i ,y′
i )

(12)

where x ′
i is the x-position of cell i on die d from the last

iteration. We set spring constant ẘc
x,i for cell i based on cell

power and the total cell power by

ẘc
x,i = pi/

∑

∀ j

p j (13)

where pi is the power of cell i , and j is a cell on die d .
Therefore, a high-power cell is connected to a strong thermal
conductivity-based spring.

2) For TSV Movement: We introduce power density-based
force fpow

x as illustrated in Fig. 4(b). It moves TSVs toward
the position with high-cell power density on the same die and
the dies below. We define fpow

x as

fpow
x = C̊p

x(x − x̊p) (14)

where the vector x̊p represents the x-position of target points
to connect power density-based springs to TSVs, and the
diagonal matrix C̊p

x contains spring constants ẘ
p
x,i of the spring

connected to TSV i .
We compute fpow

x die-by-die by balancing the thermal
conductivity K die

d of each die d against the total power density
∑

Pcell
j that flows through the die toward heatsink. Under

the demand-supply system of the force-directed framework
in [11], K die

d and
∑

Pcell
j represent the demand and supply
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to conduct heat from the same die and dies below to heatsink.
We define the power density-based balance factor Bpow

d for
die d as

Bpow
d (x, y) = K die

d (x, y) − spow
d ·

d
∑

j=1

Pcell
j (x, y) (15)

where spow
d is a scaling factor to match

∑
Pcell

j to K die
d across

the die. We use spow
d to balance the total supply (

∑
Pcell

j ) and
the total demand (K die

d ), and compute it by

spow
d =

∫ ∫

K die
d (x, y) dx dy

∫ ∫ ∑d
j=1 Pcell

j (x, y) dx dy
. (16)

The potential �
pow
d for Bpow

d is computed by solving Pois-
son’s equation

��
pow
d (x, y) = −Bpow

d (x, y). (17)

The target point x̊p
i of TSV i is computed by

x̊p
i = x ′

i − ∂

∂x
�

pow
d (x, y)

∣
∣
∣
(x ′

i ,y′
i )

(18)

where x ′
i is the x-position of TSV i on die d from the last

iteration. We set spring constant ẘ
p
x,i to 1/NTSV

d , where NTSV
d

is the total number of TSVs on die d . Therefore, the power
density-based spring for each TSVs has the same strength.

If a TSV i sits on top of the hill of the potential �
pow
d ,

the target point x̊p
i is the same as the x-position of the TSV

from the last iteration x ′
i because of zero gradient in (18).

That means we do not have to move this TSV because the
thermal conductivity and power density of the region are
already balanced.

3) Balancing the Forces: We balance the new forces against
fden
x because fden

x is the main force that moves cells and TSVs.
First, we scale the new forces so that they have the same
magnitude as fden

x . Then, we apply weighting constants to fden
x ,

fcond
x , and fpow

x so that we can control their contribution to the
total force.

First, to scale fcond
x to fden

x , we normalize Pcell
d , the demand

for Bcond
d in (8), to Dcell

d by a scaling factor sPD
d defined as

sPD
d =

∫ ∫

Dcell
d (x, y) dx dy

∫ ∫

Pcell
d (x, y) dx dy

. (19)

Then, we replace Pcell
d in (8) and (9) by sPD

d · Pcell
d . Second, to

scale fpow
x to fden

x , we normalize K die
d , the demand for Bpow

d
in (15), to Dcell

d by a scaling factor sKD
d defined as

sKD
d =

∫ ∫

Dcell
d (x, y) dx dy

∫ ∫

K die
d (x, y) dx dy

. (20)

Then, we replace K die
d in (15) and (16) by sKD

d · K die
d .

We scale both fcond
x and fpow

x to fden
x based on Dcell

d , not
on the gradient of �d because of the stability issue. After
normalizing Pcell

d and K die
d to Dcell

d as shown in (19) and
(20), the magnitude of Bcond

d and Bpow
d and gradient of their

potential are properly normalized. At an equilibrium, a small
magnitude of the gradients results in a small magnitude of
fcond
x and fpow

x . If we scale fcond
x and fpow

x to fden
x based on

Fig. 7. Evaluation flow for temperature-aware 3-D IC global placement.

the gradient of �d instead, the magnitude of the gradient of
potential of Bcond

d and Bpow
d would be exaggerated after the

normalization, which in turn causes instability.
In summary, fcond

x moves cells in such a way that high-
power density flows through the paths with high-thermal
conductivity to heatsink. In addition, fpow

x moves TSVs in such
a way that each TSV establishes a heat path for the high-power
cells in the same die and the dies below. Our overall force
equation is as follows:

fx = fnet
x + fhold

x + (1 − α)fden
x + α(fcond

x + fpow
x ) = 0. (21)

By increasing α, the forces fcond
x and fpow

x dominate the
movement of cells and TSVs for more thermal optimization.
The impact of α is studied in Section V-B. Because cells and
TSVs are moved simultaneously, they may chase each other
around. In general, the effect, however, is minimal because
fden
x still dominates in the early placement iterations. The effect

becomes noticeable in the late placement iterations only when
the weighting factor α is high as revealed in Fig. 10.

IV. EVALUATION FLOW

In this section, we present our framework to evaluate the
impact of TSVs on temperature of 3-D ICs. The main com-
ponents of the framework are power analysis and GDSII-level
thermal analysis for 3-D ICs. The presented evaluation flow
allows us to evaluate the effectiveness of our 3-D temperature-
aware global placement algorithms in reducing temperature.
The result of our study is analyzed, and reported in detail in
Section V.

Our evaluation flow for temperature-aware 3-D IC global
placement is shown in Fig. 7. After obtaining 3-D temperature-
aware global placement result, we perform detail placement
and detail routing. We report traditional metrics, e.g., area and
routed wirelength, of the final GDSII-level layout. We then
perform 3-D static timing analysis, power analysis, and GDSII-
level thermal analysis to report delay, power, and temperature,
respectively. We explain how we use Cadence SoC Encounter
and Synopsys PrimeTime PX for accurate power analysis for
3-D ICs in Section IV-A. We explain how we perform thermal
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Fig. 8. Analyzed structure of a TSV-based 3-D IC. Each die is modeled with
15 layers of different materials. The entire 4-die structure contains 62 layers.

analysis from GDSII-level layouts of 3-D ICs by using Ansys
FLUENT together with our layout analyzer in Section IV-B.
Note that the result from power analysis needs to be presented
to GDSII-level thermal analysis because logic cell power is the
heat source in 3-D ICs during thermal analysis.

A. Power Analysis for 3-D ICs

The power analysis flow for 3-D ICs developed in this
paper starts by obtaining the layout of all dies in a 3-D IC
in DEF or GDSII format. Next, we feed them to Cadence
SoC Encounter to extract parasitic resistance and capacitance
in SPEF format. We generate a separate SPEF file for parasitic
resistance and capacitance of TSVs. The top-level verilog
connects the verilog of all dies together, and the connection
of all dies inside this top-level verilog represents TSVs. The
switching activity of all logic cells in the whole design can
be obtained by propagating switching probability, as well as
static state probability, from all primary inputs into all nets of
the design. Additional accuracy can be gained by performing
functional simulation of the whole design. Finally, we use
PrimeTime PX to perform static power analysis, and reports
power dissipation of each logic cell. By stitching all the dies in
this method, the parasitic resistance and capacitance of TSVs
and wires running across dies also account for the total power
of the 3-D IC.

B. GDSII-Level Thermal Analysis

Steady-state temperature of a point p = (x, y, z) inside a
3-D structure can be obtained by solving the heat equation

∇ · (k(p)∇T (p)) + Sh(p) = 0 (22)

where k is thermal conductivity in W/m · K, T is temperature
in K, and Sh is volumetric heat source in W/m3. This model
can be implemented by meshing analyzed structure of a 3-D
IC into elements as shown in Fig. 8. Each element, called a
thermal cell, is a volume of specific width and height, and its
thickness is the same as each physical layer inside the 3-D IC.

Fig. 9. Material composition inside a thermal cell.

To solve (22), boundary conditions must be given on the
six surfaces of a 3-D chip stack. Generally, a 3-D chip stack
is very thin and flat, and packaged inside molding materials,
which are not good thermal conductor. The majority of heat
flows from the stack toward the heatsink. Therefore, we apply
adiabatic boundary condition on bottom and four sides of the
stack, and apply convective boundary condition on the top
side, which is the heatsink.

The thermal analysis flow developed in this paper starts
by presenting the layout of all dies in a 3-D IC in GDSII
format and power dissipation of each logic cell to the layout
analyzer that we develop for this paper. The position of
all TSVs is also presented to our layout analyzer so that
all TSV related elements, e.g., landing pad and liner, are
included into consideration. Our layout analyzer automatically
generates meshed structure of the 3-D IC along with thermal
conductivity and volumetric heat source of each thermal cell.
The thermal conductivity is computed from all the structures
(e.g., bulk Si, metal wires, and TSVs) extracted from the
layout, and the volumetric heat source is computed from the
power dissipation and position of each logic cell.

A thermal cell can be composed of several different mate-
rials, for example, polysilicon, tungsten in vias, copper in
TSVs, and dielectric (see Fig. 9). With sufficiently fine thermal
cell size, equivalent thermal conductivity based on thermal
resistive model can be used [13]. In theory, if a thermal cell
size is very small, material inside it is homogeneous, and its
thermal conductivity is isotropic. However, using small cell
size requires high-computing resource and long run time. For
practical purpose, large thermal cell size can be used. Because
of typical structural geometries found in GDSII layouts, ther-
mal conductivity of each thermal cell is anisotropic. Vertical
thermal conductivity kver and lateral thermal conductivity klat
of a thermal cell consisting of N materials can be computed
from

kver = r1 · k1 + r2 · k2 + · · · + rN · kN (23)

1/klat = r1/k1 + r2/k2 + · · · + rN /kN (24)

where ri is the ratio of material i volume to thermal cell
volume, and ki is the thermal conductivity of material i . Our
layout analyzer computes ri directly from GDSII layout of all
dies in the 3-D chip stack.

From the power dissipation and position of each logic cell,
we can compute total power dissipated inside a thermal cell
Pcell. Then, volumetric heat source Sh can be computed from

Sh = Pcell

Wcell · Hcell · Tcell
(25)

where Wcell, Hcell, and Tcell are width, height, and thickness
of the thermal cell, respectively.
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TABLE II

BENCHMARK CIRCUITS

We solve (22) by using Ansys FLUENT, a commercial tool.
Meshed structure generated from our layout analyzer can be
presented to FLUENT directly. However, kver, klat, and Sh need
to be presented to FLUENT through user defined functions
because they vary with thermal cell position. Finally, with the
boundary conditions described earlier, we can run FLUENT
to obtain steady-state temperature of all positions inside a 3-D
chip stack.

V. EXPERIMENTAL RESULTS

We use 45-nm technology from FreePDK45 for our exper-
iments. TSV diameter is 5μm, and the landing pad width
is 7μm. TSV liner thickness is 250 nm [14]. We use copper
TSVs with SiO2 liner [14] and 2.6-μm-thick benzocyclobutene
bonding adhesive [1] for our experiments. Each die in the 3-D
chip stack is thinned to 30μm except that the topmost die,
which is attached to heatsink, retains its thickness at 530μm.
The ambient temperature on top of the heatsink is 300 K. The
TSV parasitic resistance and capacitance are 0.1 � and 125 fF,
respectively. We base all our experiments on 4-die chip stacks.

We use IWLS 2005 benchmark designs. Our designs are
also from www.opencores.org that provides RTL codes for
“real” industry designs. We believe these are more practical
than the gate/block-level netlists (= bare bone structure) used
in most partitioning and placement papers. We use these
designs so that we can perform detailed routing, obtain GDSII
layouts, and perform sign-off thermal analysis, all based
on a real 45 nm library. We synthesize the circuits using
Synopsys Design Compiler to obtain gate-level netlist, and
use the target clock period of each circuit when perform-
ing all analyses. The benchmark characteristics are listed in
Table II. The numbers of TSVs are based on partitioning
results from our own implementation of [6]. We use the same
die partitioning results for all algorithms for fair comparison in
Section V-C. Because [6] does not consider TSV area, it inserts
high number of TSVs, resulting in low-placement utilization.
We made our best effort to reduce the number of TSVs
to improve utilization; however, even we set interlayer via
coefficient (the parameter in [6] that controls the number of
TSVs) to a high value, the number of TSVs was still high.

We do not optimize the circuits after placement because
buffers and sized gates can change power profile, thus affecting
temperature. The results reported in this paper are from
commercial tools. We use Cadence Encounter to route the
layouts, Synopsys PrimeTime to analyze timing and power,
and Ansys FLUENT to analyze temperature. The thermal
results presented in this section are performed at the same
high-accuracy level. The thermal cell size is 5μm, and we run

TABLE III

ROUTED WIRELENGTH, LONGEST PATH DELAY, POWER OF PLACEMENTS

WITH UNIFORM [10], AND NONUNIFORM [10] TSV POSITION

TABLE IV

TEMPERATURE (◦C) OF PLACEMENTS WITH UNIFORM [10] AND

NONUNIFORM [10] TSV POSITION. (�Tja = Tja,max − Tja,min)

Ansys FLUENT in double-precision mode until the solution
converges with the residual less than 1 × 10−16. We report
all our temperature results in terms of the increase from the
ambient temperature measured at the top of the heatsink.

A. Impact of TSV Density Uniformity

In this experiment, we show how TSV density uniformity
impacts thermal profile. Our two baseline 3-D placements
are wirelength-driven placement with uniform TSV posi-
tion [10] and wirelength-driven placement with nonuniform
TSV position [10]. First, we obtain both baseline placements
using our own implementation of [10].5 Then, we perform
power and thermal analyses on both placement results. The
routed wirelength, longest path delay, and power are shown in
Table III, and temperatures are shown in Table IV. Although
the placement with nonuniform TSV position has shorter wire-
length, better timing, and lower power than the placement with
uniform TSV position, its temperature, especially the thermal
variation, is worse. Both the nonuniform power density and the
nonuniform thermal conductivity, caused by the nonuniform
distribution of TSVs in the 3-D chip stack, contribute to the
problem. In the placement with nonuniform TSV position, we
observe that the area with high-TSV density has low-power
density and low temperature, vice versa. These two opposite
trends are responsible for high-thermal variation.

B. Temperature-Wirelength Trade-off

Our thermal-coupling-aware placement algorithm provides
an efficient way to explore temperature-wirelength trade-

5It is possible to use well-known academic 2-D placers such as CAPO,
NTUplace, mPL, FastPlace, etc. [15], to obtain uniform TSV placement.
However, these placers need to be extended to handle preplaced TSVs. In
addition, these preplaced TSVs need to be assigned to 3-D nets before the
gate placement starts [10]. Lastly, thermal objective needs to be incorporated
in these placers.
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Fig. 10. Temperature-wirelength trade-off.

off. We study, the temperature-wirelength trade-off in this
experiment. By increasing the weighting constant α in (21),
the placer increases the magnitude of fcond

x and fpow
x while

decreasing fden
x , i.e., trading wirelength for temperature. The

temperature-wirelength tradeoff for ckt2 is shown in Fig. 10.
We also implemented the placer from [7] ourselves and show
its trade-off curve in Fig. 10. A weighting constant β is used
in [7]. The range of both α and β in this experiment is
[0, 0.5].

With α = β = 0, both placers perform as a wirelength-
driven placer (= left-most points). As we increase α and β,
temperature decreases while wirelength increases. We observe
that as α and β increase, our thermal coupling-aware placer
outperforms [7]: our placer has shorter routed wirelength
at the same temperature, and has lower temperature at the
same wirelength. We also observe that [7] shows convergence
problem with large β values. When [7] moves a high-power
cell into a bin, it moves cells out of other bins in the dies
above or below, resulting in potential wirelength increase and
convergence problem as discussed in [7]. In addition, [7] does
not consider vertical alignment of TSVs so that even if it
moves high-power cells into a bin with many TSVs, the heat
captured in the bin may not be easily dissipated vertically to
the heatsink. Our algorithms overcome these limitations.

C. Comparison With State-of-the-Art

We compare our temperature-aware global placement algo-
rithms with the following recent state-of-the-art temperature-
aware placers. This task is challenging due to the discrepancy
among the settings and assumptions made in each work.
However, we made our best effort to provide fair and mean-
ingful comparison, including in-depth discussions with the
authors. We reimplemented all the works after contacting all
the original authors. We reimplemented [5] and [9] starting
from our own placer [10] because they all use quadratic
wirelength model. We reimplemented [6] starting from our
own placer [16] because both of them are partitioning-based
placer. We applied the temperature-aware concept of [7] to our
own placer [10], but did not reimplement the LSE wirelength
model and multilevel framework.

Reference [5] (force-directed placer): In this paper, ther-
mal analysis is performed at the beginning of every global

placement iteration. The thermal gradient obtained from the
analysis is used to compute repulsive force, which moves
logic cells from high-temperature area toward low-temperature
area. We implement our own version of this paper by calling
Ansys FLUENT from inside our placer, and combining scaled
thermal gradient into density-based force fden

x .
Reference [9] (force-directed placer): Instead of moving

logic cells based on placement area density, it moves logic
cells based on placement power density. Therefore, logic cells
are spread according to their power dissipation, and logic cells
with high-power dissipation occupy more space than logic
cells with low-power dissipation, leading to uniform power
density and thermal profile across the die. We implement our
own version of this paper.

Reference [6] (partitioning-based placer): In this paper,
logic cells are partitioned into placement area and different
dies based on the switching activity and parasitic capacitance
of connecting wires and TSVs. We perform global routing
to determine the position of TSVs as proposed in [16] after
performing global placement using our own implementation
of [6].

Reference [7] (analytical placer): We implement this method
by balancing the power density combined across dies in
vertical direction against the TSV density and solving the
density for potential function. The gradient of potential is used
to compute a force to move cells and TSVs to maintain the
balance. The force is added to fden

x with a user-defined para-
meter β to provide temperature-wirelength trade-off similar to
the work.

Table V shows the routed wirelength, delay, power, and
temperature comparison based on the GDSII layouts we build
using these placers. The wirelength, delay, and power values
are normalized to the wirelength-driven nonuniform TSV
placement [10] shown in Table III. The temperature values
are normalized to the wirelength-driven uniform TSV place-
ment [10] shown in Table IV. Recall that nonuniform placer
achieves high-quality wirelength, delay, and power results
while uniform placer leads to high-quality temperature values.
We increase α for our thermal coupling-aware placement and
β for our implementation of [7] from 0 to 0.5. When the
temperature does not decrease much with significant increase
in wirelength, we report the result for each method at that α
and β. The range of α and β for the results reported in Table V
is [0.1, 0.4].

First, we observe that [5] produces comparable wirelength,
delay, and power results to nonuniform TSV placer [10]. In
case of temperature, [5] obtains worse result compared with
uniform TSV placer [10]. We tried increasing the magnitude
of thermal-gradient-based force, and found large increase in
wirelength without much additional temperature improvement.
Moving cells out of a high-temperature area on a die may not
reduce temperature if the high temperature is a result from
thermal coupling with other dies. Also, without considering
TSV thermal properties during thermal analysis, the thermal
gradient does not capture the impact of TSVs on temperature
accurately, thereby misguiding the placement. Second, we see
that [9] obtains wirelength and delay results that are signif-
icantly worse than nonuniform TSV placer. This is mainly
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TABLE V

COMPARISON WITH STATE-OF-THE-ART TEMPERATURE-AWARE PLACERS [5]–[7], [9], [10]. OUR PLACERS ARE TSA (TSV SPREAD AND

ALIGNMENT) AND CA (COUPLING-AWARE PLACEMENT). THE ROUTED WIRELENGTH, DELAY, AND POWER VALUES ARE

NORMALIZED TO THE NONUNIFORM TSV PLACEMENT [10] SHOWN IN TABLE III. THE TEMPERATURE VALUES

ARE NORMALIZED TO THE UNIFORM TSV PLACEMENT [10] SHOWN IN TABLE IV

because it moves logic cells based only on power density.
However, this move helps reduce maximum temperature and
thermal variation inside the 3-D chip stack significantly.
Although it attempts to spread power over placement area,
we observe that TSVs obstruct this effort frequently.

Third, the routed wirelength and delay of results from [6]
are worse than all other placers. The main reason is that
[6] does not consider TSV area during placement. Thus, the
TSVs inserted during routing affects the placement quality
significantly. The maximum temperature, thermal variation,
and average temperature are also worse than uniform TSV
placer. The router tends to insert TSVs in the middle of the
die to minimize wirelength, leaving low-thermal conductivity
at chip corners, thus high temperature. Fourth, although the
wirelength of result from [7] is worse than other placers,
temperature improvement is among the best. Because the
algorithm consider the impact of TSV on chip area and
temperature, it utilizes TSVs more effectively to help improve
temperature results.

Fifth, we observe that our TSA achieves comparable delay
and power results at the cost of wirelength degradation
compared with nonuniform placer. In case of temperature,
TSA obtains better average temperature than uniform TSV and
comparable maximum temperature and temperature difference.
But, the wirelength of TSA method is significantly better
than that of uniform TSV placer. These results show that our
TSA method is better in reducing wirelength while optimizing
temperature compared with uniform TSV placer.

Lastly, our thermal CA achieves the best temperature results
among all placers [5]–[7], [9], including uniform TSV placer
[10]. In particular, our CA method outperforms uniform TSV
placer by 10% and 33% in terms of maximum temperature
and temperature difference. CA obtains 9% worse wirelength
and 5% worse delay results compared with nonuniform TSV
placer, but CA is among the best in terms of wirelength and
delay among other placers [5]–[7], [9]. The power overhead
is negligible. The TSVs in the placement by our CA method

TABLE VI

RUNTIME COMPARISON OF UNIFORM TSV PLACEMENT [10],

NONUNIFORM TSV PLACEMENT [10], STATE-OF-THE-ART

TEMPERATURE-AWARE PLACERS [5]–[7], [9] AND

OUR PLACERS. OUR PLACERS ARE TSA (TSV

SPREAD AND ALIGNMENT) AND CA

(COUPLING-AWARE PLACEMENT)

are not spread as evenly as our TSA placer and uniform TSV
placer, but they are spread only sufficiently to help remove
heat from the dies in the stack while maintaining high-quality
wirelength. In addition, we observe that high-power logic cells
are also placed effectively to dissipate heat using the nearby
TSVs that are vertically aligned all the way to the heatsink.

D. Runtime Results

The runtime of wirelength-driven placer with uniform
TSV position [10], wirelength-driven placer with nonuniform
TSV position [10], state-of-the-art temperature-aware placers
[5]–[7], [9], and our placers are shown in Table VI. The
runtime for [5] includes running power analysis and thermal
analysis between iterations. The runtime for [7], [9] and
our thermal coupling-aware placer includes running power
analysis between iterations. The runtime of all temperature-
aware placement algorithms is roughly in the same magnitude.
Except for our TSA method, all other placement algorithms
require power simulation (and thermal simulation in the case
of [5]), resulting in larger runtime than [10].
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Although Ansys FLUENT is integrated within our own
implementation of [5], the runtime of our implementation
of [5] is still similar to other approaches because of the
following three reasons. First, we do not run thermal analysis
(and power analysis) during the early iterations of global
placement when cell overlap is very high. Second, as done in
the original work [5], we do not include TSVs and metal wires
in thermal analysis because their position is not conclusive
during global placement. Third, we use a moderate thermal
cell size of 20μm for our implementation of [5]. Thus, these
settings altogether reduce the runtime overhead of thermal
analysis.

VI. CONCLUSION

In this paper, we showed that temperature-aware placers
must consider TSV thermal properties and die-to-die thermal
coupling during placement. We presented two temperature-
aware placement algorithms for 3-D ICs. TSVs are spread
and aligned in the first algorithm. In the second algorithm,
logic cells are moved based on the thermal conductivity to the
heatsink, and TSVs are moved based on the power density
of the neighboring dies. Experimental results show that our
placers achieve the best temperature results among all placers
used in our comparison. Our future directions include thermal-
aware mixed-size placement for 3-D ICs with TSVs, and the
consideration of temperature-dependent leakage power.
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